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Silicon Nitride Deposition: Impact on Lifetime and

Light-Induced Degradation at Elevated

Temperature in Multicrystalline Silicon
Jeanette Lindroos , Annika Zuschlag, Daniel Skorka, and Giso Hahn

Abstract—Light and elevated temperature induced degradation
(LeTID) in multicrystalline (mc) silicon (Si) is known to be sensi-
tive to the silicon nitride (SiNx:H) deposition and the firing, but
the reason remains unknown. Three plasma-enhanced chemical
vapor deposition (PECVD) tools are used to deposit five different
layers, causing significant differences in the initial lifetimes before
and after firing. The impact of the different depositions can be
effectively compared by replacing the SiNx:H with well-passivating
room-temperature iodine ethanol passivation (IE). The IE pas-
sivation reveals that the firing of SiNx:H and subsequent bulk
hydrogenation leads to a lifetime increase only in the gettered
samples. Although the PECVD temperature load affects the bulk
lifetime, it does not cause LeTID without SiNx:H deposition. LeTID
is only detected in samples fired with SiNx:H, but once the LeTID
precursors have been activated, the PECVD layer can be etched
and the wafer thinned down without affecting LeTID formation.
No link is found between the LeTID defect density and the bulk-
hydrogenated lifetime. Instead the LeTID defect density appears to
decrease with decreasing PECVD deposition time and temperature.

I. INTRODUCTION

C
URRENTLY, much effort is focused on understanding

why multicrystalline (mc) silicon (Si) passivated emitter

and rear cell (PERC) solar cells suffer from efficiency losses of

more than 10%rel during excess carrier injection above 50 °C,

known as light and elevated temperature induced degradation

(LeTID) or mc-LID [1], [2]. LeTID is a bulk degradation effect

[3], which occurs in both B- and Ga-doped mc-Si [1], [4]. In both

PERC cells [5] and lifetime samples [3], [6], LeTID has been

observed as homogenous degradation inside the grains, with less

degradation at grain boundaries. LeTID occurs on a timescale

of hundreds of hours at 75 °C [1], but becomes faster [2], [7]

with increasing minority carrier injection. As no correlation has

been found between LeTID and the bulk Oi concentration [1],

[2], degradation must be formed by some other defect than the

boron–oxygen complex that causes boron–oxygen light-induced

degradation (BO-LID). Nevertheless, the LeTID defect can be

regenerated by illumination at elevated temperature, even though

the regeneration kinetics vary significantly from BO-LID [2],

[8]. Long-term dark annealing at 300 °C has also been reported

to deactivate LeTID [9].

The temperature (T) profile of the PERC contact firing plays a

crucial role in LeTID defect formation [10]–[12], since degrada-

tion has been only observed after peak firing T above 550 °C [13]

followed by rapid cooldown [12]. As firing is thought to dissolve

a variety of metal precipitates and impurity complexes (which

are less likely to be gettered internally during fast cooling), many

authors have linked the LeTID defect to a recombination-active

impurity metal [3], [10], [11], [14]. Previous defect energy

level evaluations point toward slow-diffusing metal impurities

(Ws, Tii, or Moi) [11], [14], while a LeTID defect density

decrease in thin wafers [15] and at grain boundaries [6] suggests

a fast-diffusing interstitial metal such as Coi.

On the other hand, firing also causes hydrogen to diffuse

from the surface dielectric layers into the silicon bulk, known

as hydrogenation. Hydrogenation usually leads to improved

minority carrier recombination lifetime, particularly at grain

boundaries, where in-diffused hydrogen is able to passivate

dangling bonds [16]. Interestingly, Kersten et al. [17] have re-

ported an influence of the fired plasma-enhanced chemical vapor

deposition (PECVD) surface dielectric on the average LeTID

defect density, suggesting the involvement of hydrogen in LeTID

formation. Vargas et al. have observed an increase in the

LeTID defect density with increasing hydrogen release from

remote PECVD SiNx:H surface passivation layers during firing,

but LeTID appears to be impacted also by the deposition temper-

ature [18]. In addition, firing the wafer first and then depositing

the Al2O3/SiNx:H stack was observed to nearly prevent LeTID

[17]. However, as dark annealing after firing is known to alter

LeTID kinetics, the surface passivation step might have changed

LeTID [19].

In order to better assess the difference between LeTID forma-

tion in different PECVD deposited B-doped mc-Si, we repassi-

vate all fired samples at room temperature with iodine ethanol

(IE). By illuminating each sample without surface passivation,
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we can directly compare the LeTID defect density distribution

in samples fired with five different SiNx:H passivation layers.

We use time-resolved photoluminescence imaging (TR-PLI)

lifetime mapping [20], [21] and Fourier transform infrared spec-

troscopy (FTIR) to investigate the role of hydrogen and bulk

metal impurities in LeTID formation.

II. EXPERIMENTAL

The experiments were performed on stacks of high-

performance 1 Ωcm B-doped mc sister wafers from the middle

of the ingot, cut into samples of 5× 5 cm2. Grain boundary maps

were obtained by optical imaging. All samples were saw-damage

etched in KOH and a chemical polishing solution (CP). After

Piranha cleaning and an HF dip, half of the wafers were phos-

phorous diffusion gettered (PDG) by a POCl3 step at 837 °C. The

PDG glass and the 54Ω/sq emitter were etched off in HF and CP.

After etching, the thickness of both the P-gettered and ungettered

wafers was less than 170 µm in the sample center and 10–30 µm

thinner at the edges, depending on the edge measurement point.

After subsequent Piranha cleaning and an HF dip, some

wafers were deposited with SiNx:H by three different PECVD

tools: direct, remote, and inductively coupled plasma (ICP).

Each deposition was performed twice for double-sided pas-

sivation. For comparison, others sister samples received the

temperature loads of the PECVD recipes by performing the

depositions twice without processing gases. In the (A) direct

PECVD tool, the samples were subjected to a 40 min deposition

at a set T of 440 °C to get 80 ± 3 nm thick SiNx:H layers. The

(B) remote PECVD deposited 76 ± 3 nm of SiNx:H during

3 min at a set T of 400 °C. The three ICP-PECVD layers

were deposited with the same 40 s recipe, varying the deposition

temperature. The first (C) ICP-PECVD deposition was done at

∼400 °C, producing at 75 ± 5 nm layer. The other layers were

deposited (D) at ∼100 °C resulting in 127 ± 3 nm of SiNx:H,

and (E) without chamber heating (at room temperature, RT),

producing 119 ± 3 nm layers. As no gas flow was achieved

during the first attempts of double-sided depositions (D) and (E),

the samples were redeposited with the same recipes, increasing

the temperature load to four 40 s steps per sample.

Next, some passivated and unpassivated samples were kept

as unfired references, while the rest were fired at a set peak T of

800 °C, resulting in a sample temperature of 777± 10 °C. The ef-

fective minority carrier recombination lifetime in the passivated

samples was measured immediately after firing with TR-PLI at

RT. Since the surface passivation quality differed between the

five SiNx:H layers, the layers were etched off in 10% HF and

replaced by IE passivation in all but eight samples. Before IE

passivation, all samples were CP4 etched for 2 min, cleaned

in a Piranha solution, and HF-dipped. TR-PLI mapping was

performed immediately after IE passivation, a few hours after

firing. After measurement, the IE was removed by deionized

water rinsing, HF dipping, and a final CP4 etch.

Minority carrier injection was achieved by illumination at

150 ± 3 °C with an intensity of 0.9 ± 0.1 suns. The temperature

was chosen to guarantee a reasonable degradation rate in the

Fig. 1. Harmonic average effective lifetime as a function of illumination time
in ungettered and P-gettered mc-Si sister samples passivated with (A) direct or
(B) remote PECVD SiNx:H.

samples illuminated without surface passivation. Illuminating

at 150 °C was expected to cause the same degraded lifetime in

direct-PECVD samples as at 75 °C [4].

The silicon nitride (SiNx:H)-coated samples were regularly

measured with TR-PLI at RT, whereas the illumination of the

bare samples was interrupted only after 1, 24, and 48 h. After

each illumination step, the bare samples were stored overnight

in dark, etched in CP, cleaned and HF-dipped, repassivated with

IE, measured with TR-PLI, and cleaned off IE. Hence, every

measurement with IE reduced the bulk thickness of each sample

by the same amount (1–3 µm per side).

Finally, the hydrogen concentrations of the PECVD layers

were measured with FTIR before and after firing. The double-

sided SiNx:H layers were deposited on 230 µm-thick 160–

240 Ωcm boron-doped FZ-Si, in order to minimize free carrier

absorption in FTIR [22]. The set temperature of the firing furnace

was increased to match the mc-Si sample temperature. The H

concentrations were obtained by fitting a polynomial baseline to

the SiH and the NH peaks in the transmission spectra [23]. The

index of refraction was measured on the FZ-Si samples with

a spectrally resolved multi-angle ellipsometer V-VASE from

Woollam Company.

III. RESULTS

A. Direct Versus Remote PECVD

Both direct and remote PECVD are commonly used to deposit

SiNx:H in mc-Si solar cells. Since firing of different SiNx:H

layers has previously been shown to impact LeTID [17], [18],

Fig. 1 compares the harmonic average lifetime in ungettered

and P-gettered sister samples with (A) direct PECVD SiNx:H to

(B) remote PECVD measured at RT between illumination steps

at 150 °C. All SiNx:H layers were fired and kept as surface

passivation layers through illumination.

The direct-PECVD-deposited samples degrade rapidly, reach-

ing full degradation after 1 h of illumination. The ungettered

sample with remote PECVD SiNx:H degrades rapidly as well,

whereas the P-gettered sample degrades more slowly. The slowly
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Fig. 2. Comparison of the effective lifetime in ungettered and P-gettered sister sample measured after firing with (a)–(d) direct and (e)–(h) remote PECVD
SiNx:H after (i)–(ab) three degradation timepoints (10 min, 24 h, and 48 h), and (ao)–(ar) one regeneration timepoint. The timepoints and average harmonic
effective lifetimes are indicated under each lifetime map. In columns 1, 2, 7, and 8, the SiNx:H layers were kept during degradation and regeneration. In columns
3–6, the SiNx:H layers were etched off after firing and replaced with IE passivation. (ac)–(aj) Maximum LeTID defect density maps. (ak)–(an) Zooms in on the
defect density maps and overlays them with the optical grain boundary maps.

degrading P-gettered sample with remote SiNx:H starts to re-

generate already before 1 h of illumination. The direct-PECVD

P-gettered sample follows suit after some 10 h of illumination.

Both P-gettered samples regenerate first partially, then degrade

again, and finally improve for a second time. The second degra-

dation after 10 h at 150 °C coincides with previous LeTID ki-

netics data obtained from samples with the same direct PECVD

recipe [4]. It is probably caused by surface-related degradation

[24]. The two ungettered samples only improve slightly after

11 h of illumination.

Since Fig. 1 shows clear differences between the average

lifetime degradation in direct and remote PECVD deposited

samples, the spatially resolved TR-PLI lifetime maps are an-

alyzed in more detail in Fig. 2. The normalized defect density

maps N ∗

LeTID have been calculated by subtracting the inverse

of the initial effective lifetime (initial) from the inverse of the

effective lifetime at maximum degradation (Illum. II/III) [25].

Columns 1 and 2 in Fig. 2 show the two samples with direct

PECVD SiNx:H from Fig. 1. Fig. 2(ad) shows the full N ∗

LeTID

map of the P-gettered sample, whereas Fig. 2(al) zooms in on
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an area of the N ∗

LeTID maps and overlays it with the optical

grain boundary map. These combined maps reveal homogenous

LeTID in the good grain areas, with less degradation at the grain

boundaries. Such LeTID distribution corresponds to previous

LeTID studies of mc-Si PERC cells [5] and lifetime samples

[6], [26]. The highest N ∗

LeTID is measured at certain clusters of

initially highly recombination-active extended defects, which

has also been observed by Niewelt et al. [6]. Without gettering,

Fig. 2(ak) reveals significantly stronger LeTID at most grain

boundaries and in many clusters of extended defects, but less

severe degradation in the good grain areas. Hence, P-gettering

appears to weaken LeTID at grain boundaries and strengthen

it slightly in the good grain areas of direct PECVD deposited

samples.

Columns 7 and 8 display spatially resolved degradation in

the two remote PECVD samples from Fig. 1. In Fig. 2(ai) and

(aj), both samples show lower average N ∗

LeTID than the direct

PECVD samples [see Fig. 2(ac) and (ad)]. Similar to the direct

PECVD samples, the ungettered sample in Fig. 2(am) shows

strong LeTID at grain boundaries, which is significantly reduced

by P-gettering in Fig. 2(an). P-gettering also reduces LeTID in

some recombination-active defect clusters, but does not impact

clusters with the highest N ∗

LeTID. In the good grain areas, P-

gettering again causes a slight increase of N ∗

LeTID, similar to

the direct PECVD samples.

Fig. 2(ao)–(ar) shows the state of regeneration in all four

samples after 12.7–14.8 days of illumination, before surface-

related degradation starts to dominate, as seen in Fig. 1. In both

the direct and the remote-passivated samples, the ungettered

good grains have similar lifetime values as the P-gettered good

grains. However, the average lifetimes in the ungettered samples

are kept low, due to the large fraction of grain boundaries

and extended defect clusters that are still recombination active.

Therefore, the very slow regeneration of the average lifetime in

the ungettered samples, as shown in Fig. 1, appears to be limited

by the regeneration rate of the areas with recombination-active

defect clusters.

Although P-gettering makes LeTID in good grain areas

slightly worse, as shown in Fig. 2 (regardless of the SiNx:H

layer), it is interesting that P-gettering reduces significantly

LeTID at grain boundaries and at many recombination-active

extended defect clusters, and consequently increases the re-

generation rate. Such an impact suggests the involvement of a

getterable impurity in the LeTID formation reaction. In addition,

the remote PECVD passivation layer leads to slower LeTID

formation and lower defect densities than direct PECVD in both

good and recombination-active areas, hinting at the involvement

of hydrogen. In order to better investigate the role of the surface

passivation layer, samples will be fired with different PECVD

layers, but measured with the same IE passivation.

B. IE Passivation

Even though the direct and the remote PECVD show similar

surface passivation quality, as shown in Fig. 2, it is not realistic to

expect the same surface passivation quality for all of five PECVD

recipes from the direct, the remote, and the ICP-PECVD tools.

In order to compare bulk LeTID in samples fired with different

PECVD layers, we test etching off the SiNx:H layers and pas-

sivating the samples with fresh IE at RT before every TR-PLI

measurement. The drawbacks of this method are the necessary

CP steps before and after IE passivation, which reduce the

bulk thickness for every TR-PLI measurement. Furthermore, the

samples must be illuminated with bare surfaces, which causes

lower but almost constant excess carrier concentrations during

degradation in comparison to SiNx:H-passivated samples.

In order to assess whether IE passivation can be used to

reliably characterize LeTID, Fig. 2 compares the degradation

in samples with direct (A) and remote (B) PECVD SiNx:H

passivation to sister samples that had the SiNx:H layers etched

off after firing and replaced with IE passivation. In the initial

TR-PLI maps [see Fig. 2(a)–(h)], the average harmonic life-

time is higher with IE passivation, indicating that IE provides

better surface passivation than either of the deposited SiNx:H

layers. In addition, IE passivation reveals a significantly higher

effective lifetime in the gettered direct-PECVD sample [see

Fig. 2(d)] compared with the gettered remote-PECVD sample

[see Fig. 2(f)]. Therefore, the direct-PECVD SiNx:H causes

higher surface recombination than the remote-PECVD layer,

despite the similar effective lifetimes in Fig. 1.

As expected from the degradation rate dependency on the

injection level [1], [2], [7], [27], illuminating bare samples leads

to slower LeTID formation (columns 3 and 4) compared with

the SiNx:H passivation (columns 1 and 2). Nevertheless, after

24 h of illumination, the IE passivated samples [see Fig. 2(s) and

(t)] have degraded to similar harmonic average lifetimes as the

direct SiNx:H-passivated samples [see Fig. 2(q) and (r)]. Even

with IE passivation, the P-gettered sample in Fig. 2(t) shows

the characteristic lower LeTID at grain boundaries. However,

the degraded good-area lifetime changes from one grain to the

next, resulting in an inhomogeneous N ∗

LeTID map, as shown in

Fig. 2(af). This effect might be caused by the grain orientation,

particularly the grain-specific surface recombination that limits

the injection level during illumination. Despite the improved sur-

face passivation of IE, both of theN ∗

LeTID maps in Fig. 2(ae) and

(af) show similar defect density levels as the SiNx:H-passivated

sisters shown in Fig. 2(ac) and (ad).

After removing the remote PECVD layers, the IE passivated

samples shown in Fig. 2(e) and (f) require 48 h of illumina-

tion instead of 10 min to show similar LeTID distributions

[see Fig. 2(ag) and (ah) as the SiNx:H-passivated samples [see

Fig. 2(ai) and (aj)]. The overall defect densities N ∗

LeTID are

somewhat lower with IE, which could be a result of the lower

injection level, too short degradation time, or the lack of SiNx:H

degradation. The slight decrease in the sample thickness for

every lifetime measurement is less likely to explain the lower

N ∗

LeTID [15], as the sample thinning does not impact LeTID

in the direct PECVD-deposited samples. The only clear wafer

thickness dependency is seen at the sample edges, where the

LeTID defect density decreases as the bulk thickness decreases

by 10–30 µm. However, this bulk wafer difference was formed

already before PECVD deposition and firing, not during illu-

mination and IE passivation. Since the IE passivated samples

show the same degradation trends as in the SiNx:H-passivated
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samples, Fig. 2 demonstrates that IE passivation can be reliably

used to characterize LeTID in mc-Si, as long as the illumination

time is sufficiently long.

C. Direct PECVD

1) Lifetime During Processing: Fig. 2 displays clear differ-

ences between the LeTID distributions in the ungettered and P-

gettered samples fired with direct PECVD SiNx:H passivation.

The gettered sample with IE passivation [see Fig. 2(d)] shows

initial lifetime values exceeding 1 ms in the best grain areas,

which degrade down to 14 µs [see Fig. 2(t)]. The ungettered

sample [see Fig. 2(c)] has initially large areas of lifetimes below

100 µs, which together with many grain boundaries degrade

more than the good grain areas.

In order to understand these differences, Fig. 3 shows the

initial lifetime maps of sister wafers after different processing

steps required for the direct PECVD samples (rows 1, 3, 5,

and 7). Fig. 3(a) shows the initial state of the as-grown mc-Si

sample with IE passivation with the harmonic average lifetime

of 95 µs. Subjecting the ungettered sample twice to the direct

PECVD temperature profile (30 min at 440 °C) improves low

lifetime regions [Fig. 3(b)], which could be caused by internal

gettering of recombination-active interstitials [28]. Depositing

double-sided direct PECVD nitride [see Fig. 3(c)] further im-

proves the lifetime in the ungettered sample, particularly in

good grain regions. Although some hydrogen might diffuse into

the bulk already during PECVD deposition [29], the lifetime

increase could also be a result of impurity gettering to the SiNx:H

layer [30] during the long deposition of 60 min.

Interestingly, direct PECVD deposition [see Fig. 3(c)] im-

proves the bulk lifetime more than PDG, as shown in Fig. 3(q).

This effect can only be detected thanks to IE passivation, as

the poor surface passivation quality of unfired SiNx:H limits

the effective lifetimes, as shown in Fig. 3(d) and (t). Despite

the SiNx:H deposition being more effective than PDG, the

lifetime of the P-gettered bulk also improves once it is subjected

to the temperature load of the PECVD step, as shown in Fig. 3(r).

After double-sided SiNx:H deposition, the lifetime in the

P-gettered sample, as shown in Fig. 3(s), is comparable to that

of the ungettered sample, as shown in Fig. 3(c).

Firing SiNx:H-passivated mc-Si leads to a lifetime increase

in both the ungettered [see Fig. 3(l)] and the P-gettered sam-

ples [see Fig. 3(ab)], suggesting simultaneous SiNx:H surface

passivation improvement and bulk hydrogenation. This is in-

deed the case for the P-gettered sample, as lifetimes of up to

1 ms are measured in the IE passivated sample after firing, as

shown in Fig. 3(aa). However, in the ungettered sample with

IE passivation, the average lifetime decreases from 254 µs [see

Fig. 3(c)] to 135 µs [see Fig. 3(k)] during firing. This means

that firing increases bulk recombination and that the measured

effective lifetime increase, as shown in Fig. 3(l), is only due to an

improvement in the SiNx:H passivation. In fact, firing decreases

the bulk lifetime in all IE passivated samples, apart from the

gettered and SiNx:H-fired sample, as shown in Fig. 3(aa). These

bulk lifetime decreases indicate that the dominant reaction is

the release and the diffusion of recombination-active metal

impurities from internal gettering sites during firing. Only when

the impurity concentrations have been reduced by PDG, bulk

hydrogenation is able to passivate residual impurities [31], re-

sulting in an effective lifetime increase, as shown in Fig. 3(aa).

2) Illumination: After the initial measurements, as shown

in Fig. 3, the IE passivation was removed, and the samples

were subjected to 24 h of illumination. After illumination and

repassivation, no LeTID is expected in the unfired samples

[13], [32]. Interestingly, illumination without firing improves the

lifetime in all ungettered samples [see Fig. 3(e)–(g)] and in two

of the P-gettered samples [see Fig. 3(u) and (v)]. Such lifetime

increase might be caused by internal or surface gettering of metal

impurities at 150 °C. Only the P-gettered and SiNx:H-deposited

sample, as shown in Fig. 3(w), reduces slightly from 227 to

222 µs.

The severe LeTID measured in the ungettered and the

P-gettered samples fired with direct PECVD SiNx:H, as shown

in Fig. 2, is redisplayed in Fig. 3(p) and (af). The other samples

fired without SiNx:H [see Fig. 3(m)–(o) and (ac)–(ae)] do not

show LeTID, but lifetime increases similar to those in the unfired

samples [see Fig. 3(e), (f), (u), and (v)]. Therefore, LeTID does

not stem from mere sample firing at 800 °C with fast cooldown.

Nor is LeTID caused by the combination of the direct PECVD

temperature profile and firing (see Fig. 3(n) and (ad)]. Even

double-sided deposition of SiNx:H does not induce LeTID, if

the layers are removed before firing, as shown in Fig. 3(o) and

(ae). Instead, LeTID formation requires the presence of the direct

PECVD SiNx:H passivation during firing.

D. Remote PECVD

Figs. 1 and 2 show slower and less severe LeTID in the remote

PECVD deposited samples compared with direct PECVD. In

order to understand why LeTID forms differently in remote

PECVD deposited samples, Fig. 4 shows the lifetime maps

before (initial) and after illumination (24 and 48 h) in a second

stack of ungettered and P-gettered sister wafers, subjected to the

remote PECVD processing steps. All samples were fired and the

lifetime maps were measured with IE passivation. As expected

from Fig. 3, the benefit of PDG [see Fig. 4(h)] compared with the

ungettered sample [see Fig. 4(a)] can be seen even after firing.

In contrast to direct PECVD, the short temperature treatment

of remote PECVD appears to decrease the lifetime after firing,

as shown in Fig. 4(b) and (i). This lifetime decrease could be

caused by the release of recombination-active interstitials from

precipitates at 400 °C, which do not have time to be gettered

internally during to the short deposition time.

Regardless of the initial lifetime, 24 h of illumination causes

LeTID to form only in the two samples in Fig. 4(f) and (m) with

remote PECVD SiNx:H present during firing. All other samples

show a lifetime increase, similar to Fig. 3. Hence, LeTID is not

caused by thermal history of the sample alone, but by the firing

of SiNx:H-passivated mc-Si. Extending the illumination time

to 48 h, as shown in Fig. 4(g) and (n), causes a slight lifetime

increase. This is most probably a result of LeTID regeneration,

which has previously been observed only in mc-Si passivated

with a surface dielectric.
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Fig. 3. Effective lifetime in unfired and fired sister samples (ungettered and P-gettered) after (A) the direct PECVD temperature load, the SiNx:H deposition,
and/or the SiNx:H etching. (d), (l), (t), and (ab) are measured with SiNx:H passivation, while the rest are measured with IE passivation.

E. ICP-PECVD

Since Figs. 3 and 4 confirm that the SiNx:H layer must

be present during firing to cause LeTID, it makes sense that

LeTID formation, as shown in Figs. 1 and 2 (and in [17]), is

influenced by the choice of passivation layer and deposition

tool. Determining the cause for this LeTID variation becomes

challenging, as all SiNx:H deposition parameters change from

one tool to another, including the deposition time and the tem-

perature. Figs. 5 and 6 focus on the impact of the ICP-PECVD
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Fig. 4. Effective lifetime in fired ungettered and P-gettered sister samples after
the (B) remote PECVD temperature load and the SiNx:H deposition, followed
by the (a)-(c) and (h)-(j) initial IE passivation step, and after (d)-(f) and (k)-(m)
24 h of illumination and (g) and (n) 48 h of illumination.

deposition temperature on LeTID. Fig. 5 shows the initial and

the illuminated lifetime maps (after 24 and 48 h) along with the

maximum defect density N ∗

LeTID map of an ungettered sample,

which was first fired after ICP-PECVD SiNx:H deposition at

400 °C and then repassivated with IE. After 24 h of illumination

[see Fig. 5(d)], the sample shows less LeTID than the samples

subjected to direct or remote PECVD, as shown in Figs. 2–4.

Extending the illumination time to 48 h [see Fig. 5(c)] causes a

slight lifetime recovery, similar to the remote PECVD deposited

samples, as shown in Fig. 4.

Fig. 6 displays the corresponding lifetime and N ∗

LeTID maps,

when the ICP-PECVD deposition temperature is dropped to

∼100 °C and RT. All ungettered and P-gettered samples are

sisters to the ones shown in Figs. 1 and 2. After IE passivation,

Fig. 6(a) and (b) reveal initial harmonic average lifetimes similar

to those of the remote PECVD treated samples shown in Fig. 2(e)

Fig. 5. Effective lifetime in an ungettered sample fired with (C) ICP-PECVD
SiNx:H deposited at 400 °C, once the SiNx:H has been replaced with (a) IE
passivation, and after (b) 24 h and (c) 48 h of illumination. (d) Maximum LeTID
defect density after 24 h of illumination.

and (f). These good initial lifetime values are most likely caused

by beneficial bulk hydrogenation, as the deposition time is too

short for significant internal or SiNx:H gettering.

The RT-deposited samples shown in Fig. 6(c) and (d), show

lower lifetimes similar to the fired ungettered and P-gettered

samples shown in Fig. 3(h) and (x), that lacked any PECVD treat-

ment. The low lifetimes at the grain boundaries indicate poor

bulk hydrogenation after firing of the RT-grown ICP-PECVD

layers. Regardless of the initial lifetime, all samples shown

in Fig. 6 show low LeTID defect densities even after 48 h of

illumination. Hence, the ICP-PECVD deposition temperature

clearly affects LeTID in mc-Si, although further work is needed

to verify the results and provide deeper understanding.
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Fig. 6. Effective lifetime in ungettered and P-gettered samples fired with ICP-PECVD SiNx:H deposited at (D) ∼100°C and (E) RT, once the SiNx:H has been
replaced with (a–d) IE passivation, and after (e–h) 24 h and (i–l) 48 h of illumination. (m)–(p) Defect density maps. Both ungettered samples are missing a piece
after the 24 h illumination step (e and g), which cause a large red area at the bottom of (m) and the lower left corner of (o) that does not reflect LeTID.

IV. DISCUSSION

Figs. 3 and 4 show that the SiNx:H layers need to be present

during firing for the LeTID defect to form during illumination at

150 °C. But why is the SiNx:H layer required and why does the

choice of PECVD tool change the LeTID defect density? Before

firing, SiNx:H deposition is shown to improve the lifetime in

Fig. 3(c) and (s), possibly due to gettering into the SiNx:H layers

[30]. Subsequent firing could enhance such SiNx:H gettering,

by collecting bulk impurities released by the firing profile. On

the other hand, firing with a surface passivation layer might

increase the bulk impurities, by preventing the out-diffusion

and surface precipitation (haze formation) of fast-diffusing in-

terstitials, such as Cui and Nii [33]. Firing of SiNx:H might

also increase the bulk vacancy concentration [34]–[36]. Since

hydrogenation is the main bulk change caused by SiNx:H firing,

we will start by discussing the possible impact of hydrogen

on LeTID.

Vargas et al. have observed a link between the LeTID defect

density and H released from remote PECVD SiNx:H layers

during firing [18]. Varshney et al. have also observed increas-

ing LeTID with increasing SiNx:H thickness and subsequent

increased H released [37]. Table I shows the H concentrations in

the different SiNx:H layers measured before and after firing with

FTIR on FZ-Si. The table also includes the indices of refraction.

The direct and ICP layers show hydrogen release during firing,

whereas the remote PECVD layer shows an H increase. This

H increase is probably caused by a shift in the SiH subpeaks,

reducing the accuracy of the SiH peak fitting. Nevertheless, the

firing of the P-gettered samples with remote PECVD passivation
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TABLE I
H CONCENTRATIONS AND THE INDEX OF REFRACTION n MEASURED IN FOUR

SiNx:H LAYERS BEFORE (-) AND AFTER FIRING (F)

still leads to a significant lifetime increase, as shown in Figs. 2(f)

and 4(j), indicating clear bulk hydrogenation.

The highest H concentrations and H release during firing are

measured in the two ICP-PECVD deposited samples with the

thickest PECVD layers. In contrast to Varshney et al. [37],

these thicker layers show the lowest LeTID defect densities

(in Fig. 6). Whereas the P-gettered mc-Si sample deposited

at ∼100 °C shows clear bulk hydrogenation in Fig. 6(b), RT

deposition together with firing does not improve the bulk, as

shown in Fig. 6(d). The FTIR spectra along with the low index of

refraction indicate that the RT-deposited layers consist of silicon

oxynitride instead of SiNx:H, which explains the high H release

without bulk passivation. Nevertheless, even after excluding the

RT deposition, the initial H concentration and the H release is

lower in direct PECVD samples with the highest bulk lifetime

after firing, as shown in Fig. 2(d), and the highest LeTID defect

density shown in Fig. 2(af). Therefore, no correlation is observed

between the H concentrations in the SiNx:H layers and the bulk

lifetime or the subsequent LeTID defect density.

Measuring the H release in the SiNx:H layer is an unreliable

way to assess bulk hydrogenation in mc-Si, as firing causes the

majority of mobile H to diffuse out of the sample instead of into

the Si bulk [38]. The amount of H in the silicon bulk after firing

has been measured as low as 0.1–1% of the initial amount of H in

SiNx:H [39]. A better way to assess the bulk hydrogen concen-

tration is to compare the lifetime in the P-gettered samples after

firing. Even if we assume that the beneficial passivating H is only

one part of the total bulk H concentration after firing, bulk hy-

drogenation still gives an indication of the total H concentration.

Particularly, the lack of bulk hydrogenation in the P-gettered and

RT-ICP-passivated sample shown in Fig. 6(d), indicates that the

total bulk concentration must be significantly lower than in the

other P-gettered samples shown in Figs. 1–5. Yet, the LeTID

defect density is on the same level as the P-gettered and the well

bulk hydrogenated sample shown in Fig. 6(n). Hence, explaining

the observed LeTID defect density becomes challenging based

solely on the bulk H concentration.

Instead, the LeTID defect density decreases significantly

when the ICP-PECVD deposition temperature is reduced from

400, as shown in Fig. 5, to ∼100 °C, as shown in Fig. 6(m)

and (n). Since the samples have been deposited with the same

SiNx:H recipe and have similar initial lifetimes, the SiNx:H

deposition temperature has a stronger influence on LeTID than

the P-gettering, the wafer thickness or the bulk hydrogenated

lifetime. However, Figs. 3 and 4 show that LeTID does not

form simply by combining the direct or the remote PECVD

temperature load with firing. Even depositing the SiNx:H layer

does not cause LeTID, if it is etched off before firing. Hence, the

LeTID defect density is clearly dependent on the temperature of

the SiNx:H deposition, but the precursors required for LeTID

formation are only activated by the presence of SiNx:H during

firing. After firing, the SiNx:H can be etched away, without

significant impact on the defect density, indicating that a bare

surface has little influence once the precursors have been acti-

vated during firing.

The temperature impact of LeTID is supported by Schmid

et al. [40], who showed increasing LeTID with an increasing

temperature step from 200 to 400 °C before both surface passiva-

tion and firing. Adding an H plasma to the annealing step further

increased the LeTID defect density. In addition, Jensen et al.

[41] measured LeTID in mc-Si subjected to H plasma annealing

at 300 °C even without thin-film passivation or firing. Hence,

the literature shows a strong indication of the involvement of

hydrogen, which has led to the suggestion of hydrogen being

solely responsible for LeTID [42], [43]. Recombination-free

precursor states of H are proposed to feed the formation of

recombination-free B-H pairs, which dissociate into recombi-

nation active H+ during illumination. Firing with fast cooling

form the H precursors and dark annealing (∼160–230 °C) [42],

[43] is assumed to move H from the precursors to B-H. In this

model, LeTID only depends on the concentration of H precursors

and B-H pairs, instead of the total H concentration. Therefore,

the low LeTID defect density after ICP-PECVD at ∼100 °C

could be explained by the combination of a high concentration

of passivating hydrogen and low concentration of H precursors

for LeTID. However, this would mean that the formation of

H precursors during firing is altered by even small changes in

temperature before firing.

The first temperature- and injection-dependent lifetime stud-

ies estimated an energy level of Ev + 0.3 . . . 0.7 eV for the

dominant LeTID defect with a capture cross section of 26 < k <

36, suggestingWs, Tii, or Moi [11], [14]. These impurity metals

are slow diffusers, which means that they remain immobile

during P-gettering, PECVD deposition, and firing. Since these

temperature steps alone do not cause LeTID, a slow-diffusing

metal cannot be the only required precursor to the form the

LeTID defect. Assuming that the defect formation is caused by a

simple charge state change, the dominating defect level needs to

be aboveEv + 0.4 eV [7], supporting the exclusion of interstitial

Tii and Moi. Although Wi might react with a vacancy that is

injected during the firing of SiNx:H, Ws formation during illu-

mination cannot explain the impact of P-gettering, the SiNx:H

deposition temperature, or the wafer thickness on the LeTID

defect density. Therefore, the involvement of a slow-diffusing

metal in LeTID formation would require the involvement of

hydrogen and possibly an additional unknown LeTID precursor.

The LeTID dependence on the wafer thickness has led

Bredemeier et al. [15] to suggest that the LeTID defect is a re-

combination active interstitial that diffuses to the surface during
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regeneration such as Coi. Fast-diffusing transitional metals are

also easily impacted by P-gettering, low temperature annealing,

and the dissolution of Ni and Cu precipitates has been observed

after firing of as-grown mc-Si [44]. However, the high solubility

of Ni, Cu, and Co causes them to diffuse to the surface of bare

samples and precipitate there already during firing [31]. There-

fore, LeTID formation through a charge state change of a single

fast-diffusing transition metal is only possible if the sole purpose

of the SiNx:H layer is to decrease/prevent out-diffusion during

firing. Metal impurity out-diffusion during illumination could

indeed explain the lifetime increase observed in Fig. 3 in both the

unfired and the fired samples without LeTID. However, once the

sample has been fired with a SiNx:H layer, no significant LeTID

difference is seen between the SiNx:H- and the IE-passivated

sister samples, indicating that no significant out-diffusion is

occurring during degradation. Therefore, a fast-diffusing metal

is more likely to react with hydrogen than to form the LeTID

defect on its own as an interstitial.

V. CONCLUSION

Ungettered and P-gettered mc-Si sister wafers were deposited

with five different SiNx:H layers using direct PECVD, remote

PECVD, and ICP-PECVD, followed by belt-furnace firing. Due

to the varying surface passivation quality, the SiNx:H layers

were replaced with room-temperature IE passivation for TR-PLI

lifetime measurements. The firing of the direct PECVD SiNx:H

caused an expected lifetime improvement in the P-gettered

samples through H passivation of bulk defects. Smaller lifetime

increases were already observed directly after the deposition

and even simply due to its temperature load. Firing without the

passivation layer caused a lifetime drop in the P-gettered and

the ungettered samples, presumably due to metal precipitate

dissolution.

After the initial measurement, the IE was removed and

the wafers were illuminated with bare surfaces. The high

surface recombination velocity led to a lower excess carrier

concentration in the bulk, which slowed down LeTID forma-

tion without significantly affecting the LeTID defect densities.

P-gettering systematically reduced the LeTID defect density at

grain boundaries but caused worse degradation in the good grain

areas.

The highest LeTID defect densities were measured in the

direct PECVD deposited samples with the highest temperature

load. Decreasing the temperature load of the PECVD deposition

reduced the LeTID defect density, until only very low LeTID was

measured after fast ICP-PECVD deposition at ∼100 °C and RT.

However, the temperature load itself did not cause LeTID, but

rather a lifetime improvement. LeTID was not observed after

only firing nor when SiNx:H was etched before firing. In fact,

LeTID was measured only when SiNx:H was present during

firing. Etching off the SiNx:H layers and thinning down the

sample by Si etching after firing did not significantly change

the LeTID defect density, indicating that the LeTID precursors

did not diffuse toward the surface during illumination. However,

samples without LeTID did improve during illumination, despite

a decreasing sample thickness for every measurement.

The sensitivity of LeTID to both low- and high-temperature

processing steps excludes a slow-diffusing metal as the sole

LeTID precursor. The significant impact of the deposited

SiNx:H layer also casts doubts on the LeTID reaction being

caused by a single fast-diffusing metal, particularly in its inter-

stitial state. As firing SiNx:H is known to cause bulk hydrogena-

tion, the H concentrations in the SiNx:H layers were measured

before and after firing with FTIR. No correlation was found

between LeTID and the H concentration in SiNx:H, nor between

LeTID and the bulk hydrogenated lifetime. As the LeTID defect

density is presumed not to depend on the total H concentration,

but rather the concentration of H precursors and B-H pairs, H

cannot be excluded as the sole precursor required for LeTID

formation. However, this would mean that the formation of H

precursors is very sensitive to changes in the SiNx:H deposi-

tion temperature before firing. Regardless of the LeTID defect

configuration, the impact of the PECVD deposition offers an

opportunity to minimize LeTID by optimizing the SiNx:H layers

in mc PERC solar cells.
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