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a b s t r a c t

Local series resistance measurements are an essential tool for optimization of silicon solar cells and cell
concepts. This holds especially for nearly all advanced cell concepts where the minority carrier properties
are improved at the expense of the majority ones (e.g., by a lower-doped emitter or point contacts at the
back side). For such solar cells, frequency-dependent CELLO measurements allow an efficient series
resistance characterization since they can e.g. distinguish ohmic losses originating in the volume of a
solar cell from the total ohmic losses, thereby making it possible to identify wafer thickness variations.
The thickness information allows to improve the reliability of fitting parameter results obtained from a
CELLO impedance analysis and to identify other thickness-variation-related problems that may occur in
the fabrication process.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

For many recent silicon solar cell concepts, an improved min-
ority carrier yield is deliberately accompanied by a slightly wor-
sened extraction of majority carriers, e.g. by an increased series
resistance related to point contacts in a dielectric passivation layer
at the back side or by a lower-doped emitter. For such solar cells,
the investigation of ohmic losses has a higher relevance. Since they
are larger than usual, these losses can be detected more easily,
however they also need to be properly attributed to the relevant
part of the solar cell. Here we demonstrate the possibility to dis-
tinguish the bulk-related ohmic losses from the total ohmic losses
by means of a CELLO impedance analysis, using an augmented fit
model for the phase shift related to the majority carrier flow in
addition to that of the minority carriers.
2. Method: CELLO impedance analysis

2.1. Experimental

In the CELLO (solar CELl LOcal characterization [1]) measure-
ment technique, the linear current or voltage response of a solar
cell to a modulated laser beam scanning the solar cell is mapped
while the solar cell is kept at a chosen working point of its (illu-
minated or dark) I–V curve. To that end, a standard 4-probe
arrangement is used, i.e. the solar cell is contacted with separate
leads for current supply and voltage measurement, all connected
to a very fast electronic feed-back for either potentiostatic (for
LBIC) or galvanostatic (for LBIV) measurement conditions.

The present CELLO set-up contains four lasers with different
wavelengths: blue (405 nm), red (650 nm), and infrared (830 nm,
denoted “IR”; 934 nm, denoted “SIR”), corresponding to penetra-
tion depths in silicon of about 100 nm, 4 mm, 15 mm, and 45 mm,
respectively. All lasers scan confocally over the sample (smallest
focus size: 50 mm) and can be modulated with different fre-
quencies in the 10 kHz range. The corresponding small-signal
linear response is obtained by an in situ software lock-in using
fast Fourier transform analysis, enabling a measurement with up
to four frequencies simultaneously. Additionally, higher (second)
harmonics present in the photocurrent can be analyzed and
mapped simultaneously with the linear response signal. Their
measurement serves as a routine test for the applicability of the fit
model described below.

Since the CELLO measurement system is time-calibrated, both
amplitude and phase (time offset between excitation and
response) are obtained. Compared to standard LBIC measure-
ments, this enables very fast scans; for example, a short-circuit
current response map with about 106 pixels can be obtained in
roughly 15 min. Besides wafer-based silicon solar cells [1,2], also
thin-film [3] and tandem structures [4] can be investigated by
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Fig. 1. (a) Standard equivalent circuit of a solar cell, neglecting shunts; (b) ditto
modified for linear response.
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CELLO to an unparalleled degree, yielding the individual problems
involved (e.g., series resistance [5], current and/or voltage loss at
maximum power point [2,3,6], current matching [4], parasitic
shunting [7], injection level dependences [8], or shunts due to
potential induced degradation [9]).

2.2. Theory and fit model

The CELLO measurement can be formally described by a com-
plex transfer function Z, called impedance, that for each modula-
tion (lock-in) frequency ω relates the small-signal linear response
of the solar cell, measured e.g. as a photocurrent amplitude I(ω), to
the corresponding laser excitation amplitude P(ω):

ZðωÞ : ¼ IðωÞ
PðωÞexp iϕðωÞ½ � ¼ Z0ðωÞexp iϕðωÞ½ �: ð1Þ

Z0 describes the amplitude of the response and the phase ϕ the
time delay between excitation and response. By the measurement,
these data are obtained for each scanning position of the laser
beam, resulting in amplitude and phase-shift maps.

There are several contributions to this impedance [10], of which
only those will be discussed here that are due to the solar cell under
investigation; nevertheless, the influence of those being due to the
measurement electronics itself is taken fully into account. The first
contribution is due to the minority transport through the bulk,
which can be described by the solution of the one-dimensional
diffusion equation for complete extraction of the photocurrent, i.e.
for the solar cell being held under short-circuit condition:

Zminðτ;D; Sb;Ropt; α;dW;ωÞ ¼ qFð1� RoptÞ
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The parameters have the following meaning: bulk lifetime τ, min-
ority diffusion coefficient D (related to their mobility m by the Ein-
stein relation D¼ kT

q μ), back-surface recombination velocity Sb,
reflectivity Ropt, silicon light absorption coefficient α, wafer thick-
ness dW, and laser modulation frequency ω. On the right-hand side,
qF is the elementary charge times the optical flux from the laser
beam. The modulation frequency enters through ~L, the effective
diffusion length; with the usual diffusion length L¼

ffiffiffiffiffiffi
Dτ

p
, it follows

directly from the frequency-dependent diffusion equation as
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Second, there is a contribution of the majority carrier flow.
Since the transport of the majority carriers is very fast, up to now
the simplest model for Zmaj was used, which can be most easily
obtained as follows. For linear response measurements at a certain
working point of the I–V characteristic, the diode in the equivalent
circuit of a solar cell can be replaced by a parallel circuit of a
capacitor CD and an ohmic resistor RD, the latter representing the
linearized characteristic at the chosen working point; see Fig. 1.

Under short-circuit condition, the diode resistance is very high,
so that RD can be neglected (i.e., taken to be infinity), and the
photocurrent passes a parallel circuit of the series resistance Rser of
the illuminated spot and the corresponding p-n junction capacity
CD, which results in

Zmaj ¼
1

1þ iωRserCD
: ð4Þ

This leads to a phase shift of

φmaj � tan φmaj ¼ � ωRserCD; ð5Þ

i.e. proportional to the modulation frequency.
The total impedance relevant for the solar cell physics is given
by Z ¼ Zmin� Zmaj. In general, the information contained in mea-
sured phase-shift map ϕ varies with the modulation frequency,
since the processes involved are dominant at different frequencies
[11]. For two measurements taken with the same laser but with
different modulation frequencies, this information can be reduced
by calculating the following difference map with the phase shifts
converted to absolute delay times [12]:

Δlin ¼
φðω1Þ
ω1

� φðω2Þ
ω2

: ð6Þ

In the map resulting from Eq. (6), all phase shift contributions
depending linearly on the modulation frequency will be elimi-
nated. Since this includes the RserCD phase shift of the majorities
according to Eq. (5), the resulting map can contain majority carrier
information beyond the Zmaj model, Eq. (4).

A fit of a set of short-circuit current data (amplitude and
phase), obtained from different lasers and measured for different
modulation frequencies, to the impedance model, Eqs. (2) and (4)
(¼ impedance analysis), allows to derive maps of the involved
electrical and material-related parameters of interest (e.g. minor-
ity carrier lifetime τ, back-surface recombination velocity Sb, dif-
fusion coefficient D, RserCD time constant). This procedure was
used successfully for different solar cells with various problems
involved, e.g. mobility variations [2], inhomogeneous back-surface
field formation [2,11], strongly injection-level-dependent para-
meters [8], or mechanical stress [13].
3. Samples

The measurements were made on small (2 cm�2 cm) p-type
multicrystalline silicon solar cells fabricated by a lab-type process
at the University of Konstanz, Germany [14]. At the front side these
plasma-textured cells feature a POCl3 emitter (80 Ω/sq) and an
evaporated Ti/Pd/Ag metal grid with a collecting bus bar at one
side with the main contact at its center. PECVD silicon nitride
serves as anti-reflection coating, surface passivation and source of
hydrogen for bulk defect passivation during a firing step. At the
back side the cells have a PERC-type structure with laser fired Al
point contacts and a dielectric passivation layer consisting of an
aluminum oxide / silicon nitride stack.
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4. Results and discussion I: measured data

Fig. 2 exemplarily shows amplitude and phase-shift maps of
the three different lasers, all taken with a modulation frequency of
about 6.6 kHz and a resolution of 30 pixel/mm, for sample A. As
noted in [11], at this low modulation frequency the influence of
the bulk lifetime (noticeable in all maps, e.g. at recombination-
active grain boundaries and at the left edge) and of the back-
surface recombination velocity (noticeable only in the IR and SIR
maps) dominate the photocurrent losses. Due to the large pene-
tration depth of the SIR laser, the point contacts at the back side
are most clearly visible in Fig. 2(c). Also some minor isolated
defects, extending over few point contacts, are best visible in the
SIR maps and are present in the IR maps, but are hardly noticeable
in the red laser maps. The largest phase-shift values are found in
the lower right part of the sample.

Fig. 3 shows the delay-time differences according to Eq. (6),
calculated from the phase-shift maps taken at about 6.6 kHz and
22 kHz, for sample A. Additionally, in Fig. 3(d) locally measured
sample thicknesses are given in mm. In the lower right part the
thickness is largest. Most astonishingly, in contrast to Fig. 2, the
point contacts are not visible anymore. The large-scale variation
(over several mm) in the maps is identical for all lasers, and this
variation corresponds very well to the measured local cell thick-
nesses. The relative strength of this thickness-correlated large-
scale variation shows a clear trend with the laser wavelength: it is
most pronounced for the SIR, less pronounced for the IR, and only
slightly visible for the red laser.

The fact that the point contacts at the back side are not visible
in those regions of Fig. 3 that exhibit the thickness-correlated
variation means that in those regions there is no influence from
the minority recombination at the back side. This is a first hint that
the thickness variation seen here is not due to the minority, but
due to the majority carriers. (It also indicates that the quality and
the homogeneity of the point contacts is very good.) A second hint
in the same direction is the observed thickness contrast variation
with the laser wavelength: The SIR laser has the largest penetra-
tion depth, so the distance for the laser-generated majorities to
reach the back side is smallest for this laser, and therefore wafer
thickness variations have the largest influence. The smaller the
47.30 µA 48.50 µA
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Fig. 2. CELLO short-circuit current maps of sample A, all taken at 6.6 kHz laser modulatio
(c) SIR laser. The scale bar below the maps represents one centimeter. (For interpretatio
version of this article.)
laser penetration depth, the larger the distance to the back side,
and therefore the smaller the relative influence of thickness var-
iations. A third hint comes from the absolute values of the phase-
shift data in Fig. 2, which are smallest for the red laser, indicating
smallest distances traveled by the minorities, therefore for this
laser the thickness-correlated information in Fig. 3 can only be due
to the majority carriers.

The lowest-frequency second harmonic of the red and IR laser,
Fig. 4(a) and (b), shows a small and nearly homogeneous signal.
Maps of second harmonics for higher frequencies of these lasers
(not shown) are also small and look similar. The lowest-frequency
second harmonic of the SIR laser shows a large-scale inhomo-
geneity, but overall is also small. Second harmonics for higher
frequencies of the SIR laser show this large-scale inhomogeneity in
different markedness; all such signals are small. “Small” means in
all cases that the nonlinear signal is in the order of 1% of the
corresponding linear signal. As discussed in [8], this standard test
indicates that nonlinear effects in the sample are negligible so that
it is justified to use the impedance fit model to extract maps of
separate electrical and material-related parameters. Fig. 4 fur-
thermore shows that the thickness-correlated variation in Fig. 3 is
not due to nonlinear effects.
5. Results and discussion II: impedance fits

5.1. Sample A

A fit of the full set of measured data – which here consists of 24
maps, namely amplitude and phase shift of the red, IR, and SIR laser,
all taken for four different modulation frequencies – to the standard
impedance model, Eqs. (2), (3) and (4), gave unsatisfactory results. A
closer look at the measured phase shift data shows that the large-
scale variation visible in Fig. 3 is due to a sub-linear frequency
dependence, with the deviation from linearity mainly showing a
quadratic behavior. (This furthermore shows that the large-scale
variation visible in Fig. 3 is not due to a nonlinear effect, since the
latter would exhibit a 2ω frequency dependence; cf. the data shown
in Fig. 4). Several attempts to use an accordingly modified fit model
for the minorities were not successful. Fitting not the whole data set
31.50 µA 33.20 µA

Mean Val.: 31.33 µA

22.80 µA 26.00 µA

Mean Val.: 23.82 µA

-1.80 ° -0.80 °

Mean Val.: -1.47 °

-4.20 ° -1.80 °
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n frequency. Top row: amplitude, bottom row: phase shift. (a) Red laser; (b) IR laser;
n of the references to color in this figure legend, the reader is referred to the web
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Fig. 3. Differences of phase-shift maps, taken at about 6.6 kHz and 22 kHz and
converted to delay times [Δlin, cf. Eq. (6)], for sample A. (a) Red laser; (b) same data
as (a), slightly smoothed; (c) IR laser; (d) SIR laser. The numbers overlaid in (d) are
locally measured thicknesses at the cell edge in mm. The scale bar below the maps
represents one centimeter. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Lowest-frequency second harmonic amplitude maps, taken at 13.2 kHz;
data slightly smoothed. (a) Red laser, (b) IR laser, (c) SIR laser. No correlation with
the thickness variation [overlaid numbers in Fig. 3(d)] is found. The scale bar below
the map represents one centimeter. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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but just those of a single laser gave much better results, showing a
systematic dependence on the laser wavelength for the majority
impedance (RserCD time constant). This is a further hint that the
observed thickness variation and, therefore, the phase contribution
with a quadratic frequency dependence, is due to the majority
carriers.

Putting together all information obtained so far, a modified fit
model for the majority carriers was introduced empirically,
explicitly taking into account the observed quadratic frequency
dependence:

Z
�

maj ¼
1

1þ i ω RserCD � i ω2B f α; dWð Þ: ð7Þ

The dependence of the newly introduced “quadratic term” on the
laser wavelength (expressed by the absorption coefficient α) and
on the wafer thickness, contained in the function f(α, dW), was
treated by a simple geometrical model for the distances relevant
for the majority carriers generated by the local laser spot illumi-
nation to reach the point contacts at the back side, leaving a single
factor B as fit parameter. Thereby, the “quadratic term” can be
interpreted as representing the bulk-related ohmic losses.

This model allowed a satisfying fit of the whole data set mea-
sured, i.e. a consistent description was obtained by Eq. (7).
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Fig. 5. Impedance fit results for sample A, using the modified model of Eq. (7) for the majorities. (a) RserCD time constant; (b) bulk-related ohmic losses as described by B in Eq. (7).
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Together with the fact that no other fitting attempt led to such a
result, this is a further, strong hint that the phase contribution
with a quadratic frequency dependence is due to the majority
carriers. The results for the majorities obtained from this con-
sistent fit are shown in Fig. 5.

Fig. 5(a) shows the standard RserCD time constant, it shows a
mixture of local and long-range variations. The systematic trend of
values increasing from the upper part to the lower part (sche-
matically indicated by the triangle next to the map) can be
understood from the grid geometry, having a single contact at the
top center in the image and therefore leading to the observed
increase in the ohmic losses towards the lower edge.

Fig. 5(b) shows the amplitude of the “quadratic term”, i.e. the
bulk-related ohmic losses. As discussed for Fig. 3, the long-range
variation found in Fig. 5(b) represents the wafer thickness. In the
area with the largest thickness, also the standard RserCD time
constant shows the largest values, which therefore can be simply
understood as a trivial consequence of increased ohmic losses for
majority carriers drifting through the bulk of the solar cell and
otherwise homogeneous properties of the solar cell.

Using the known average wafer thickness of 170 mm and the
thickness variation information contained in the long-range var-
iation of Fig. 5(b) results in the thickness distribution shown in
Fig. 6(a).

Fig. 6(a) shows a very good agreement with the data measured
directly at the cell edge. This thickness map has been used to
improve the fit for the minority properties: Fig. 6(b) shows Sb
obtained for the wafer thickness assumed to be constant, and
Fig. 6(c) shows Sb taking into account the actual cell thickness of
Fig. 6(a). The latter result is significantly more homogeneous, not
showing the thickness-related artifact in the lower right part seen
in Fig. 6(b).

5.2. Sample B

For a second sample of the same kind, the thickness variation
was obtained from an impedance fit in the same way as described
above; the result is shown in Fig. 7(a), together with directly
measured data. The standard result for Sb is shown in Fig. 7(b).

Also for sample B, the thickness distribution obtained from the
impedance fit, Fig. 7(a), shows a good agreement with directly
measured data. In general, there is a certain similarity in the
overall thickness distribution between Fig. 6(a) and Fig. 7(a) in
that the region of largest thickness is of rectangular shape with
similar proportions and that the thinnest side of the wafer is found
alongside that region, indicating that both cells come from the
same fabrication process.

Certain stripes of significantly increased Sb values in Fig. 7(b) are
found only in the area with increased thickness. This indicates that
the thickness variations lead (directly or indirectly) to the wor-
sened dielectric passivation. Since the thickness variation is due to
an etching process, this means that also the worsened dielectric
passivation can be related to the etching process.
6. Conclusion and summary

An additional quadratic dependency of the phase shift on the
modulation frequency found in CELLO short-circuit current mea-
surements on high-efficiency multicrystalline silicon solar cells,
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showing a systematic variation with the laser wavelength (and,
therefore, with the penetration depth of the laser light), has been
successfully attributed to the majority carrier flow by a fit model
considering the distances relevant for the laser-spot-generated
majority carriers to reach the back side; the corresponding geo-
metrical considerations are summarized in Fig. 8.

Although the presented results are preliminary ones and a
detailed modeling of the quadratic frequency dependence is yet to
come, already a consistent description was obtained and relevant
conclusions can be drawn for solar cell concepts where minority
carrier properties are improved at the expense of the majority
ones, e.g. with dielectric back side passivation and point contacts,
leading to longer distances for the majorities to reach the back
side. The thickness information derived from the analysis of the
additional quadratic frequency dependence was shown to be very
helpful to improve the reliability of local fitting parameters like Sb
obtained from a CELLO impedance analysis and to identify other
thickness-variation-related problems that may occur in the fabri-
cation process. Interestingly, the additional quadratic frequency
dependence was observed for high-quality samples with low Sb
and no contact resistance problems; a few years ago, the samples
were not of such quality, and the effect was not noticed.
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