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In p-type multicrystalline silicon solar cells, carrier-induced degradation (CID) can cause up to

10% relative reduction in conversion efficiency. Although, a great concern has been drawn on this

degradation in the photovoltaic community, the nature of this degradation is still yet unknown. In

this contribution, the recombination parameters of the responsible defect causing this degradation

are extracted via temperature and injection dependent lifetime spectroscopy. Three wafers from

three different ingots were processed into cell precursor and lifetime structures for the study.

Similar defect recombination parameters were obtained for all samples. Two candidates for the

defect energy level were identified: Et�Ei¼�(0.32 6 0.05) eV or Et�Ei¼ (0.21 6 0.05) eV in

the lower and upper bandgap halves, respectively. The capture cross section ratios were found to

be k¼ 56 6 23 or k¼ 49 6 21 for the lower and upper bandgap halves, respectively. Contrary to

previous studies, these parameters have been extracted for the responsible defect of CID, without

making assumptions regarding the defect energy level. The result allows to model and to predict

the impact of this defect on the solar cell efficiency. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4977906]

Since Ramspeck et al.1 reported a light-induced degra-

dation of p-type multicrystalline silicon (mc-Si) solar cells in

2012, several studies have been carried out aiming to iden-

tify and to understand the responsible defect;2–5 however,

the cause of the degradation is still unclear. Recently, a deg-

radation of up to 10% in passivated emitter and rear contact

(PERC) solar cells due to this defect has been reported.6 This

is hindering the implementation of advanced cell processing

in the production of photovoltaic (PV) modules. The degra-

dation occurs under illumination and is accelerated by ele-

vated temperature [and therefore is often referred to as light

and elevated temperature-induced degradation (LeTID)]

with a relatively long time constant.1,7 The degradation has

been shown to be induced equivalently through current injec-

tion7,8 and to occur more rapidly under open-circuit com-

pared to short-circuit conditions.7 The effect is therefore also

known as the carrier-induced degradation (CID);9 this is the

term that will be used in this study. Under similar degrada-

tion conditions, the samples eventually regenerate. However,

extensive light soaking durations are typically required for

substantial recovery.7

Some of the processes applied in the production of solar

cells impact the CID. Particularly, the firing process used to

form the metal contacts of screen printed solar cells has been

shown to have a large impact on the CID extent,2,10–12 with a

higher peak firing temperature leading to more severe degra-

dation.10 It has been reported that the CID is greatly sup-

pressed in samples that are fired at peak temperature below

600 �C, or not present in non-fired samples.10 It has also

recently been shown that the heating and cooling rates of the

firing process can play a role in the extent of CID, it is even

possible to avoid the CID formation using the appropriate

temperature ramp-up and/or ramp-down rates.12 Moreover,

it seems that phosphorus diffusion impacts the CID as less

pronounced degradation was observed for wafers gettered

using phosphorus in comparison to those gettered with

aluminium.13

Initially, it was suggested that the defect causing CID

was related to the aluminium oxide (AlOx) rear passivation

layer employed to produce mc-Si PERC solar cells.6

However, recent studies have shown a similar degradation

for other dielectrics used for surface passivation.2,9–11 The

degradation also appears to be ubiquitous across the wafer

with a strong Shockley-Read-Hall (SRH) signature in the

lifetime curve.2,7,11,13 Therefore, it was concluded that the

CID is most likely caused by a bulk defect. Since mc-Si

wafers inherently have low interstitial oxygen concentra-

tion, and CID has also been observed in mc-Si cells doped

with gallium (Ga) instead of boron (B),1 the formation of

boron-oxygen complex (B-O) was excluded as the primary

cause of this CID effect. Using temperatures of about 70 �C
and light intensities near 1000 W/m2, the degradation time

constant is very long (hundreds of hours). It requires an

even longer time to recover, this fact further excludes the

candidature of the B-O complex.14 Recently, Inglese et al.
investigated copper (Cu) contaminated B-doped and Ga-

doped mc-Si wafers and reported an enhanced CID that was

attributed by them to Cu.5

A few studies have aimed to identify the Shockley-

Read-Hall parameters of the responsible defect using injec-

tion dependent lifetime spectroscopy (IDLS) technique.2–4

The IDLS involves a fitting of measured lifetime to the SRHa)C. Vargas and Y. Zhu contributed equally to this work.
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equation.15,16 A linearization of the SRH equation proposed

by Murphy et al.17 significantly simplifies the fitting process.

The fitting result is usually presented as the defect parameter

solution surface (DPSS) curves.18 The DPSS curves define

all the possible combinations of energy levels and capture

cross section ratios in the defect parameter constellation.19

However, due to its ambiguity, a single IDLS is unable to

pinpoint out the exact defect parameters from a DPSS curve.

Using IDLS, Nakayashiki et al.2 determined a value of cap-

ture cross section ratio k¼rn/rp¼ 28.5 by assuming a mid-

gap defect.2 Bredemeier et al.4 reported a value of k¼ 20 6 7

also assuming a mid-gap defect. Recently, Morishige et al.3

reported a defect energy level within the wide range

�0.27 eV<Et�Ei< 0.13 eV and an asymmetry factor in

the range 26< k< 36 using a sensitivity analysis of the

(DPSS) curve. All the reported values are based on single

IDLS measurements performed at room temperature (RT),

therefore the reported capture cross section ratios are all

based on the assumption of the energy level.

One way to determine the unique solution from the

DPSS curve is to measure the IDLS at various tempera-

tures.18 This method is known as the temperature- and

injection-dependent lifetime spectroscopy (TIDLS).18,20 By

plotting the DPSS curves at different temperatures together,

the exact defect parameters should be identified by the inter-

sections of the DPSS curves, if Et and k are assumed to be

independent of temperature.18

Recently, a customized TIDLS system has been devel-

oped in our laboratory. Measurements can be carried out

over a wide temperature range between �170 �C and 400 �C.

The system uses both photoconductance (PC) and photolu-

minescence (PL) sensors to measure the effective carrier life-

time. The PL sensor extends the measurement range and

significantly improves the quality of the data collected at low

injection levels.21,22 This system was used here to investigate

various mc-Si wafers.

Three different 600 wafers from three different ingots

were used in this study. Wafer A was a high performance

(HP)23 mc-Si wafer with a thickness of 180 lm and resistiv-

ity of 1.8 X cm (bulk doping NA¼ 8.1� 1015 cm�3), Wafer

B was a conventional mc-Si wafer with a thickness of

244 lm and resistivity of 1.5 X cm (NA¼ 9.7� 1015 cm�3),

and Wafer C was also a conventional mc-Si wafer with a

thickness of 193 lm and resistivity of 1.8 X cm (NA¼ 8.1

� 1015 cm�3). Wafer A was prepared by the provider as a

PERC cell precursor (asymmetric structure): The front side

was phosphorus-diffused and was passivated using silicon

nitride (SiNx) deposited by plasma enhanced chemical

vapour deposition (PECVD), while the rear side was passiv-

ated using an AlOx/SiNx stack also using PECVD. Wafers B

and C were prepared as symmetric lifetime structures, using

RCA (Radio Corporation of America) chemical clean fol-

lowed by phosphorus diffusion (80 X/�) carried out in a

Tempress POCl3 tube, followed by an hydrofluoric acid (HF)

dip before a SiNx deposition (75 nm thickness and refraction

index of 2.1) from a Meyer Burger MAiA PECVD system

onto both sides. This scheme provides good surface recombi-

nation with a saturation current density below 80 fA/cm2.

Wafer A was fired as a 600 wafer at 785 �C (actual measured

temperature) and was then laser cleaved into small 4� 4 cm2

pieces. Wafers B and C were laser cleaved into small

4� 4 cm2 pieces and were fired with a peak temperature of

790 �C (actual measured temperature). Initial TIDLS meas-

urements were carried out at this stage at the following tem-

peratures: �25 �C, 0 �C, 25 �C, 50 �C and 75 �C. The actual

sample temperature was calibrated with sister wafers with

the same thickness and size, and the temperature difference

in this temperature range was found to be within 1 �C, which

is negligible for the DPSS analysis.

As mentioned before, under normal conditions, the deg-

radation and regeneration process takes several hundreds of

hours. Recently, Payne et al. developed a method to acceler-

ate the formation and subsequent mitigation of the defect

based on high intensity illumination (laser) and high temper-

atures.8,9 Therefore, we degrade our wafers using a laser-

accelerated process at a temperature of 140 �C and light

intensity of 46 kW m�2, similar to the process described in

Ref. 9. The process was monitored every 10 s until a fully

degraded state was achieved (see Fig. 1). Maximum degrada-

tion was obtained after 20 s for Wafer C and after 50 s for

Wafers A and B.

After the degradation, TIDLS measurements were per-

formed at the same temperatures used before the degrada-

tion. The maximum temperature was chosen to be below

100 �C to avoid recovery of the lifetime during the measure-

ment itself.24 In order to identify any change during the mea-

surement, the effective lifetime at room temperature was

measured before and after the TIDLS measurements. Across

the whole injection level, the change of lifetime was within

5%, suggesting that the defect state does not change during

the TIDLS measurement.

The SRH lifetime of the defect (sCID) was extracted

using the harmonic difference between the effective lifetime

before degradation (sint) and the degraded lifetime (sdeg) at

each temperature as

sCID ¼
1

sdeg
� 1

sint

� ��1

: (1)

Figure 2 presents the representative measurements before

and after the degradation, together with the harmonic

FIG. 1. Effective lifetime at an excess carrier concentration of 1� 1015 cm�3

as a function of time duration of the laser degradation process. The lines are

a guide to the eye.
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differential lifetime for Wafer A at RT. Using harmonic dif-

ference has the significant advantage that recombination

components that do not change during the degradation will

not impact the analysis; this includes the intrinsic recombina-

tion and other crystallographic defects present in mc-Si

wafers. The change in the surface saturation current density

due to the degradation process was found to be insignificant

and therefore its impact is also removed by the harmonic

difference.

Subsequently, the sCID data was linearized using the var-

iable change X¼ n/p, following the method presented by

Murphy et al.,17 where n and p are the total electron and hole

concentrations, respectively. In Fig. 3, the sCID vs. X of

Wafer A at RT is shown. As can be seen, the curve is not lin-

ear, indicating the existence of more than one defect.3 As

expected, least square fitting using one defect does not pro-

vide an acceptable fit; a better fit is achieved when two

defects are considered (see Fig. 3). Although not satisfactory,

we first considered one defect and one temperature (RT) in

order to compare our results with those of Bredemeier et al.4

Assuming a mid-gap defect (as indeed assumed in Ref. 4),

we determined an asymmetry factor of k¼ 17, which is

within the range of k¼ 20 6 7 reported by Bredemeier et al.4

We then considered two defects; we have identified one

defect that dominates the entire injection range (see Fig. 3);

similar to Ref. 3, we also identified a shallow defect, which

has only a weak impact on the lifetime (mainly at high injec-

tion). Following Ref. 3, a sensitivity analysis to account for

10% uncertainties in the measurement of lifetime, as well as

excess carrier density, was performed for the dominant

defect using only one temperature (RT) for comparison. An

asymmetry factor in the range of 29< k< 33 was obtained

assuming a mid-gap defect, which is within the range of

26< k< 36 reported by Morishige et al.3

Once good agreement with previous studies was con-

firmed, we extended the analysis to include all of the temper-

atures (�25 �C to 75 �C). The DPSS of the asymmetry factor

(DPSS-k), based on the TIDLS data is shown in Fig. 4 for

Wafer A. As typical with TIDLS analysis, two regions where

the DPSS-k curves intersect can be easily recognised.18 If

the defect is located in the bottom band-gap half, the defect

parameters are: �0.33 eV<Et�Ei<�0.28 eV and 33< k
< 45. If the defect is located in the upper band-gap half, a

similar capture cross section ratio is determined to be

29< k< 44, while the energy level is determined as

0.17 eV<Et�Ei< 0.22 eV. The difference of the average

energy depth (the energy gap between the defect’s level and

the intrinsic Fermi level) of these two possible solutions is

j�0.30j � j0.19j ¼ 0.11 eV. Theoretically, this difference can

be calculated as DE(T)¼ kbTln(kNc/Nv), where kb is the

Boltzmann constant, and Nc and Nv are respectively the den-

sity of states in the conduction band and valence band.18

Considering the uncertainty ranges of the obtained k value,

the theoretical DE is within the range from 0.08 eV to

0.12 eV; a range that includes the determined difference

(0.11 eV). The intersections in the upper bandgap half appear

to be slightly more spread than those at a lower bandgap

half. However, the two solutions provide similar quality of

fitting. Therefore, we cannot confirm the band-gap half at

this stage. We also tested the method suggested in Ref. 20 to

distinguish the bandgap-half, but it also failed. The fact that

FIG. 2. Lifetimes (at 25 �C) of Wafer A before and after the degradation

process. The CID-related defect lifetime obtained by the difference between

the curves is presented as well.

FIG. 3. sCID linearization of Wafer A (at 25 �C), together with the best fit

obtained by one defect and two defects. The inset presents the dominant

defect.

FIG. 4. DPSS-k of Wafer A, together with the recombination parameters of

a few metal impurities with similar Et and/or k. The Et and k values are taken

from Refs. 20 and 25–27.

092106-3 Vargas et al. Appl. Phys. Lett. 110, 092106 (2017)



there is a relatively sharp intersection region in the lower

bandgap half indicates that k might have no strong tempera-

ture dependency in the measurement temperature range.

However, it is also possible that the true energy level is in

the upper bandgap half, and k decreases with temperature.

Similar recombination parameters were obtained for

Wafers B and C (see Table I). Note that the uncertainty range

of defect parameters are taken from all the possible intersec-

tions of the DPSS curves without further assumptions.

As shown in Table I, the energy level values obtained

from the different wafers are very similar (within the uncer-

tainty range), despite the varying degradation extent (see

Fig. 1), different structures (symmetric lifetime structure vs.
PERC precursor) and different growth methods (conventional

vs. HP mc-Si wafers). Combining the three wafers, we esti-

mate the defect energy level to be Et�Ei¼�(0.32 6 0.05)

eV for the defect in the bottom band-gap half or Et�Ei

¼ (0.21 6 0.05) eV for the defect in the upper bandgap half.

The asymmetry factor was determined to be k¼ 56 6 23 or

k¼ 49 6 21 for the bottom or upper bandgap halves respec-

tively. The value of k is higher than the one reported by

Bredemeier et al.4 and by Morishige et al.3 The difference is

solely explained by the assumption in the position of the

energy level. As shown above, if a mid-gap defect is assumed,

the obtained k values are similar to those of previous studies.

By TIDLS, the energy level and capture cross section ratio are

pinpointed out from the defect parameter constellation without

any assumption.

In Fig. 4, known parameters of a few metallic impurities

are also presented.3,26 The Et and k of the CID-related defect

found here are similar to those of an interstitial titanium dou-

ble donor (Tii
þ/þþ, Et�Ei¼�0.30 eV and k¼ 40.4 (Ref.

20)) and an interstitial molybdenum donor (Moi
0/þ, Et

–Ei¼�0.28 eV and k¼ 25.4 (Ref. 26)). Morishige et al.3

also considered an interstitial tungsten donor (Wi
0/þ, Et�Ei

¼�0.01 eV and k¼ 25.8 (Ref. 27)) as one of the possible

candidates of the root-cause for the CID; however, this possi-

bility could be discarded based on this study, as the energy

levels do not correspond. It is important to note the large

uncertainties are associated with k values in literature of

many impurities. At this stage, we must also consider the

option that the defect responsible has not yet been character-

ized and identified by deep-level transient spectroscopy

(DLTS) or any other method.

In conclusion, three mc-Si wafers from three different

ingots were processed into cell precursors and lifetime struc-

tures, and CID defects were generated. The defect recombi-

nation parameters were investigated using TIDLS. The

obtained Et and k of the three wafers were found to be very

similar, indicating an identical defect as a source of the

reported CID. The energy level of the defect was determined

to be Et�Ei¼�(0.32 6 0.05) eV for the bottom bandgap

half or Et�Ei¼ (0.22 6 0.05) eV for the top bandgap half of

the defect, while the asymmetry factor k was found to be

k¼ 56 6 23 for the bottom bandgap half or k¼ 49 6 21 for

the top bandgap half. This k value is higher than the values

previously reported; however, this result does not relay on

any assumptions regarding Et. At this stage, the defect type

has not been identified; Tii
þ/þþ and Moi

0/þ appear to have

similar recombination parameters to the CID-related defect;

however, we cannot rule out the possibility of an as-yet

unknown defect.
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