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ABSTRACT

YU-CHEN HSU. Investigation of abnormal behavior of light induced degradation (LID)
in cost-effective industrial aluminum back surface field (Al-BSF) silicon solar cells.
(Under the direction of DR. ABASIFREKE EBONG)

In this research, the p-type boron-doped (B-doped) Czochralski (Cz) mono
crystalline silicon (c-Si) Al-BSF solar cell was studied because of its large market share,
high efficiency potential (~20%) and cost-effectiveness. The main problem of the p-type
B-doped Cz silicon is the unstable efficiency due to the light induced degradation (LID).

In order to resolve this unstable-efficiency problem, this thesis work investigated
the causes and mitigation of LID. The major cause of LID is the formation of boron-oxygen
defect in the silicon bandgap under irradiation. The reduced lifetime due to recombination
in the bandgap can be recovered by two methods including (i) ~200°C low temperature
anneal or (ii) rapid thermal anneal at 630-850°C. LID can be prevented with alternative
base-doping such as Ga, P, or the use of high base resistivity in boron doped Si. However,
the latter is still in the research stage while the majority of the commercial solar cell is
boron doped with resistivity ranging from 0.5-2 Q-cm. Therefore, there is a greater need

to fully understand how to get rid of the LID in the finished cells.

This thesis work focuses on regeneration of cells after the contact co-firing step
or/and degraded state. Regeneration is a stable recovery, which encompasses degradation,
recovery and stability. Two experimental set ups were conducted by controlling (i) the
carrier injection (~1 sun), (ii) the temperatures (70-100°C), and (iii) time (> 24 hours). The

cells went through degradation, recovery and stabilization under irradiation.



The recombination centers constituted of the boron-oxygen related defect are
passivated by the effusion of hydrogen existing in the anti-reflection coating (ARC) of a
solar cell. During the contact co-firing process after the screen printing, hydrogen enable
to diffuse from ARC into the bulk. If the cooling rate is fast in the co-firing, then the future
LID degradation is less because some of the hydrogen is retained at the recombination sites.

Regeneration is based on hydrogenation. First, the hydrogen from ARC diffuses
into the bulk during the contact co-firing. Subsequently, through the regeneration process,
the hydrogen in the bulk transfers to atomic and mobile hydrogen at excited states, and
finally passivates defect into equilibrium. The regeneration process requires simultaneous
() the carrier injection (> 0.1 suns), (ii) elevated temperatures (65-400°C) and (iii) the
sufficient time.

Hydrogenation through regeneration process results in stable solar cells. In
comparison between the results in this thesis and previous studies in literature, it can be
concluded that the faster regeneration rate primarily depends on the temperatures. The

higher the temperature in a proper range, the shorter the time required for regeneration.
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CHAPTER 1: FUNDAMENTAL PRINCIPLE OF SOLAR CELLS

1.1 Introduction

Photovoltaics (PV) effect was first observed in 1839 by Becquerel [1]. Since then
it has been extensively studied and commercialized in 1955 [2] in order to resolve the
global energy crisis. It is environmentally friendly compared to conventional energy
sources, which pollutes. Photovoltaics has been widely used in the residential and industrial
market in recent years. According to Renewables 2016 Global Status Report [3], Fig. 1.1,
solar energy has grown much faster than other renewable energy, such as wind power,
geothermal power and hydropower since 2010. It is also estimated that solar energy created
~2.8 million jobs among 8.1 million jobs in renewable-energy between 2010 and 2015 [3].
Thus, solar energy provided over 30% job opportunities of the renewable energy as shown
in Fig. 1.1 [3]. Therefore, solar energy not only contributes to the environmental

friendliness but to the economic growth.
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Fig 1.1 (Left): Average annual growth rates of renewable energy capacity and biofuels
production, end-2010 to end-2015 [3]. (Right): Estimated direct and indirect jobs in
renewable energy worldwide; data are principally for 2014- 2015 by industry [3].



1.2 Solar Cell Structure and Operation Principle

1.2.1 AI-BSF Solar Cell Structure

The AI-BSF structure is the most commercialized solar cell structure. The back
surface field, which is the p*/p region create by the Al-alloyed silicon functions as a filed-
effect passivation layer. The Al-doped p*/p creates a barrier to block the minority carriers
flow to the rear surface, reducing surface recombination (Fig. 1.2). Generally, mono- and
multi- c-Si solar cells use p-type boron-doped substrate. Fig. 1.3 shows a typical p-type Al-
BSF cell: (1) the front contact screen-printed with silver (Ag) paste, (2) the antireflection
coating (ARC) to reduce reflectance and allow more photons to be absorbed, and passivates
the surface as well, (3) the emitter formed by diffusing phosphorous (P) into the p-type
substrate, (4) the p-type base doped with boron (B), (5) the BSF layer for reducing the
recombination loss, and (6) the rear contact screen-printed with Aluminum (Al) paste.

(b) With p*-BSF / EE’.
p- ER

BSF Eg
=

a

(a) Without p*-BSF

—/ p-base —/ p-base =
y/

emitter emitter

Fig 1.2: Band diagrams illustrating band-bending caused by Al BSF [4].
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Fig 1.3: Basic architecture structure of a solar cell and general thickness of each layer.



1.2.2 Photovoltaic Effect

A solar cell is a semiconductor device, which converts sunlight into electricity
without any polluting byproducts. On the basis of the photovoltaic effect, if incident
photon-energy is higher than the band gap (Eg) of the semiconductor, the absorbed photons
will stimulate the electrons from the valence band (Ey) into the conduction band (Ec),

generating electron-hole pairs, as shown in Fig. 1.4.

Heat
e o/
\11:’ ‘ ¢
hv <Eg hv=Eg hv>Eg
[43) [4) Ev

1) 2) 3)
Fig 1.4: Energy diagram of a photon entering the semiconductor.

1) hv < Eg: photon fails to generate an electron-hole pair.
4
(2) hv = Eg: photon accurately generates an electron-hole pair.
3) hv > Eg: photon generates an electron-hole pair; transfers the rest energy into heat.
4



1.2.3 The p-nJunction Diode in Semiconductor

A solar cell is considered as a p-n junction diode (Fig 1.5). Under illumination, the
electrons as minority carriers in the p type region are forced by the electric field and drift
across the depletion region toward the n-type area becoming majority carriers (Fig. 1.6).
When the front and rear electrodes connect with an initial bias, forming a circuit, a

photocurrent (1) is generated.

—+

N P

Fig 1.5: Correlation between a p-n junction and an ideal diode.

I

Fig 1.6: Under illumination, the reduced potential barrier (E) enables the minority carrier
electrons in the p-type region to drift into n-type region as a major carrier, generating a
photocurrent (I0).



1.3 Electrical Output Parameters of a Solar Cell

1.3.1 Equivalent Circuit
Under ideal condition, the equivalent circuit of a solar cell consists of only one
diode, as illustrated in Fig 1.7. Generally, the total current density, J (A/cm?), considers

photocurrent density and ideal diode current density as written Eq. 1.1 and Eq. 1.2.

Rs +

I ‘ E E ’ Jdiode Rsn Jsh Rioad VvV J

\4

Fig 1.7: Equivalent circuit of ideal one-diode model of a solar cell under illumination.

I=3, -y (Eq. 1.1)
v
1=1, —Jo(expr?ﬁ— j (Eq. 1.2)

where n is ideality factor; n = 1 for an ideal diode while n > 1 for a non-ideal diode; Jo is a
reverse-biased saturation current density, Rioad IS a load resistance, Jwotal 1S OUtput current
density and V is output voltage. In this ideal condition, the shunt resistance (Rsh) is assumed
very large leading Jsh almost to zero while the series resistance (Rs) is assumed as zero
without any voltage loss. Rs includes the resistance of busbars, fingers, front contacts,

emitter, bulk, and backside.



However, the p-n junction diode is non-ideal under illumination because of the
recombination current loss. As illustrated in Fig. 1.8, Eq. 1.3, and Eq. 1.4, under
illumination, the total current density (J) consists of photocurrent density (J.), diode current

density (Jo1), recombination current density (Jo2), and a shunt current density (Jsn).

JL M M Rsh Jsh

Fig 1.8: The equivalent circuit of non-ideal two diode model under illumination.

J=J -(3,+J,+3,) (Eq. 1.3)

q(V +JR,) q(V +JR,) V +JR
J=J, —<J,|exp——2-1|+J,|exp——£2-1 $ Eq. 1.4
L { 01( p KT +Jp p KT + R, (Eq )

2

where Jo1 is a reverse-biased saturation current density, Jo2 is a recombination current
density, n1 and n are the ideality factor. Similar to the ideal condition, Rs is expected to be
minimized and Rsn to be maximized through the cell design and manufacturing. Most of
all, Joo as a recombination loss has to be reduced in order to improve the efficiency.
Recombination loss can occur at the surface/emitter, metal contacts, and bulk (Radiative
recombination, Auger recombination, and Shockley-Real-Hall recombination). In this
work, Shockley-Real-Hall recombination is being focused on and will be discussed in

Chapter 2.



1.3.2 Electrical Output Parameters
In the analysis of the performance of a solar cell, the circuit is considered in two
conditions. First, when a series resistance (Rs) and a load resistance (Rioad) are zero, the

maximum current flowing in the circuit is a short-circuit current density (Jsc) (Eg. 1.5).

v v
JSC=JL—{Jm(expnq?—lJ+Joz(expnq?— j} (Eq. L.5)

1 2

Secondly, assuming Ricad and Rs to be infinity, the total current is zero while J. is
considered as Jo or Jdiode (EQ. 1.6). In this condition, the terminal voltage is maximum,
called an open-circuit voltage (Voc) (EQ. 1.7). In the results of this work, Vo values were

considered to evaluate the recombination in the bulk.

qVv
J=J -J,|exp—2-1(=0 Eg. 1.6
L 0( pnkT j (Eqg. 1.6)
V., =ﬂ|n(i +1J _ nkT In[ Ju +1j (Eq. 1.7)
q ‘]O q ‘]oe+‘]ob

where Joe is emitter saturation current density and Jop is base saturation current density.



Assuming J. = Js, the general function of V. is as given in Eq. 1.8. The reverse
saturation current (Jo1) is composed of emitter saturation current density (Joe) (Eq. 1.9) and

base saturation current density (Job) (Eq. 1.10), as written in Eq. 1.11 [60].

V., = ”';T InLJoeJ;CJob +1J (Eq. 1.8)
J,=FJ  +0-F)J .\ (Eq. 1.9)
Jop = o D (Eq. 1.10

N, Ly q. 1.10)
Jy=J+J, (Eqg. 1.11)

where Fn is the metal grid area coverage faction, Joem IS the emitter saturation current
density underneath the metal grid, and Jeesin is the emitter saturation current density of the
nitride passivated emitter between grid lines. q is the elementary charge, n; is the intrinsic
carrier density, Na is the acceptor carrier density, D is the diffusivity of minority, and Lest

is the effective minority diffusion length.



The conversion efficiency () is defined as the ratio of output power to input power,
as shown is Eq. 1.12. The maximum output power is the product of the maximum voltage
(Vm) and the maximum current (Im), where Vi can be determined by trial and error. Then,

Im can be determined when V = Vi, as illustrated in Figure 1.9.

P, P VI
_ Fowe _ e _ Vi I (Eg. 1.12)
"B "R TR

1
Isc
Im max

V]Il VOC

Fig 1.9: I-V characteristic curve.

Fill factor (FF) is defined as a ratio of maximum power to total power under I-V
curve (Fig. 1.9 and Eq. 1.13) and influenced by the contact quality — FF (Rs, Rsh, N, Jo2) [4].
As determined in Eq. 1.14, FF is a vital parameter to evaluate the efficiency of a solar cell.

The general value of FF is between 0.7 and 0.85.

P A
FF=—m&x _—_"mm
VOCISC VOCISC (Eq 113)
_lem _VOCISCFF E 114
n P P (Eqg. 1.14)
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1.4  Commercial Status of the c-Si AI-BSF Solar Cell

According to 2014 solar technology report [5], 91% of the solar module around the
world is manufactured with silicon. In general, silicon solar cells are fabricated on both
mono- and multi- crystalline substrates. Mono crystalline (c-Si) generally exhibits high
minority carrier lifetime whereas the multi c-Si because of several grain and grain
boundaries exhibits lower minority carrier lifetime. As shown in Fig. 1.10, the Al-BSF
cells made on mono and multi Si, account for ~50% of the solar module market in 2014,

the most commercialized structure comparing to other technologies [5].

1%
8%
6%
27%

10%

91% Silicon Solar Cells

Mono-Si (Al-BSF)

Multi-Si (Al-BSF)

34%

27% Multi-Si (MWT, etc.)
® 34% Multi-Si (Al-BSF)
® 14% Mono-Si (Al-BSF)

10% Mono-Si (PERC, etc.)

6% Mono-Si (IBC, HIT, etc.)

8% Thin-Films

m 91% Silicon
8% Thin Film
® 1% Emerging Technologies

m 1% Emergy Technologies

Fig 1.10: PV module production share in 2014 by technology (MW) [5].
(MWT: metal wrap through cell) (PERC: passive emitter and rear cell)
(IBC: interdigitated back contact cell) (HIT: heterojunction with intrinsic thin-layer)
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1.5 Motivation and Problem Statement

Al-BSF c-Si solar cell is the most commercialized solar module accounting
for ~50% of the market share. However, only ~14% of these Al-BSF Si modules are mono-
crystalline. Although the market share of the mono is lower than the multi c-Si Al-BSF
structure, the mono c-Si is chosen in this work because of its higher efficiency potential
(Table 1.1) and ease of reproducibility. In spite of the performance advantages, the
efficiency of the p-type B-doped mono c-Si solar cells is unstable under sunlight, due to
the light-induced degradation (LID), as shown in Table 1.2. This phenomenon is mainly
observed with cells fabricated on boron doped Cz Si with high oxygen concentration.
Therefore, in order to produce stable performing solar cells, this thesis work investigated

the causes and mitigation of LID.

Table 1.1: General output values of Al-BSF mono c-Si solar cells.

Voc (MV) Jsc (mA/cm?) FF (%) 17 (%)
620~650 35~39 76~80 16~20

Table 1.2: Analysis of the strengths and weakness of Al-BSF mono c-Si.

Advantage Disadvantage
Commercial Mark Share 14%
Reliability or Longevity +25 years [5 ]
Efficiency ~20 % Unstable (LID)

Manufacturing Cost Cheaper




CHAPTER 2: UNDERSTANDING THE CAUSES OF LID

2.1 LID Phenomenon

In 1972, Crabb discovered solar cells degraded severely under irradiation [12].
1973, Fisher and Pschunder observed that the minority carrier lifetime decayed with the
illumination time by up to 10% [7]. LID phenomenon occurred when the p-type B-doped
Cz or crucible-growth (CG) Si solar cells with rich oxygen was under illumination at room

temperatures [7]. However, the causes of LID was not identified.

In 1979, Weizer et al. reported that Isc of the n*/p cells degraded when a forward
bias of >0.5 V was applied in the dark for 45 sec. They concluded that excess carriers (An)
could decay p-type cells; which was called carrier injection degradation or CID [8].
Therefore, the excess minority carriers can be caused by illumination or forward bias. Since
the bulk lifetime (zv) strongly depends on the injection level, the general definition of the
bulk lifetime is the quotient of the excess carrier concentration (An) and net recombination
rate (U), as written in Eqg. 2.1 [37]. The defect formation in LID can be accelerated by

higher light intensity of the carrier injection [9], such as laser [62].

r=—" (Eq. 2.1)
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2.2 Causes of LLD

2.2.1 Shockley-Real-Hall Recombination

In 1952, Shockley, Real [10] and Hall [11] showed that electron-hole pairs
recombine through the mechanism of trapping occurring within the bandgap, called
Shockley-Real-Hall (SRH) theory of recombination (Fig 2.1). The trap or defect at
forbidden energy states could capture both electrons and holes with approximately equal
probability, acting as the recombination center [31]. SRH recombination is considered

responsible for LID degradation.

o

Conduction Band Conduction Band Conduction Band
& G
Valence Band Valence Band Valence Band
Qo Q Qo

Fig 2.1: Shockley-Real-Hall recombination takes place at the trap in the bandgap [13].

According to the SRH theory, in 1999, Schmidt and Cuevas proposed that, by
injection-dependent lifetime spectroscopy (IDLS), the shallow recombination center (E:)
was simulated at the energy level (Ey+0.15) eV or (Ec-0.15) eV within the bandgap under
illumination [14]. Furthermore, the deep recombination center (E:) was activated between
(Ev+ 0.35 and Ec—0.45) eV, relatively close to the intrinsic Fermi level (E;) of silicon (E: —
Ei< 0.2 eV) [14]. In 2003, Rein and Glunz determined the metastable defect energy level
E: = Ec — 0.4 eV by higher accuracy measurement with temperature-dependent lifetime

spectroscopy (TDLS) [15]
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SRH lifetime (zsrH) Was demonstrated (Eq. 2.1) by Schmidt and Cuevas through
contactless quasi-steady-state photoconductance (QSSPC) measurement [14, 15]. They
assumed that (i) total defect is activated after illumination, (ii) all defect is deactivated after
200 °C annealing and (iii) the illumination did not induce other recombination within the
Cz wafer and SiNyx passivation coating, such as Auger recombination and surface
recombination [14, 15]. Based on the same assumption, the trap density (N:) caused by

illumination is directly proportional to ( //za —1/ 70 ) as presented in Eq. 2.3, 2.4 and 2.5 [16,

17, 18, 24, 59].
T —@—14 Eq. 2.2
SRH o, T, (Eq. 2.2)
1 1 1 1 1
N*= ———=(——+—)—— Eg. 2.3
t Z-d Z-0 (Tmeta Tres) Tres ( q )
o111
Nt = (T_+T_) - = (Vtho- Nt + VtharesNres)_VthO-resNres (Eq 24)
meta res res
* 1
N> = . =Vyo N, (Eq. 2.5)

meta

where zq is the final stable effective lifetime after complete light degradation and z is the
effective carrier lifetime measured right after the low temperature 200°C annealing. vt is
the thermal velocity, o is the capture cross section, ores IS the residential capture cross
section, N is the concentration of the metastable defect, and Nres is the residential defect

concentration.



15

2.2.2 BO Complex

In 1973, when Fischer and Pschunder observed the B-doped Cz silicon wafer
degradation under illumination, they also found a complete recovery from LID by ~200°C
annealing [7]. Since then, several studies have been undertaken to understand the causes

of LID and the degradation/recovery cycle in B-doped Cz silicon solar cells.

In 1997, Schmidt et al. presented a model of the BiOi pair contribution to the
unstable carrier lifetimes in B-doped Cz silicon under illumination, predicting that the
defect quantity should increase linearly with the product of boron [Ng] and oxygen
concentration [Oi] [16]. However, in 1998, Glunz et al. found that the lifetime degraded
with nearly rising [Ng], but with a strongly super linear increasing [Oi], approximately to
the power of 5, suggesting the defect complex difference from the BiOi model [17]. In
1999, Schmidt and Cuevas analyzed that the energy level of the LID recombination center
differed from the B;Oi pair by injection-level-dependent lifetime spectroscopy [14]. They

proposed a defect structure of one substitutional boron (Bs) and several oxygen atoms [14].

In 2004, Schmidt and Bothe presented the metastable Bs-Oi complex formed when
fast-diffusing oxygen dimer (O2;) were captured by Bs [20]. This Bs-O2i complex model
was based on the dependencies of measured linear N*([Bs]) and quadratic N¢*([Oi]) and
the fact that Oy preferentially accommodated in the vicinity of a Bs atom because the

tetrahedral covalent radius of Bs atoms is 25% smaller than that of Si host atom [18, 20].
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In 2006, Bothe and Schmidt found two different BO related recombination centers,
the fast recombination center (FRC) occurring in the beginning few minutes of LID and
the slow recombination center (SRC) as a major LID defect emerging after FRC [35]. The
FRC and SRC are also considered fast and slow stages of LID degradation [43, 71]. Bothe
and Schmidt reported defect generation energy Egenfast=(0.23+0.02) eV for FRC and
Egen.slow=(0.47520.0235) eV for SRC. They also conveyed the defect annihilation energy
Eamfast1=(0.32£0.02) eV and Eamfast2=(1.3620.08) eV for FRC, as well as

Eann,slow=(1.32+0.05) eV for SRC [35].

In 2010, Voronkov and Falster proposed the BiO> model as LID defect since the
Bs-O2i complex could not explain the lifetime at the slow stage which, depended on the
concentration of holes rather than boron concentration in the p-type material co-doped with
boron and phosphorus. They explained that (BsO2) as a latent complex existed already
before illumination while (BsO2)" as a recombination active configuration proceed under
LID [72]. However, they demonstrated the latent (BiO2)" complex as the major SRC,
involving an interstitial atom B; instead of Bs [72]. While emitted by oxygen precipitates,

the self-interstitials penetrated into the bulk to produce the first Bi and then the BijO. defect.

In 2016, Voronkov and Falster claimed the latent BO, defects at FRC and SRC
stages were created during a cooling stage after high-temperature anneal as defect
concentration depended on cooling rate and were proportional to the boron concentration
and square oxygen concentration [71]. In contrast, Hallam et al. presented a single defect
associated with fast and slow degradation caused by two traps level within the bandgap:

acceptor and donor levels [73].



CHAPTER 3: MITIGATION OF LID

3.1  Introduction

Since BO complex was identified as the cause of LID in p-type B-doped Cz silicon,
solar research have been conducted on how to minimize LID. This chapter will look into
three main possibilities of avoiding LID including: (i) minimization/elimination (Chap. 3.2)

(i1) recovery (Chap. 3.3) and (iii) regeneration (Chap. 3.4).

3.2 Minimization/ Elimination

As LID occurs in p-type B-doped Cz silicon with high BO complex concentration,
several studies have been carried out on how to minimize or eliminate the LID. These
include the following: (1) increasing the base resistivity ppase (Q-cm) of p-type silicon
substrate, (2) replacing p-type wafers with n-type wafers, (3) reducing the oxygen
concentration by improving the silicon wafer fabrication, and (4) using alternative dopant
rather than boron for silicon wafers. Table 3.1 summarizes the options and references on

how to go about LID minimization and/or elimination

Table 3.1: Analysis of LID Minimization/Elimination.

High poase (€2-CM) i Low No
year (p-type B-doped) n-type Oxygen Boron
1997 1.0-10 [16] P-doped Cz [16] Ga-doped Cz [16]
1998 P-doped FZ [17] FZ [17]
1999  0.64 - 4.80 [21] MCz [23]

2000  0.13-1.39[22]

2001 0.4 -11.6 [24]

2004 1.0-14.0 [25] Al- or In-doped Cz [25]
2009 P-doped Cz [26]
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3.2.1. High Base Resistivity

The p-type boron-doped Cz silicon wafers with higher base resistivity ppase (2-cm)
have been exploited for their better bulk carrier lifetime (= or wuk) [17, 27, 55], which
demonstrates the Auger, Radiation, and SRH recombination influence (Eq. 3.1) [33]. The
low boron concentration of the high ppase p-type substrates possibly contributes to the lower
defect concentration and higher carrier lifetime if the BO complex is the trap causing LID.
As shown in Fig. 3.1, under illumination, the 7.0 Q-cm resistivity wafer degraded more
than the 10 Q-cm counterpart, which displayed almost stable bulk carrier lifetime (z) [28].
However, the high base-resistivity silicon wafers show lower efficiency because of the

lower open circuit voltage and fill factor despite of the higher short circuit current.

1 1 1 1
= = (Eq. 3.1)

z-bulk TAuger TRad z-SRH

1000 p CZ p-Si
oo, . . _10Qcm -
[ = o

v

Tpy (ps)

100 F 1.5 Qcm

1.0 Qcm

0 20 40 60 80 100 120 140 160 180 970

illumination time (min)

Fig 3.1: Measured 1, degradation of boron-doped Cz Si wafers during illumination with
halogen lamp (intensity 350 mW/cm?=0.35 suns). Prior to the illumination, the wafers
were annealed at 350°C for 10 min [28].
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3.2.2. n-type Substrate

The use of the n-type wafers with phosphorous (P) [17, 33] or arsenic (As) [30] can
also minimize/eliminate LID. In Fig 3.2, under illumination, the injected photons did not
affect the bulk lifetime in n-type phosphor-doped Cz-Si wafers [16, 61]. However, for n-
type solar cells, a slight LID influence could be observed due to the p-type B-doped layer

making p-n junction in a solar cell [16, 47].

': o .I 0 ! . ! 0 ! ': 104 T T T T T T Lid T T "'1'1%-1
P-doped n-type Cz-Si
(35 Qcm} 3.5 Qcm
— 1000 - A0 oy—o0—-o0—0—0—0o—0— ¢
0 E
= s
e [ I
OE) [} £ 10° L 0.6 Qcm i
= E-1 p A D - A A .
o 100 4"
: -
B-doped p-type Cz-Si
(3 Qcm)
P-doped Cz n-Si
10 L L L L 1 L L 1 L L 1 1 L 1 ey
102 ]
0 2 4 6 8 10 0 20 40 60 80 100120140160180 970
lllumination Time £ [h] illumination time (min)

Fig 3.2 (Left): Measured lifetime of a boron-doped p- vs a phosphorus-doped n-type Cz-Si
wafer as a function of illumination time (halogen lamp, 1 sun) [61].

(Right): Measured 1, of phosphorus-doped (Phosphor-doped) Cz Si with two different
resistivities (0.6 and 3.5 Q-cm) during halogen lamp illumination (350 mW/cm?=0.35

suns) [16].
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3.2.3. Lower Oxygen Concentration

Low oxygen concentration in the silicon substrate can reduce the LID. For example
magnetically-controlled environment has been used to produce the Cz silicon known as
MCz with low oxygen [21, 32]. However, the Float Zone (FZ) [17, 21], is manufactured in
an environment that inhibits the incorporation of oxygen into the boule and hence the very
low oxygen content. Under the carrier injection (Ana > 102 cm®), the Cz Si wafer decayed
severely compared to FZ and MCz silicon wafers (Fig 3.3: left) [56]. Under illumination,
FZ silicon wafers with insignificant oxygen showed higher relative lifetime than Cz silicon
although with the similar initial lifetime (Fig 3.3: right) [17]. Additionally, pure FZ-silicon
with unmeasurable oxygen demonstrated stable relative lifetime under illumination,
showing LID impact (Fig. 3.3: right) [17]. However, the pure silicon wafer manufacture

costs expensive prices, increasing the budget.

L L) LI B L | 1:2 N 1 T T 1 T
A 15QcmFZp-Si

103k © 1.5QcmCzp-Si - g o
@ B 120omMCzpSi 1 2V 4 .
;; 8 08 4 Oxygen-free boron-doped FZ-9
@ §) o QOxygen- and phosphorus-doped FZ-3
E s Oxygen- and boron-doped FZ-3
2 o 06 o Oxygen-contaminated boron-doped Cz-§
J 102} E
C o k]
5 5 04
g g

....... § 02
& T o v
101 I Al 1 2 1 2L I AL 0.0;‘,I-..I1..l..._lx..l.
1012 1013 0 1000 2000 3000 4000 5000 6000
Apparent Excess Carrier Concentration An, (em™®) Time [min]

Fig 3.3 (Left): Measured apparent lifetime 1. as a function of the apparent excess carrier
concentration (An) (symbols) for three silicon materials with different interstitial oxygen
concentrations. [Oi] = 57.53x10%" cm™ for the high-Oi material, [Oi] = 56.53x10% cm™ for
the low-Oi sample, and [Qi] =53x10° cm™ for the very low O; sample [56].

(Right): Lifetime degradation by 0.5 m€/cm2 while light verse time. Boron, phosphorus,
and oxygen doped Fz as well as B-doped Cz Si samples exposed to carrier injection [17].
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3.2.4. Alternative Dopants for p-type Substrate

Other group 111 dopants such as gallium (Ga) [16, 21, 24, 32], alumina (Al) [25],
and Indium (In) [25, 54] have shown no LID. As illustrated in Fig 3.4 [21], the B-doped
wafers degraded under irradiation; however, the Ga-doped wafers having low resistivity
(0.42 Q-cm) displayed a stable effective lifetime (zer), Which represents the surface and
bulk recombination (Eq. 3.2) [58]. Although LID can be avoided by applying alternative
dopants for p-type wafers, the resistivity varies across the entire bulk due to low
segregation coefficients. Moreover, the wafers from these alternative dopants are
expensive because of low manufacturing volume.

1 1 Sfront + Sback
Tt Touk W W (Eq. 3.2)

1 1 ‘]Ofront(Ndop + An) ‘]Oback(Ndop + An)
+ +
Tett  Thoulk an;w qn;w (Eq. 3.3)

where S is surface recombination velocity, W is the sample thickness, Jo is the saturation
current density for characterizing the front and back surfaces recombination. Ngop is the

back ground dopant density and n; is the intrinsic carrier concentration in silicon.

—_
=
=

=

O Ga-doped L.3Qcm
¥ Ga-doped 0.42 Q2 cm
A B-doped 0.7 ¢m
® B-doped 0.64 Qcm

Effective Lifetime (us)

0.1 1 10 100 1000
Irradiation Time (min)

Fig 3.4: Comparison between B- doped and Ga-doped of low-resistivity Cz wafers for the
relation between the effective lifetime versus AM 1.5 irradiation time [21].
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3.3 Recovery

In 1973, Fisher and Pschunder observed LID as well as degradation/recovery cycle
by low-temperature annealing at 80-200 °C for 1 hour [7]. Since then, the annealing of
different temperatures [65] and time [33, 35, 36] has studied for recovery process. Table

3.2 summarizes the recovery treatments from various research.

Table 3.2: Annealing methods for the recovery from LID.

Condition Low Tempgrature RTI_D [68] _
Annealing Annealing/Firing
Temperature 180-450°C [65] 630-850°C [40]
Light/Dark Dark Infrared lamp
Time 10-30 min [38] <1 min

3.3.1 Low Temperature Anneal

Through the 200 °C annealing in the dark for 30 minutes, the low-injection bulk
lifetime recovered from the LID decay (Fig. 3.5) [33]. It should be emphasized that both
of the surfaces in the wafers were passivated with Si;Nx films deposited by remote plasma-

enhanced chemical vapor deposition system (Oxford Plasma Technology) [33].

| B-doped Cz p-Si
anneal 1
(200°C,
30 min)

low-injection bulk carrier lifetime (us)

101 ..... Lasaslosos dasaalasss l;;;-l;?( 1

0 30 60 920 120150180 970
illumination time (min)

Fig 3.5: Measured changes of the low-injection bulk carrier lifetime (symbols) of two
boron-doped Cz Si wafers with different resistivity under illumination with a halogen lamp
(intensity 350 mW/cm?) and during annealing in the dark at 200 °C for 30 min [33].
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3.3.2 Rapid Thermal Processing (RTP) Anneal

Compared to the conventional furnace, the Rapid thermal processing (RTP)
features lower budget and shorter time in PV production lines for (i) p-n junction formation
(i) contact annealing and (iii) forming gas anneal (FGA) [64]. In RTP chamber, a desired
region of a sample can be heated because of burst of energy from infrared (IR) lamps. In
the RTP IR belt furnace, the fast ramp up contributes to the uniform BSF formation [63]
while the fast ramp down benefits the contact firing for low contact resistance [64]. For the
LID analysis, the RTP short dwell time favors the effective hydrogenation of the bulk
material [64]. Fig 3.6 shows that the effective lifetime recovered from LID after RTP belt

furnace annealing (Table 3.3) [34].

Table 3.3: RTP temperature anneal treatment [34].

Condition Experimental Set-up
Peak Temperature 760°C
Belt Speed 310 inch per min (ipm)
Light/Dark Infrared lamp
Time < 1 min for the whole process

< 3 sec for the peak temperature
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Fig 3.6: Effective lifetime measurements for different Cz-Si solar cells after 24-hour LID
and final anneal process [34].
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3.4 Regeneration

Even though annealing treatments have been observed to recover cells from LID
through defect annihilation mechanisms [20, 35], the output performance of the recovered
cells are still unstable when they are under illumination again [38, 43]. This situation
motivates researchers to study reliable treatments for a stable recovery, which is called

regeneration.

In 2006, Herguth et al. first proposed a new approach to permanently preventing
the LID impact on B-doped Cz silicon solar cells by controlling the temperatures and
carrier injection [44]. In this method, the cells were first annealed at 200°C on a hot plate
in the dark for 30 min before starting the degradation experiment [44, 45]. In regeneration,
the carrier injection was regulated by 0.5 V forward voltage or halogen lamp with light
intensity of 1 sun while temperatures were controlled between 60-230°C, naturally heated
by carrier injection or illumination (Table 3.4) [45]. Since then, some research groups have
involved in similar regeneration procedures but varied the temperature range as shown in
Table 3.4 [41, 44, 45, 47]. In this work, the similar concept was adopted to prove the

regeneration as discussed in Chapter 4 and Chapter 5.

Table 3.4: Regeneration Treatments.

year  Research Group Carrier Injection Temperature
1 sun 60-230°C
2006 Herguth et al. [44, 45]
0.5 forward voltage 60-230°C
2008 Limetal. [41] 0.7 suns 135-165°C

2010 Limetal. [47] 0.1 suns 70-220°C
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Regarding the regeneration of Herguth et al. in 2006, the cells were first annealed

at ~200°C in the dark for 30 min directly before LID and regeneration process. The cells

degraded under 25°C illumination and recovered after regeneration at 60-230°C (Fig 3.7).

Then, the regenerated cells were annealed at ~200°C again in the dark for 10-30 min [48].

For the stabilization test, the regenerated cells were exposed to 1 sun illumination at 25°C.

Finally, the regenerated cells showed stabilization as illustrated in Fig. 3.8 [44, 45].
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and subsequent regeneration cycle. The long time limit of
regeneration probably equals the annealed state at the beginning of degradation [44].
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Fig 3.8: Stability test of a regenerated cell compared to a completely annealed cell.
Degradation was induced by illumination (top) and applied forward voltage (bottom) [44].



CHAPTER 4: EXPERIMENTAL

4.1  Sample Preparation, Experimental Set-up and Measurement

This research work used the p-type B-doped Cz mono c-Si full Al-BSF solar cell
with 90Q/sq sheet resistance, POCIz diffused emitter, 2 Q-cm base resistivity and 73 nm
SiNx:H antireflection coating (ARC) layer fabricated by plasma-enhanced chemical vapor
deposition (PECVD). The sample cells were screen-printed with Ag gridlines on the front
and full Al on the back as contacts. After the screen printing, RTP annealing was conducted
for the contact formation (metallization) and p* BSF in Cz silicon by infrared (IR) belt

furnace at ~774°C peak temperature at 300 inches per minute (ipm) belt speed.

For the experimental set-up, halogen lamps of 500W at 120V were used for
illumination (Fig 4.1 left). The light intensity was detected by advanced Solar Survey 200R
Irradiation Meter from SEAWARD (Fig.4.1: middle). The temperature of the solar cells
was monitored by Infrared Thermometer from RYOBI (Fig. 4.1: right).

\,

120
T

PHILIPS

Fig 4.1: 500W and 120V halogen lamps for illumination (left). Infrared Thermometer
(laser radiation) from RYOBI for temperature monitor (middle). Solar Survey 200R
Irradiation Meter from SEAWARD for irradiation detection (right).
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For the measurement, electrical output parameters (Voc, lsc, FF, and efficiency)
were measured by I-V tester (Sinton Instruments FCT-350) as shown in Fig 4.2. The

minority carrier lifetime was averaged with three measured values of three points in each

cell by Suns-Voc (Sinton Instruments WCT-120) as shown in Fig 4.3.

Fig 4.3: Suns-Voc (Sinton Instruments WCT-120) for the effective lifetime measurement.
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4.2  Experimental Design

In this work, experimental SET 1 and SET 2 were carried out (Fig 4.4, Fig 4.5). In
SET 1, after screen printing and subsequent RTP contact co-firing, the freshly produced
cells were exposed to 1 sun illumination at 70-100 °C for 120 hours - regeneration. For
stabilization test, the regenerated cells were reserved in the dark at 22 °C for 20 days and
then checked at 35-40°C under 0.1 suns illumination for 216 hours.

In SET 2, the freshly produced cells were first degraded at 35-40°C for 120 hours,
and subsequently reserved at 22 °C in the dark for 77 days. The degraded cells were
regenerated at 70-100°C under 1 sun illumination. Later, the regenerated cells were

stabilized at 35-40°C under 0.1 suns for 72 hours.

Solar Cell P-type B-doped Cz Al-BSF Solar Cell P-type B-doped Cz Al-BSF
With SiNx:H Passivation With SiNx:H Passivation

RTP Firing 752°C peak, 300 ipm -
- pe i RTP Firing 752°C peak, 300 ipm

DIT{ELEC )l 35°C- 40°C, 0.1 suns, 120 hr

22°Cin the dark for 77 days

70°C-100°C, 1 sun for 120 hr .
RS el 70°C-100°C, 1 sun, 132 hr

22°Cin the dark for 20 days

Rt 35°C.40°C, 0.1 suns for 216 hr| ARl  35°C-40°C, 0.1 suns, 72 hr |
Check Check ! .

Fig 4.4: Experimental designs for SET 1 (left) and SET 2 (right).

Degradation Regeneration Treatment Stabilization Check
35°C - 40°C, 0.1 suns 70°C - 100°C, 1 sun 35°C - 40°C, 0.1 suns

B

Fig 4.5: lllustration of experimental set-ups for SET 1 and SET 2.



CHAPTER 5: RESULTS AND DISCUSSIONS

The results of SET 1 (Fig 5.1) and SET 2 (Fig 5.2) showed that the cells were
regenerated and stabilized successfully. However, as indicated by red circles in Fig 5.1 and
Fig 5.2, the Voc dropped down at the beginning of SET-1 regeneration due to LID rather
than SET-2 regeneration. For SET 1, during the early period of regeneration, the B-H
bonding and BO complex formation were competing under 1.0 sun illumination at 70-
100°C. For SET 2, after the first degradation process, the degraded cells under regeneration,
did not show the gap observed in SET 1, suggesting LID ineffectiveness in the SET-2

regeneration. Therefore, there was a gap in SER-1 regeneration but SET-2.

640.00 T0°C-100°C. 1 sun

639.00 . "
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+ Recovery + Stable Recovery |Stabilization Check = Regeneration

SET 1 24 48 72 96 120* 24 48 12 96 120 144 168 192 216
Time (hour) Time [hour)

65200

Fig 5.1: In SET 1, fresh cells showed a stable recovery under illumination (70-100°C) and
no degradation in stabilization (35-40°C).
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Fig 5.2: In SET 2, fresh cells first degraded under illumination at 35-40°C but
subsequently recovered (70-100°C) and stabilized (35-40°C).
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In the regeneration process under 1.0 sun illumination at 70-100°C, the photon
injection stimulated hydrogen and defect into the excited state. Successively, the atomic
hydrogen with mobility diffused and passivate the BO complex defect with the proper
thermal energy temperature at 70-100°C (in this work). The passivated defect, possibly in
the form of B-H, were in equilibrium after the complete reaction of atomic hydrogen and
BO complex defect with sufficient time in regeneration. Therefore, the regenerated cells
showed no degradation under illumination at low temperatures (35-40°C) — stabilization.
Based on the results shown in Fig 5.1 and Fig 5.2., this work concludes that the whole
regeneration process includes the simultaneous degradation, stable recovery, and

stabilization

It should be emphasized that, before the regeneration treatment, the RTP co-firing
after screen-printing assists the future atomic hydrogen passivated defects during
regeneration process. The RTP short dwell time could result in hydrogen diffusion from
the ARC layer with SiNx:H into the bulk. According to Wilking et al [40], PECVD solar
cells without firing do not recover from LID in regeneration. The RTP contact co-firing in
this work plays the same role as the annealing pretreatment (before regeneration treatment)
conducted by Herguth et al. [45] and Lim et al [47]. Moreover, before the stabilization test,
this work did not conduct any annealing; however, Wilking et al. annealed the regenerated

cells at ~200°C on hotplate in the dark before they finally received stabilized results [48].
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5.1 Hydrogenation for Recovery and Regeneration

The hypothesis behind the annealing recovery from LID is the hydrogenation. With
the thermal energy in a specific temperature range of 60-400°C [38, 70, 74], the hydrogen
is able to diffuse in the bulk and the BO complex in the p-type base dissociates; meanwhile,

boron might bind hydrogen together (B-H pairs) [38, 74].

However, the passivated defect are at non-equilibrium states in recovered cells
annealed at ~200°C in the dark for 10-30 min. McQuaid et al. declared that atomic
hydrogen is either highly mobile or highly unstable at quite low temperature about 200°C
even though the ~200°C annealing in the dark for 30 min is sufficient to drive hydrogen
into B-H or D-H (Defect-H) pairs [74]. Additionally, they demonstrated that B-H or D-H

pairs is difficult to attach beyond 400°C for 30 minute [74].

This non-equilibrium passivated defect reverses to degradation under illumination
possibly due to the lack of the sufficient excited energy generated by carrier injection from
photons or forward bias. The carrier injection activates atomic hydrogen with
intermolecular hydrogen bond at the electronic excited states [75]. This excited-state
hydrogen bond (as B-H in this case) was shifted to lower energy levels, suggesting that the
carrier injection benefits the passivated defect at a more stable state by controlling the
Fermi-level shifting in regeneration process [75, 76]. This work concluded that both
elevated temperatures (65-400°C) and carrier injection (> 0.1 suns) in regeneration enable
the atomic hydrogen to passivate the defect in equilibrium — hydrogenation. The
hydrogenation can be accelerated by properly increasing temperatures in low-temperature
annealing [38], the intensity of the carrier injection [67], peak temperatures [40, 66] and

belt speeds [39] in RTP co-firing.
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In order to prove the hydrogenation principle, K.A. Miinzer investigated the
influence of hydrogen in silicon nitride of ARC layers on regeneration by comparing solar
cells coated with PECVD (plasma-enhanced chemical vapor deposition) and LPCVD (low
pressure chemical-vapor deposition) [42, 49]. Under the very similar regeneration
condition of this work, his result demonstrated that only PECVD cells stably recovered
rather than LPCVD cells (Fig. 5.3). Table 5.1 indicated that the main difference of PECVD
and LPCVD is the hydrogen involvement during the fabrication, indirectly proving that

hydrogen plays a key role in the regeneration process [49, 77]

Table 5.1: Comparison between PECVD and LPCVD [49].

PECVD LPCVD
Hydrogen SiNx:H SiNy
Regeneration yes no
18.2 —l : : P-type B-doped 2Qcm Cz-Si .
18.0 T $=——= =
i 4
X : /‘/ | el
~17.6 H— [
) \ / A"+ PECVD. 75°C. Exp.
s 17.4 1 e - PECVD, 75°C, Theor.
'S 17.2 :/ - : = PECVD, ﬂO“C’. Exp.
:;-_. - — A B : il A ) .
M 17.0 &+ : 7ﬂ°(‘. Xp.
| : D.75°C. Theor
a [} — f — [

+ Recovery + ;Stabilizatlon \ = Regeneration

5 10 15 20 25 30 35 40 45 50
[llumination Time (hours)

v,
N
h

5

Fig 5.3: Efficiency degradation and regeneration of p-type solar cells with PECVD
silicon nitride [49].
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5.2 Three State Model versus New Proposed Three State Model
Three-state model has been used to explain the degradation, recovery and
regeneration as discussed in Chapter 3. Based on the same concept, three schemes of the

three-state model has been demonstrated by Herguth et al, Wilking et al, and Hallam et al.

Three-state model was first proposed by Herguth et al in 2006 [44] but kept changed
until 2010 [50]. In the 2010 model (Fig 5.4), State A at a non-equilibrium status represents
the inactive defect through annealing mechanisms. State B at a non-equilibrium condition
exhibits the active defect suffering from LID or CID. State C is at an equilibrium stage
demonstrates inactive defect after regeneration. Between State A and State B, the unstable
defect can either degrade or recover mainly based on the temperatures. From State B to
State A, the cells can regenerate from degradation. However, re-degradation from State C
to State B or destabilization from State C to State B has not been observed because the
inactive defect is at equilibrium State C. Also, the inactive defect at State A does not

stabilize to State C but State A.

State A
' ! .
E!r"lr‘lE.'El’.lh':'.'d SRR . Destabilzation
(inactive) R
4 -
i Stabilization T
E
State C
Degradation| | Anneal ‘regenerated’
Redegradation _ .- '__:_; (inactive)
amt
¥ e
State B :,,-f'ff'.i:::i:m:r-'r.l::n
‘degraded’
(active)

Fig 5.4: Working model of a three-state reaction scheme describing the boron-oxygen
complex. Continuous arrows denote observed reactions, dashed reaction paths could not
be verified so far [50].
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In 2013, Wilking et al. [38, 39, 48] presented a similar three state model with the
one from Herguth et al although they used “annealed state” to represent unstable “State A”,

“degraded state” to stand for unstable “Sate B”, and “regenerated state” to show stable

“State C”, as demonstrated in Fig 5.5 [38].

.annealed”

.regenerated”
state:

state:

recombination

recombination
inactive

inactive

Destabilization

.degraded”

state:
recombination
active

Fig 5.5: Transition reactions between the three BO related defect states. The transitions
are activated under different temperature and illumination conditions, allowing their
experimental separation. As a rule of thumb, annealing dominates at T>100°C in the

dark, degradation at T<100°C under illumination, regeneration at 100°C<T<230°C under

illumination in hydrogenated samples, and destabilization dominates at T>230°C [38].

Based on the previous models and hydrogenation, Hallam et al. proposed a basic
three-state mathematical model [52, 53]. In their model, the defect dissociation inactivates
recombination at State A, the defect formation activates recombination at State B, and the

hydrogenated defect inactivates recombination at State C (Fig 5.6) [53].

State A
Dissociated defect
Recombination inactive

Defect Defect
formation dissociation
State B

Formed defect complex
Recombination active

Hydrogenation l I Destabilisation

State C
Hydrogenated defect
Recombination inactive

Fig 5.6: Diagrammatic representation for the three-state B-O defect system associated
with CID in boron-doped Cz silicon [53].
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A new three-state model is proposed in this work (Fig 5.7) while combining the
idea of preceding three-state models. For unstable State A, the inactivated BO complex
defect exists in both for the freshly cells after co-firing and the recovered counterparts
through annealing. Nevertheless, Wilking et al. asserted that annealed state (State A) is
activated only by purely thermal reaction since they used low temperature annealing in the
dark [38]. However, in this work, the freshly screen-printed cells were metallized by RTP

belt furnace, including carrier-injection and thermal activations.

At unstable State B, the BO complex defect is formed in a degraded solar cell due
to LID. At stable State C, the BO complex defect is permanently passivated through
hydrogenation in a regenerated cell. However, State D is declared by Herguth et al. in 2009
[51] without explaining why their regenerated cells destabilized [44]. State D is also

included in this model although it was not observed experimentally in this work.

LID

(SiNx:H) + (65°C—250 °C} + ( >0.1 suns) + time

Unstable

Unstable

Stable

Freshly .
Recovery Degradation [ Regeneration

(State D)

BO Complex BO Complex BO Complex
Inactivation Formation Passivation
1
1
1
1

1
1
1
1
1
1

-

Fig 5.7: New proposed three-state model in this work; dash reaction paths have not
observe in this research. Regeneration requires SiNx:H in ARC [49,77], 65-400°C
heating, >0.1 suns carrier injection [25], and sufficient time for whole hydrogenation
process in equilibrium.
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5.3.  Onset Time of Recovery and Stabilization in Regeneration
In the comparison of the recovery onset time in regeneration, the effective lifetime

started to recover after ~50 minutes at 70-100°C in this research (Fig 5.8: left) but after ~10

minutes at 140°C in Herguth et al. work [50] (Fig 5.8: right).

This Work A. Herguth et al. 2010

75.00 T + T T T T T
70~100 °C, 1 sun 12043 : 140°C,>0.01 sun (1sun) |

T 700 | # i 1104 | ! i -§-"Jf"§:

67.00 * |

j 1 &s.00 | | 10011 ! f§’§ ]
2 6500 ° ) 11 [ A |
‘g 63.00 | 'a 90 | 1 E/,% o 1
:.g J _ ] & 80' |I 1 ﬁ/ i
= 6000 | gee | 5 - 1 1
g '} E 59.00 1 = 704 | ] /ﬁ’/{ b
g : | Lo ]
@D = s7.00 604 \ e 4
g 5500 . : %ﬁﬁ.ié f
) 0 0 (2 9'(? }Hﬂ 150 180 50_ l .
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50.00 0 15 30 45 60 75 20
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Time [hour] Time [min]

Fig 5.8: Onset time comparison of the recovery in regeneration between this work and the
research of Herguth et al. [50].

In the comparison of the stabilization onset time in regeneration, the lifetime began
to stabilize after 24 hours at 70-100°C in this work (Fig 5.9: left) compared to 20 hours at

165°C demonstrated by Lim et al (Fig 5.9: right) [46].

This Work | ~24 hr | m B. Lim et al. 2008
300

75.00
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Fig 5.9: Onset time comparison of regeneration stabilization between this work and the
research of Lim et al. [46]. (Left): Lifetime t of Cz-Si samples with only B-doped (closed
circles: P undiffused) and two P-diffused (open symbols) [46].



37

The defect stabilizes after 24 hours either in regeneration (Fig 5.10: left — this work)
or degradation (Fig 5.10: right — Unsur et al [34]). This phenomenon could be explained
with the defect property while the defect needs the similar time to be filled with excess

carriers by carrier injection or hydrogenation through regeneration.

This Work Regeneration m m Degradation V. Unsur et al.

75.00 400
B-doped. 2 Qcm Cz -Si ==sample |
z -+ 7,
2 7000 ; — —F 3 36.0 == sample 2
£ =
'é‘ 500 ¢ : £ 30 \ sample 3
E i : 5 ) ==sauple 4
= 60.00 { | S 80
2 { I 15}
g \ s
g 55.00 | = 240
w
! 70~100 °C, 1 sun
50.00 ! 200
0 u 48 7 % 120 initial 24hrs  48hrs  T2hrs  96hrs
Time [hour] Time (h)

Fig 5.10: Onset time comparison of stabilization between the regeneration in this work
and the degradation in the research of Unsur et al. [34].
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5.4 Influence of Temperature on Regeneration Rate

Considering the aforementioned onset time of regeneration, the solar-cell samples,
preparation/pretreatment and regeneration are analyzed in Table 5.2 [50, 46]. In analysis
of Table 5.2 and Fig 5.11, this work concludes that the regeneration rates or time onsets

are significantly influenced by regeneration temperatures in the range of 65-400°C.

Table 5.2: Analysis of the regeneration in p-type B-doped Cz Si solar cells.

A. Herguthetal. B.Limetal.

This Research [50] [46]
contact screen printing screen printing ?
POCI;z diffused emitter 90 Q/sq 50 Q/sq 100 Q/sq
ARC layer PECVD SiNx:H PECVD SiNx:H PECVD SiNx:H
RTP 200°C annealing 200°C annealing
774°C, 300ipm dark, 10 min dark, 10 min

Annealing or Freshly
for co-firing after screen

printing for pretreatment  for pretreatment
. > 0.01 suns
Carrier
Injection 1 sun (1 sun) > 0.7 suns
Treatment Temperature 70-100 °C 140 °C 165°C
Started Time ~50 min ~10 min ?
Stable Time ~24 hr ? ~20hr
LID :- ______________________________ Destabilization
60 °C [25] 1 70°C This Work 100°C 400°C [74]
: 65°C Hahn, Wilking, Herguth Regeneration [44, 78] 230°C :
I 70°C B. Lim et al. Regeneration [65] 220°C |

Fig 5.11: Analysis of the temperature impact on degradation, regeneration, and
destabilization.
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It should be noted that the sufficient carrier injection is necessary to facilitate the
regeneration; otherwise, the cells cannot be regenerated despite heated in the regeneration
temperature range. According to Schmidt et al [18, 25], the defect generation rate stabilizes
when the light intensity is higher than 0.1 sun. In other words, the activation energy of the
irradiation > 0.1 suns does not influence defect generation; however, it enables to function
regeneration within 65-400°C on the basis of the preceding hydrogenation discussion in
Chap. 5.1. The similar correlation between regeneration rates and temperatures was also
mentioned by Herguth et al., but they claimed that the regeneration operated at > 0.01 suns

illumination at proper temperatures [50].



CHAPTER 6: CONCLUSION AND FUTURE SCOPE

6.1 Conclusion

Stable efficiency is a necessity for solar cell electricity to be adopted in every day
power production. With p-type B-doped Cz mono c-Si Al-BSF solar cells, this work
evaluated the causes, mitigations/elimination, and regeneration of LID. The regeneration
process was investigated with two experimental set-ups — LID before regeneration and
regeneration without first degrading. The regeneration experiments were controlled with
the carrier injection (~1 sun), temperatures (70-100°C) and sufficient time.

For regeneration to occur, the presence of the hydrogen in the silicon bulk is
necessary. In screen-printed cells, hydrogen is able to diffuse from the ARC layer (SiNx:H)
into the bulk through the RTP metallization co-firing. The regeneration process requires (i)
carrier injection of > 0.1 suns (ii) elevated temperatures ranging of 65-400°C, and (iii) the
sufficient time for hydrogen to completely passivate the defect into an equilibrium status.
These influences on regeneration should operate simultaneously and obligatorily.

The whole regeneration process encompasses the first degradation, subsequent
recovery and final stabilization. The regeneration rate is significantly impacted by
temperatures — higher temperature within the proper range obviously accelerates the

regeneration.
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6.2 Future Scope

First future topic is the regeneration acceleration by controlling light intensity and
temperatures. For light intensity, higher irradiation, such as laser [67, 69], assists
regeneration rate. For temperature, it could be included (i) low-temperature annealing in

pretreatments or RTP co-firing after screen printing, and (ii) regeneration temperatures.

Second, it is supportive to compare Al-BSF p-type B-doped Cz silicon solar cells
to other p-type B-doped Cz cells with various structures, such as multi-crystalline,

compensated p-type B-doped, and passivated emitter contact (PERC) solar cells.

Last but not least, it is crucial to find the kinetic model by evaluating the impact of
thermal activation energy on (i) the FRC and SRC stages, (ii) single defect or two defects,

(iii) the whole regeneration process, including LID, recovery, and stabilization.
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