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11 Abstract
12 Potential induced degradation of shunt type (PID-s) in multi-crystalline silicon (mc-
13 Si) solar cells is becoming critical for performance reduction of solar panels in large scale
14  photovoltaic (PV) power plants. In this article PID-s has been investigated by applying high

15  voltage stress on mc-Si solar cell for their degradation and recovery and results have been
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16  explained on the basis of DC and AC characterization. The efficiency decreases drastically
17 from 15.7% to 2.9% due to the high voltage stress of -800V at 85°C for 48 hours, which is
18  attributed to reduction in shunt resistance and increase in depletion and diffusion
19  capacitances. Reduction in electrical performance due to PID-s has been further explained by
20 morphological, structural and elemental analysis. Observed negative capacitance behaviour in
21  impedance spectra of mc-Si solar cells after PID-s has been attributed to structural
22 deformation caused by potential induced migration of sodium ion (Na") into mc-Si. The
23 structural deformation induced by potential induced migration of Na" ion has been confirmed

24 by using non-destructive and lattice strain sensitive micro-Raman spectroscopy. The obtained
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experimental results have been correlated with existing theoretical understanding of p-n

junction solar cells to explain consequences of the PID-s.

Keywords: reliability, crystalline silicon solar cells, potential-induced degradation (PID),

impedance spectroscopy (IS).

1 Introduction

In megawatt-scale solar photovoltaic (PV) power plants, multi-crystalline silicon (mc-
Si) solar modules are connected in series and parallel combination in order to enhance the
voltage and current outputs of an array respectively. The solar cells inside the encapsulated
PV modules experience significant voltage stress with respect to the aluminium frame. This
high voltage stress is responsible for adverse effects on the power output of solar PV module,
which is known as potential-induced degradation (PID) [1-5]. In recent times, PID has been
given more attention as the major reliability issue due to frequent mid-life failures of modules
in larger scale power plants [5]. For the developing countries like India, with an aggressive
target of 100 GW by 2022 [6], it becomes important to consider reliability issues associated
to mid-life failures. The PID-s affected modules have an enormously declined power output
over a period of time under harsh environmental conditions [7]. Several studies have been
done towards the identification and investigation of PID-s affected modules under various
climatic and potential conditions [8-11]. Further, solar PV modules subjected to PID-s are
also influenced by the properties of anti-reflection coatings (ARCs) [12, 13], encapsulating
materials [14-17], covering glass [18, 19] and system topologies [12, 13, 20, 21].

In recent years, various PID experiments have been performed on different types of
solar cell technologies and also, many efforts have been made in order to evaluate the origin

of the PID-s phenomena [22-25]. The migration of sodium ions (Na') under strong electric
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50 field has been considered as a major factor causing PID [23]. Moreover, the PID of mono-
51  crystalline silicon solar cells has been studied with respect to the different orientations of
52  crystal planes [26]. In addition, atomic modelling using first principle density functional
53 theory (DFT) calculations for Na accumulation has been performed to envisage the effect of
54  Na impurities on the electronic structure of silicon material [27, 28]. The reduction in the
55 electrical output parameters under the influence of PID-s in relation to the micro-structural
56  defects in the material through electro-analytical method has not been well explored.

57 Impedance spectroscopy (IS) is an alternating current (AC) characterization
58 technique, which is widely used for characterization of solid-state electrolytic device such as
59 solar cell [29-32]. This technique helps to investigate the dynamic behaviour of electro-
60  analytical parameters of solar cell under small amplitude sinusoidal perturbating AC signal
61  superimposed on a suitable direct current (DC) voltage. The response of the solar cell can be
62  used to calculate the overall impedance (Z, a complex number) as a function of frequency (f).
63  Various electronic processes in the solar cell occur on different time scales, which result in
64  semicircles of different sizes in the complex plane referred as Nyquist plot (Z’-Z”"). Nyquist

65 plot consists of a number of semicircles depending on physical processes happening at

Published on 28 June 2018. Downloaded by University of California - Santa Barbara on 7/3/2018 8:14:38 AM.

66  various interfaces in the solar cell [30]. Each semicircle represents particular physical process
67  described in terms of series or parallel combination of Voigt elements (a combination of a
68  resistor (R) and capacitor (C) or an inductor (L)). IS has been widely used to investigate
69 electronic processes in the solar cell such as surface transport, diffusion and recombination
70  associated to the bulk and the interface [29-36]. Moreover, IS has been also used to study PID
71 phenomenon by Opera et al. [35], however in-depth analysis and explanation has yet to be
72 thoroughly discussed.

73 This article explains the electrical performance output of mc-Si solar cells subjected

74 to PID-s with a better understanding of the physical processes behind the reduction in open-
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circuit voltage (Voc) and maximum output power (Pmax). The experimental DC current
density-voltage (J-V) characteristics before and after PID-s have been theoretically fitted
using two-diode model and a drastic reduction in the electrical output of solar cells has been
further explained using IS. This article reports various physical processes associated to the p-
n junction deterioration caused by migrated Na' impurity concentration. In addition, an
increased recombination through micro-structurally deformed grain boundaries due to Na"
movement has been found responsible for the reduction in the efficiency (1) of commercially

available mc-Si solar cell.

2 Experimental details

Encapsulated commercially available mc-Si solar cells of 1 cm” area were used for
study, marked as ‘CS-1°, ‘CS-2’ and ‘CS-3’. The mc-Si cells (n"-p-p’), typically contain
aluminium (Al) back surface field (BSF) structure with a phosphorus-doped n” emitter, a
boron-doped p-type base, and an Al-doped p" BSF, with Ag and Al metalized contacts at the
front (emitter) and back (base) surfaces, respectively with SiNy ARC layer on top. The ‘CS-1’
represents the fresh solar cell, ‘CS-2’ represents degraded solar cell after subjecting ‘CS-1’ to
an applied voltage of 800V for 48 hours in a configuration as shown in Fig. 1. ‘CS-3’
represents the recovered solar cell by applying reverse polarity voltage of 800 V for 240
hours to the ‘CS-2’. The solar cells were embedded in sandwich structure of tempered cover
glass as the front window material; ethylene vinyl acetate (EVA) as front and back
encapsulation material and polyvinyl fluoride (PVF) is used as the encapsulating back sheets.
The PID tests were carried out by applying a high voltage stress of 800 V (at a temperature of
85 °C and relative humidity of 65 %RH) across the encapsulated solar cell by connecting the
positive electrode to the aluminium foil placed on the front cover glass and negative electrode

to the shorted terminals (Fig. 1). To evaluate the J-V characteristics, CS-1°, ‘CS-2’, and ‘CS-
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3’ were measured under standard test conditions (25°C, 1000 Wm™, AMI1.5G spectrum)
using solar simulator (SS80AAA, Photoemission Tech., USA) equipped with AM1.5G filter
and source measuring unit (U2722A, Agilent). The surface morphological and elemental
analyses were carried out using field emission scanning electron microscope (FESEM, Carl
Zeiss, Ultra-55, 1-20 kV) equipped with energy dispersive X-ray spectrometry (EDX, Oxford
Instruments). IS and capacitance-voltage (C-V) measurements were carried out under dark
conditions using a three electrode potentiostat (660D, CH Instruments) equipped with a
frequency response analyser with 5 mV AC perturbation signal in the frequency range of 0.1
Hz tol MHz. Micro-Raman measurements were carried out using (Renishaw inVia system)

with an excitation laser beam of 532 nm.

3 Theoretical details
3.1 Theory of DC equivalent circuit

The two-diode based equivalent circuit of the solar cells is shown in Fig. 2. The
reverse saturation current densities of the first and second diodes are denoted as Jo; and Jpo
and ideality factors of the first and second diode are represented as n and m, respectively. The
parallel/shunt resistance (Rg), and series resistance (Rs) are included to quantify the
deviation of the current density-voltage (J-V) characteristics from the ideal behaviour. The
two-diode model equation for illuminated solar cell can be expressed as [33]:

q(V-+]RS q(V'+]RS) Vi+JRs
I = o= o (e S = 1) = o (enp S 1)

(D

where, V; represents bias voltage, Jpy represents light generated current density, q represents
the charge of an electron, kg represents the Boltzmann constant, and T represents the absolute
temperature. The two-diode model is used to fit experimental data using the

MATLAB/Simulink code to estimate Rs, Ry, n and m of the solar cell subjected to PID-s.

The performance parameters of the silicon solar cell namely, short-circuit current density
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(Jsc), Voo, the fill factor (FF) represent the extent of pseudo rectangular shape for the non-

linear J-V curve, are related to n as per following expression:

VocXJscXFF
— rocxJscxXrr 2
(AXPin) ( )

Here, Py, represents the power input through the incident light radiation per unit area and 4

represents the area of solar cell.

3.2 Theory of AC equivalent circuits

Electro-analytical IS technique has been extensively used as the powerful probing
characterization to manifest the physical fundamental processes in the devices, (e.g.
crystalline silicon solar cell) with linear sweep voltammetry [31, 32]. Furthermore, it serves
the understanding associated to charge carrier transport kinetics, which is mainly governed by
minority carrier diffusion and recombination. The p-n junction space charge layer of mc-Si
solar cell is mainly governed by two circuit elements: junction resistance (R;) and junction
capacitance (C;). The effective junction resistance (R;) is approximately equal to the sum of,
R and diffusion resistance (Rq). The Ry can be extracted from the voltage dependence of
current density under intermediate and strong forward bias and governed by diode ideality

factor and reverse saturation current as given by following expression [33]:

" (D) o+ 7] ®

where, V; represents the junction voltage, Jo. and Jo, represent the current density of the
emitter and the base, respectively. The effective junction capacitance (Cj) is approximately
equal to the sum of capacitance of depletion layer(Cgj),which is also known as transition
capacitance (Cr) and diffusion capacitance (C,).For the case of depletion layer width much

greater than Debye length, which is the case under reverse and low forward bias,C;? varies

linearly with respect to bias as given by following equation [32]:
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149 ¢ = srsf/z (4)

woV.
0%

150  where, wy represents depletion width, w = woV.'? & and & represent the relative and

1/,
151  absolute permittivity respectively. The wy is equal to (ZST SO/ q N) where, N represents the

152 charge concentration. At intermediate and strong forward bias the capacitance associated with
153  the homogenous layer thickness L (thickness of solar cell) is known as diffusion capacitance
154  or chemical capacitance (Cry), which depends on the minority carrier concentration and
155  effective density of states in the conduction band, as expressed by following equation [29, 30,

156  32]:

2 .
157  Cpy = qun" exp (q—V’) (5)

BT kpT
158  The sign of V; is positive or negative, depending on whether the diode junction is forward
159  (+Vgg) or reverse (-Vgp) biased. Holes from the p' side of the low-high (LH) interface (p-p"
160  BSF) diffuse into the p side to form a hole-accumulation layer. The electric field of p-p"
161  prevents diffusing electrons from the n'-p junction back into p layer. The physical terms of

162  AC circuit elements (used in Eq. (6)) for fresh solar cell can be described as: R represents

Published on 28 June 2018. Downloaded by University of California - Santa Barbara on 7/3/2018 8:14:38 AM.

163  series resistance to photo-generated charge carriers while they flow out of the solar cells to
164 the external contacts, R; represents junction resistance, Riy represents p-p  diffusion
165  resistance, C;represents the junction capacitance, Cpy represents the p-p” capacitance offered
166 by the high low. If the electrode is non-polarizable, then the system can be modelled by
167  introducing a resistance R; parallel to the capacitance Cj, which is known as simplified
168  Randle’s circuit [34]. Eventually, the circuit consists of a series connection of a material
169  resistance Rs with a parallel combination of a charge transfer resistance R; and a double layer
170  capacitance C;(Fig. 3(a)). The impedance of the system can be written as:

R; R%c; 2
171 Z(w) = R, + J WRjCj R —j WRLHCLH (6)

722 J 22 2 2 2 2
1+w2R3C; 1+w2R3CF  1+w?REyCly 1+w2R}yCly
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The impedance spectra of CS-2 and CS-3 solar cells can be explained by Eq. (7). Further, the
inductive part can be understood in terms of negative capacitance described recently in
reference [36] and shown in Fig. 3(b). As described earlier, a negative capacitance represents
the inductive behaviour of a device with the frequency which is expected to have capacitive

response [37]:

. R2C; 2
Z(w) = R, + — —j(Lw+ it )+ T — j (Lo + o) (7)

202 202 2 c2 2 -2
1+w2R5C; 1+w?R;FC; 1+w?RiyCliy 14+w?RiyCly

4. Results and discussion
4.1 DC analysis of PID-s affected solar cell

Figure 4(a) shows the J-V characteristics of mc-Si solar cells for the cases CS-1, CS-2
and CS-3 and corresponding data has been listed in Table 1. A drastic reduction in J-V
performance has been observed for CS-2 as compared to CS-1 due to PID-s, where m
decreases from 15.7% to 2.9% after 48 hours of PID-s. The value of 1 depends on the I, V.
and FF, although Jsc has not been affected much by PID-s as compared to Voc. The Voc
decreases significantly from 0.59 V to 0.25 V, which is governed by the value of Ry, in Eq.
(1). Under PID-s, Ry, has decreased from 3000 Q to 8.7 Q indicating a higher level of leakage
path across the junction restricting minority charge carrier accumulation in QNR, which
explains drastic reduction in Voc under PID-s. Moreover, ideality factors n and m have been
obtained from two-diode model (Eq. (1)) for CS-1 as 1.5 and 2.2 respectively. For CS-2 the
values of n and m increased to 2.5 and 3.5, which indicate the increase in recombination in
SCR and QNR regions and degradation in p-n junction. The explanation of increase in
ideality factor is in accordance with Lausch et al. [38]. In the recovered solar cell (CS-3), the
Voc and Ry, have increased from 0.25 V to 0.43 V and from 8.7 Q to 17 Q respectively,
which can be explained by decrease in leakage path across p-n junction during recovery.

Decrease in reverse saturation current density from 9.42 x10° mAcm™ to 1.57 x10° mAcm™
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197  further supports the decrease in leakage path. The V¢ is related to reverse saturation current
198  density by, Voc= (ksT/q)In(Jpu/Jo) [39], which indicates that Voc would increase with
199  decrease in Jo. Figure 4(b) illustrates the junction resistance, R; with respect to bias voltage.
200  The decrease in shunt resistance, R, by two order of magnitudes has been observed for CS-2
201 and CS-3 as compared to CS-1. The recombination flux governs the R; beyond the knee
202 voltage (= 0.4 V) as per following expression: Rj= (dJrec/de)'l, where J.. represents
203  recombination current density [29, 33]. The main reason behind higher recombination in
204  CS-2 is the increase in leakage path due to defects, whereas in CS-3 the recombination is
205 lower as compared to CS-2 due to improvement in junction quality due to partial recovery.
206  The nature and distribution of positive ions has been explored in detail through elemental
207  analysis of degraded solar cells.

208

209 4.2 Correlation of morphological and elemental analysis with electrical characterization
210 To investigate the effect of PID-s on the surface morphology of mc-Si solar cells at
211  the micro-scale, the PID-s affected solar cells have been characterized by using FESEM.

212 Figure 5 shows the surface morphology and the EDX analysis of mc-Si solar cells after

Published on 28 June 2018. Downloaded by University of California - Santa Barbara on 7/3/2018 8:14:38 AM.

213 PID-s. It is observed from FESEM image that there are micro-structural defects on the
214  surface of PID-s affected solar cell due to high voltage stress. Moreover, EDX analysis of
215  degraded solar cell reveals that there is a significant amount of sodium impurities with 10
216  at.% of elemental composition (the marked defected region of Fig. 5). The defected region
217  has been further investigated by the EDX mapping of Si, Na, O, N elements as shown in Fig.
218 5. There are three dark spots in Si mapped image, which signifies the absence of Si atoms in
219  that region. By mapping sodium element it is revealed that there is high concentration of
220  sodium atoms at the dark spots. The elemental mapping of O and N shows their uniform

221 presence within the allowed limits. This sodium impurity plays a key role towards the
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progression of PID-s [23-25]. The micro-structural defects are responsible to initiate the
stacking faults through grain boundaries and allow Na" to drift through SiN, layer and finally
get a path to penetrate into n'-p junction. After entering into n'-emitter layer, the Na" ions are
neutralized by free electrons and their further motion in the stacking fault is governed by
diffusion process rather than drift process [40]. In order to explore the effect of sodium
impurity on the electrical performance of solar cell, electro-analytical investigation has been

carried out using AC IS as detailed in next section.

4.3 AC impedance analysis of PID-s affected solar cell

Figure 6 shows the impedance measurement results of CS-1, CS-2 and CS-3. Figure
6(a) demonstrates the Nyquist plots of CS-1 in the bias range from -1 V to + 0.3 V. The
dotted curve represents the experimental data, which has been fitted with the theoretical AC
equivalent circuit governed by Eq. (6) as shown by solid curve. The diameter of impedance
spectra (nearly semicircle) increases with the reverse bias due to increase in the width of
depletion region, which offers high impedance, whereas, under forward bias, impedance is
decreasing due to decrease in the width of depletion region. The R; increases from 2795 Q to
3607 Q while increasing reverse bias from 0 V to -1 V and decreases to 350 Q with forward
bias value of 0.3 V. The junction capacitance, C; of CS-1 varies from 9.79 pF to 1.2 pF for
+0.3 V to -1 V. Figure 6(b) shows the AC impedance spectra of PID-s affected solar cell, i.e.
CS-2. The R; increases from 6.15 Q to 15 Q while increasing reverse bias and decreases to
2.32 Q with a value of forward bias equal to +0.3 V. The junction capacitance offered by
CS-2 varies from 10.9 pF to 0.16 pF for an applied bias of +0.3 V to -1 V. The R; has
decreased for CS-2 as compared to CS-1 due to presence of Na' ions creating shunt path
across the n'-p junction at the deformed regions as confirmed by elemental analysis of

defected area shown in Fig. 5. Similar observation has been obtained from DC analysis

10
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247  indicating the increased leakage current across the n'-p junction. Further, the negative
248  capacitance has been observed at higher frequency for bias voltage in the range from 0 V to
249  +0.3 V, which has been attributed to inductive behaviour of n'-p junction originated after
250  PID-s. In general, inductive behaviour occurs when excess charge carriers are injected in a
251  small nanoscale dimension into the material, which gives rise to a negative capacitance.
252 Considering the present work, there are two possible interpretations of negative capacitance
253  for Na' contaminated stacking faults under PID-s: (1) The Na' impurity injection through
254  stacking faults modulates the bulk conductivity of solar cells, which may yield the inductive
255  nature [41, 42], (2) The presence of excessive Na' impurities delocalize the minority charge
256  accumulation process and further leads to an abrupt change in junction capacitance values.
257  This charge delocalization effect may give rise to the occurrence of inductive behaviour [43,
258  44]. The negative capacitance indicates the presence of parasitic inductance and the overall
259  contribution is taken care by a series inductor L. as shown in Fig. 6(b). The value of L
260 increases from 0.062 pH to 0.116 pH for CS-2 for applied bias from -1 to +0.3 V. The
261 negative capacitance is attributed to the presence of Na' ions across the p-n junction, which

262  creates defects and trap states leading to charge delocalization [36, 45]. Under forward bias

Published on 28 June 2018. Downloaded by University of California - Santa Barbara on 7/3/2018 8:14:38 AM.

263  condition, electrons fill-up the empty trap states at the interface. Consequently overall charge
264  at interface decreases with increasing bias leading to negative equivalent capacitance. Figure
265  6(c) demonstrates the Nyquist curve for CS-3, the R; increases from 7.9 Q to 31.4 Q for the
266  range of applied bias from +0.3 V to -1 V. The inductance values remain in the range from
267  0.28 pH to 0.46 uH for CS-3, which is high as compared to CS-2. The possible reason behind
268  the increment in R; as compared to CS-2 is the decrease in leakage path due to reverse
269  migration of Na' ions across the junction, but some significant structural deformation has still
270  been contributing towards the irreversible charge dislocation process, which is represented by

271 high value of L in CS-3. Figure 6(d) shows the frequency dependent impedance of CS-1, CS-

11
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2 and CS-3 for comparison purpose. The change in R; and C; is clearly evident from the
values of impedance and slope of the curves for CS-1, CS-2 and CS-3 respectively.

Figure 7 shows variation in the time constant with respect to applied bias. The time
constant represents the effective life time of charge carriers in the solar cell and has been
extracted from the product of Rj and C; values at maxima of Nyquist plot shown in Fig. 6(a-
c¢). The minority carrier lifetime has been calculated at the voltage of 0.3 V for CS-2 and
CS-3 as 0.73 ps and 0.89 ps, which is lower as compared to 4.15 ms for CS-1, thus indicating

a higher recombination under the influence of defects created by Na' ions.

4.4 C-V analysis of PID-s affected solar cell

Figure 8 shows the Mott-Schottky plot for CS-1 (CS-2 and CS-3 in the insert),
governed by following expression: Cj_z ~ 2 (Vbi - V]) /qeN, [46], where Vy,; represents the
built-in potential, Na represents the base doping concentration and € represents product of the
permittivity of free space and dielectric constant of silicon. The Mott-Schottky curve slope

and intercept represents the build-in potential and base doping concentration. The slope
(Z/quA) and intercept (ZVbi qSNA> of the fitted lines gives a value of Vi, and Nu

respectively for CS-1, which has been obtained as 0.61 V and 1.13x10'° cm™. Similarly, the
Vyi and N for CS-2 and CS-3 are obtained as 0.26 V, 1.74x10"" cm™ and 0.45 V, 1.20 x10"
cm” respectively. The increase in N for CS-2 as compared to CS-1 has been attributed to
migration of Na' ions into the base material. The effect of partial recovery is clearly seen
through the reduction of N for CS-3 as compare to CS-2, which indicates out diffusion of
Na' ions during recovery process. The out diffusion also improved Vy; as reflected from

increase in Voc from 0.25 Vto 0.43 V.
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296 4.5 Raman analysis

297 Raman spectrometry has been proven as the highly efficient characterization
298  technique to probe the lattice defects [47-49], doping concentration [50, 51] and impurities
299  evaluation corresponding to lattice vibrational modes in the materials. The shift and
300 broadening of phonon peaks indicate the lattice strain induced by defects [49]. To investigate
301 Na' induced lattice disorder in mc-Si solar cell, the micro-Raman signals have been analysed.
302  Figure 9 depicts the Raman spectra obtained for Initial and PID-s affected cells (taken at
303  different PID-s affected regions named as the PID-1, PID-2 and PID-3 as schematically
304 shown by 1, 2 and 3 in the insert of Fig. 9). A significant variation has been observed for all
305  characteristic peaks over the wide range of wavenumbers from 100 cm™ to 1500 cm™ for
306 PID-s affected solar cell as compared to Initial. First order transverse optical phonon peak
307 (1TO) located at 520 cm™ has been obtained for initial mc-Si solar cells, whereas for PID-s
308 affected solar cells intensity of 1TO strongly decreases and slightly shifts towards higher
309 frequency. The decreasing intensity and shift is mainly attributed to Na' induced localized
310  defects in PID-s affected solar cells, which is more evident for PID-3 (most defected/dark

311  region) as compared to initial. This observation has a strong correlation with EDX analysis

Published on 28 June 2018. Downloaded by University of California - Santa Barbara on 7/3/2018 8:14:38 AM.

312 (see Fig. 5) which is showing a higher concentration of Na' defects for PID-3 and
313  correspondingly reflects the decrease in order of crystallinity of Si material [47]. In addition,
314  optical phonons are strongly affected by the presence of Na" impurities due to their small
315  coherence length which gives information about local environment. Whereas, large coherence
316 length of acoustic phonons gives an ease to investigate deeply buried lattice delocalization
317 caused by Na' induced defects. The broad peaks at 302 and 940 cm™ correspond to the
318  second order transverse acoustic phonon mode (2TA) and transverse optical phonon mode
319  (2TO) for the initial and PID-s affected regions. Similar observations have been found for

320 second order overtone peaks with decrease in intensity at the PID-s affected regions (302 and

13
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940 cm™ in Fig. 8). Moreover, at higher frequency other characteristic peaks have been
observed for highly affected region, PID-3. These peaks are mostly influenced by higher
concentration of Na' impurities located at deformed region that causes a significant

deterioration in local crystallinity of solar cell due to PID-s.

5. Conclusions

In this article, PID-s has been investigated by applying high voltage stress on mc-Si solar cell
and results have been explained using electrochemical analysis by DC and AC
characterization. Reduction in electrical performance due to PID-s has been explained by
morphological, structural and elemental analysis. Furthermore, observed negative capacitance
behaviour in impedance spectra of mc-Si solar cells after PID-s has been attributed to
structural deformation caused by potential induced migration of Na" into mc-Si. The Na' ion
migration has been analysed using non-destructive and lattice strain sensitive micro-Raman
spectroscopy. The decrease in efficiency from 15.7% to 2.9% due to the applied voltage of
-800V at 85°C for 48 hours has been explained through the reduction in shunt resistance,

increase in depletion and diffusion capacitances and lattice disorder.
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468  Table 1: Performance parameters of solar cells extracted from DC characterization

Parameters Jsc VYoc Jo1 Jo2 R, R n m FF n
(mA) | (V) | (mA (mA | () | Q) (%) | (%)
cm'z) cm'z)
CS-1 38.06 |0.59 |8.48 3.88 0.8 3000 |15 |22 |70 15.7
x10” | 107
CS-2 38.31 [0.26 |9.42 533 1.5 |87 25 135 (29 29
x10° | x10™
CS-3 37.66 | 042 | 1.57 1.46 1.5 |17 25 |35 |34 54
x10° | x10™

469

470

471

20


http://dx.doi.org/10.1039/c8cp02703j

Page 21 of 30

Published on 28 June 2018. Downloaded by University of California - Santa Barbara on 7/3/2018 8:14:38 AM.

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

Physical Chemistry Chemical Physics
View Article Online
DOI: 10.1039/C8CP02703J

Figure captions:

Figure 1: Cross-sectional schematic diagram of PID setup.

Figure 2: Two-diode model DC equivalent circuit.

Figure 3: (a) J-V characteristics of measured CS-1, CS-2 and CS-3 solar cells, with two-
diode model fitted curves, (b) Junction resistance with respect to DC bias voltage.

Figure 4: AC equivalent circuits of PID-s affected solar cells (a) CS-1 and (b) CS-2.

Figure 5: FESEM analysis of PID-s affected solar cell with EDX mapping.

Figure 6: Nyquist curves of (a) CS-1 (b) CS-2 and (C) CS-3 solar cells, (d) Comparative
frequency-impedance behaviour of three cases.

Figure 7: Effective minority carrier lifetime versus applied voltage bias.

Figure 8: Mott—Schottky response of mc-Si solar cell for CS-1, CS-2 and CS-3.

Figure 9: Micro-Raman spectra of initial (CS-1) and PID-s affected solar cell (PID-1, PID-2
and PID-3 represent data obtained from PID-s affected regions as marked by 1, 2 and 3 in the

insert).
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