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Bulk lifetime issues in PV

e Motivation for working on (silicon) PV is clear.

* Recent advances in surface passivation mean that bulk
lifetime can limit the efficiency of some of the best cells.

 There is a need to understand the physics of the
recombination process which occur in PV substrates.

* Need to be able to quantify lifetime and study it during
cell processing, and ideally need to develop processes to
improve it.
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Outline of talk

1. Injection-dependent lifetime analysis approach
2. Recombination at oxygen-related extended defects
3. Internal gettering in mc-Si

4. High lifetime silicon materials (if time allows)
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Injection-dependent I|fet|me measurements
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Plotting lifetime curves o o7 57
600  _ 16 -3 1
e Usually people consider _ 500 | Po = 1x 107 om
lifetime as a function of the !
excess minority carrier density, = 300}
i.e. plot T versus An for p-type 200:-
or Ap for n-type. 100 ]
| woppmem ="

T T N (R
* |nstead plot lifetime versus

X = n/p: An [em™]
700} rEnt — 4 v 412 a3
[ [Fe]=1x10"cm
X: n . nO‘I‘An 600.—p0=1x10160m'3

P P, +Ap o SO0
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* In this example, an apparently
complicated An response
becomes simple.

%0 02 04 06 08 10
\ A 4 Assumes An = Ap (no trappin N
WARWICK p( pping) ;



Linear formulation of SRH statistics

See: Murphy et al., J. Appl. Phys., 111 113709 (2012)

Instead of the usual SRH expression: E _E)
— N exp| —~—1 v/
NERWECELS)

1(p0+ p1+An)+1(n0+n1+An)
1| o, a,

T = _ _(EC_ET)
" N Do + Ny + AN ”cheXp( KT j

We use a linear form (derivation given in the reference above):

First term: independent of injection level

Second term: linearly dependent on n/p
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Extracting defect parameters

oo pen b x( Qn, &] 7007 [Féi] = 1% 10% cm®
0( N Po po Po Po 600 P, = 1X 10" cm™
500 -

| |

N _
=" 400
 The gradient and intercept as X - 1 can be L= 300
trivially determined from the experimental 200l
lifetime plot versus X = n/p. -
100
* Do this for samples with different doping %.o T02 04 06 08 10
levels (p,) and use: X =nlp
* Alsolook at X & 1 limit:
nX—>1
1
Tox 1 =—=I1+ Q]
Intercept = Q = a,/ a, = o,/ o,
Gradient = in + P, * Term proportional to state
\ A 4 density.
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Application to indium doped silicon

300 g - . . . ; , . ,
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1. Passivate the surfaces well
(S =4 cm/s in this case)

2. Strip out other known
recombination processes

-1
1 1
T residual = o
z-measured Tintrinsic

e.g. intrinsic recombination
(we use Richter et al., Phys.
Rev B., 86 165202 (2012).

3. Apply injection-
dependent approach.
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Extracting defect parameters for indium
_a,| o, X:£:n0+An
a | o P Py+Ap

First term: independent of injection level

Second term: linearly dependent on n/p

dr, /T 1 15
dX nXxX-l po 20 _

Intercept = Q = o,/ a, =,/ o,
Gradient = Qn, + p, al

45 Gradient = -8.2 x10"® cm™

Defect 2 | -
Linear Fit|

n x—1

(dt /dX)/

Assume close to valence band

0 1x10"® ' 2x107° ' 3x107° . 4x1I0'16 | 5x1.0'16

, = E,+0.152 eV _3

\ A 4 1/p, [cm™]
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More complicated cases...

Two independent SRH centres One defect with two energy levels
1 _ 1 + 1 Derived in Murphy et al.,
T T, T, J. Appl. Phys., 111 113709 (2012)

00 T S i ]
po <% 118 CT anl(l X)+1 X + pz(l—X)
600 [Fe] =10 “cm . Q
- T = 303K 1+ Po 2Po
500 F€B l ] ox + PX) [T n-X) 1
I r pO pO QZ
— 400 | .
3 a
* 300} | Ay 2
. N p,l—X) T n,=X) 1
200 |- ] QX + 1
Po Po Q,
100 | |
0

00 02 04 06 08 10 _ .
Used by Niewelt et al. in LID

work (PSS RRL, 6 692 (2015)

The defect parameters can then
A ; be extracted by using the same
WARWICK  approach as before twice.



Summary of the linear SRH approach

|”

* The physics is the same as the “normal” approach, but the linear
approach provides a neat way of visualising what is going on.

* Key points:

* Asingle lifetime measurement cannot tell you very much
about the SRH properties of the defect.

* Varying with majority carrier concentration (doping level)
easily allows information on the energy level and ratio of cross
sections to be extracted if the samples are well controlled.

* Getting the state density in isolation from lifetime
measurements is not possible as it is always multiplied by the
capture coefficient (cross-section).
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Outline of talk

1. Injection-dependent lifetime analysis approach
2. Recombination at oxygen-related extended defects
3. Internal gettering in mc-Si

4. High lifetime silicon materials
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Oxygen in silicon 1400

Oxygen in Cz-Si and mc-Si comes
from the silica crucible which
contains the melt.

1200

Well known to be linked to light
induced degradation, but there is
another problem...

800

TEMPERATURE (°C)
)
S
S

0 10 20
Typical levels of oxygen are supersaturated at
CZIIOI rocessin temygeratu res " OXYGEN CONCENTRATION
P g P : (1017 atoms/cm3)

Silicon dioxide precipitates are
thermodynamically stable, but need to
nucleate.

From Borghesi et al.,
J. Appl. Phys., 77 4169 (1995)

* Cz-Siingots for PV are often pulled too fast! = sub-optimal v/G
ratio® = high concentration of vacancies = nucleation centres for

\ A 4 oxide precipitates.
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Oxygen-related extended defects in silicon

mc-Si

mono-Si

Intensity / [counts]

0.0 0.5 1.0 1.5 2.0 25
Energy E [keV]
Bothe et al., J. Appl. Phys., 106 104510 (2009)

Haunschild et al.,
Photovoltaics International (2012)

Modller et al., Phys. Stat. Sol. (a), 171 175 (1999)

vy
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Oxide precipitate growth in silicon

See R. Falster, V.V. Voronkov et al., Proceedings of the Electrochemical Society, High Purity Silicon VIII, 200405 188 (2004)

Gettering active

1. Unstrained 2. Strained 3. Strained + dislocations/ SFs

?

Not detectable
by etching/ TEM

= The rate of transformation of unstrained “ninja” particles depends

strongly on oxygen concentration, density of growing precipitates and
growth temperature

= How recombination-active are the different precipitate structures?

\ A\ 4
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Specimen preparation for lifetime study

= ~100 high-purity (001)-orientation Cz-Si wafers.
= Oxygen concentration: 5.9 t0 9.6 x 101" cm-3
= p-type: [B] =0.39t0 8.2 x 101>cm3
= n-type: [P] =0.05t0 1.0 x 10>cm?3

1011 §_I I I | I 1 I I ! * !
= Four-stage precipitation ? v v A
treatment: 10°F a N
- 15 min at 1000°C to dissolve <~ [ 77 ! .
. . c 10°p Y A
grown-in precipitates S T oom -
= Nucleation at 650°C for 3 408l f
- ® Uu ™M S E
range of times (6 to 32h) 7 O o = 6hnucleation
= ‘Drift’ anneall at 800 °C for 4h 10"} . T OOt N
to grow nuclei v ¥ v 32hnucleation| ]
6 1 L 1 1 | L | 1 | L 1 L 1 L 1 1 | 1
= Growth anngal at 1000 °C 10 0 2 4 6 8 10 12 14 16
1‘lo6rhr)ange of times (0.5 to Growth time [h]

= Strained oxide precipitate densities determined by Schimmel
\ A etching
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Typical p-type lifetime curve

800 e Lifetime measured with FeB
o= 1.4x10"cm? .
@) N ot i pairs and boron-oxygen
defects dissociated.

straine!

600 -
* Low Fe, concentration (< 4 x

B
= S 1 11~m-3
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2 4
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200 . i 1 1 1 1 1
i m Experimental — — + +
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R MR Defect 2 | T residual T measured Thand-to—band  TCE Auger TFei
B | — Defects 1 & 2 combined

1 | IV TR T I——

0 "
00 02 04 06 08 1.0
X=nlp

 Recombination clearly not via
a single one-level defect
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Dependence on precipitate density (p-type)

35 — T =]l g 12 1~ r°rrrrtr°-T1 "7 °7°t°"
PO - 18, o
50l Po~1.3x107em™]  « Similar n/p dependence
- " in > 50 p-type wafers
E 20 1.3\x 10"°cm™
= e * |n all cases the data can
© = -
3 be fitted by just two
q') - - .
e 10 o independent centres
5 24 x 10 cm 1
i 7.0x 10"%m® |
O PR NI (NN SR NN SN NN TR [N SR SN SN NS NS (T S N S Y 7 17}
0.0 01020304 050607 08 0.9 1.0 * We call these “Defect 1
X = n/p and “Defect 2”
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Dependence on doping (n-type)

150

RN
o
o

Tresidual [MS]

9)
o
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Murphy et al., J. Appl. Phys., 118 215706 (2015)

n, [cm”] N_...o [em?®] A[O] [cm®] Nya [s"] Ny ,[s™]
B 27x10” 16x10° 15x10" 1.8x10* 25x10" | 7
® 30x10® 19x10° 18x10" 19x10* 26x10’
A 84x10" 14x10"® 16x10" 34x10* 2.1x10°
\
\
\
| — o= - ‘ —
T~ - \
™~ ~— - \
T~ \
s \
R
| | | | | |
0.0 0.2 04 0.6 0.8 1.0

Very similar
precipitate densities,
but substantially
different doping
levels.

Similar SRH fitting
parameters (No).

Parameterisation
valid in n-type as well

as p-type.



Extraction of SRH parameters
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Temperature-dependence of lifetime

Lifetime increases with

-type n-type . .
P-1ypP yp increasing temperature
120 [a) g & p=12x10%m] 120 )"~ T R Z1x10%om]
100 100 L |+ Temperature-dependence
- allows proximity to
— 80 — & 140°C | valence/ conduction band
.ETU 60 5; 601 e ] to be determined
2 T 2 — Defect 1: E, + 0.22eV
£ a0 e £ 0| 80°C ]
I - | G —— — Defect 2: EC—O.OSGV
20 e ! 20 40°C !
/ N, o = 1.3%10"%m™] [ N, ey = 1.4 x10cm?] ) ) )
olbv ™ L oL . ™ L e Activation energies for
00 02 04 06 0.8 1.0 0.0 02 04 06 0.8 1.0 .
capture coefficients
X=nlp Y = p/n
— a,,:0.20 eV
— a,,:0.14 eV
\ A 4

WARWICK Murphy et al., J. Appl. Phys., 111 113709 (2012) 23



The role of dislocations and stacking faults

* Same injection
800 71— 40 —— —r F bt reSpOnse.

(t')) p, = 1.2x 10"cm®

p, = 1.4 x 10"cm™
N, nea = 1.3 10%cm™ 1

(a). .
i " Nyyanea = 1.6 x 10°%cm®

y 30

* No new levels
associated with
dislocations and

stacking faults.
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0 \ L L | L
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TEM images from V.Y.
Murphy et al., J. Appl. Phys., 111 113709 (2012)

A\ A 4 ;
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Unstrained (“ninjas”) versus strained
N unstrained(n’g) — Nstrained (n’16h) o Nstrained (n’g)

Unstrained Strained (no dislocations/ SFs)
T T x I T T r T T T T T T T T T T
12,000 | O Low [O]: 0.5h growth - 3,500 |- Cstrained =1x10°cm’s” T
O Low [O]: 1h growth [ 1 i 7 1
10.000 L A Low [O]: 2h growth g ] 3,000 [ , /! 1
v.:‘ ’ 7 High [O]: 0.5h growth Y - F‘-—- - ' & .
= 1 « 2500} J -
8,000 |- - < L .7
z z .
2 y G 2000} r .
x0T <" 13x10%em’s' 1 S - -
3 |  ® 1500 .
é 4,000 |- — § I V‘/—i— 1
£ § 1,000 | g ] .
P% - {."’ i S B Low [O]: 2h growth| |
‘: 2,000 //’/ 8 3 1 = - 500 | 4 ® Low [O]: 4h growth| |
@/’/ % ------ - 3x107cm’s 1 I A Low [O]: 8h growth| |
0 ""__‘b‘ﬁﬁ . L . L . L 0 1 ; ! ; ! i ! ;
0 2x10°  4x10”  6x10°  8x10” 0 1x10°  2x10°  3x10°  4x10°  5x10°
3 3
Nunstrained [Cm ] N [Cm ]

strained

 Recombination at unstrained precipitates ~10 to ~30 weaker than at
strained ones.
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Density dependence?

Precipitates only

Dislocations/ SFs

7, :i l+%+&+ X Q_%_& No, ' ' 1Nzan2 N,y b ' l ] N,
anN P P P Py [s] (a) _ 51 [s™ (b) [s"]
2:10°F g, " 4 8x10°
—a— )
1 2x10* | { 4x10° =
X —> 1 Ty :‘14‘ Q] 4 4 6x10°
@ Sl k-1
7 ,l. .
.,/ adh x10°F —my . 4x10°
1x10° - s {2x10°
. OO o il
e State density coupled to L { 2x10°
o . = N1an1 . 7 /'/ - N1an1
capture coefficient R e o Na.|
0L : 0 0 &0 ! - 0
0 1x10° 2x10° 0 4x10"° 8x10"
Nstramed [Cm-3] Nstramed [Cm-a]
e Relationship between a, N and precipitate density ~ linear
e Gradient ~2x to 3x higher when precipitates are surrounded by
dislocations and stacking faults
\ A {
Murphy et al., J. Appl. Phys., 111 113709 (2012) 26
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Changing the size of the precipitates

300

250

Tresidual [“S]
- )
S 3

\ A

WARWICK

100

50

I\

Process N

A
B

strained [Cm_a] A[O,] [Cm'3] N1 o1
2.4 x10° 6.5x10" 1.0x10°
3.9x10°

3.8x10" 23x10* 9.0x10’

a . [s"] Noa. [s]

27"p2

2.0x 10’

Process B

e

Process A |

0.6

Murphy et al., J. Appl. Phys., 118 215706 (2015)

0.8

Y = p/n

1.0

Use a vastly different thermal
process to create samples
with similar densities of
precipitates with different
sizes.

Process B has >10 high
temperature steps from a
baseline temperature steps
(900 ° Cto 1175 °C).

Estimate precipitate sizes from
interstitial oxygen loss data
(from IR measurements).

27



Density vs surface
area dependence

For spheres:

A[O| ] B [O unstrained])j3

13
I\IiO!pi :niapi(47ZNstrained)3( ( D

For platelets:

2
N.a..=n'"a,,—(A[O,;]— |0, sumineg
i pi 17; pi I( [ |] [ uns ])

Recombination activity likely to be
dependent on surface area of
precipitates and not density
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Iron contamination

= “Uncontaminated” and contaminated samples
have the same form of injection-dependence

= The values of a,N depend upon the contamination

residual [MS]

& 200+

600 -

AN

o

o
T

conditions

(é) Nsl rrrrr ¢ 1.6 x 10°cm™

N, =25x10%"

a,N,=16x10%"

]
[ ]
Hl
. "Uncontaminated"

0.0 02 04 06 08 1.0
X=n/p
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Tresidual [“S]

20

e = 1.3x10%cm?

©) N,

o, ,N,=9.8x10%"

o, N,=38x10s"

Contaminated (690°C)
0.0 02 04 06 08 1.0
X=n/p

tresidual [HS]

30

20t

a,N,=7.1x10%"

a,,N,=4.5x10%"

Contaminated (720°C)

0 1 1 1 1 1
0.0 02 04 06 0.8 1.0

X=n/p

= Experimental
- - - -Defect 1
Defect 2
—— Defects 1 & 2 combined

5

(d)  Npes =15 10°cm

a, N, =4.7x10%"

w

N

Tresidual [HS]

N, =27 x10%"

—_
T
| m—

Contaminated (775°C)

X=nlp

0 | L L | 1
0.0 02 04 06 08 1.0
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Same wafer, different contamination temperatures

T T T T T T T T T
6 B OLn1N1 o N

n2 2 -
x 10°s™ x10%"

68709

m 710°C
e 720°C|
A 745°C

v 775°C

Tresidual [“S]

O ] ) ] A ] ) l ; 1 ) ] ) | )
00 0.1 02 03 04 05 06
n/p Ngraineq = 6.4 X 109%cm?3
A Murphy et al., Appl. Phys. Lett., 102 042105 (2013)
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State density is proportional to interstitial
iron lost to precipitates

Murphy et al., Appl. Phys. Lett., 102 042105 (2013)

Temperature [°C]

900 800 700 600
i 7 O Precipitate free
& Low [O]: 0.5h growth
1013 - @ H%:H : Lgx {O}: 1h gr%\r/?tﬁ E
A Low [O]: 2h growth
HH 5 v Low [O]: 4h growth
L ¢ Low [O]: 8h growth
S i Low [O]: 16h growth
G 1 ®  Medium [O]: 0.5h growth | 1
g z ‘;%«ﬁ _ ' Mgdizm {O}: 16h ggr:)Owth
= 10"E i § T ¢
2 LA S
G)-Q SR 4 ;
Llh‘ * ® ' —?' !?«
10" e
r—{.j—{ -
085 090 0.95 1.00 1.05 1.10 1.15
10°/T [K]
At least some (and possibly all)
vy recombination activity at oxide
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precipitates is due to impurities

[cm®s™]

strained

N,o /N

[em®s™]

strained

n2

N,o. /N

4X10-3 T T T T T T
. Defect 1
3x10° | -
2x10° | /,/ -
Jﬁ = m 710°C |-
_3 /,f’ | e 720°C
1x10™ N A 745°C |
® - o
S v 775°C |-
0 .l" . 1 1 1 1 :
0 400 800 1,200 1,600
AFe/N
strained
6X1O'4 i ] 1 L) I I 1 |
| Defect 2
5x10™ -
4x10™ | ) -
3x10™ - . T -
y;ﬁ = 710°C
2x10* | sl e 720°C H
al e A 745°C
X107 " ggr- v 775°C |]
0 i"/ s 1 | R 1 3 1 2
0 400 800 1,200 1,600
AFe/N . .
strained
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How much iron would need to be at an
“uncontaminated” precipitate?

« - ” — 5em3g-1
Uncontaminated N30n1/ Nsgrained = 2.9 X 10°cm°s®
No, b ' ' ' N, ,
| ) S E1 = AFe/ Ny .ineq = 14 Fe atoms/ ppt
2x10°F 4 8x10°
.-'r . _ ) _1
" o N, o/ Ngraineg = 2-1 X 10-°cm3s
ol o e a_:%m_,, = AFe/ Ng,.i..q = 15 Fe atoms/ ppt
Q Recombination could be controlled by
P e | Kl just ~15 iron atoms per precipitate
DE?,E{_H | O INptlr.y.dD O' _ 1 X 10_1gcm2
0 4x10" 8x10™ — On1
Notines [CM] = 0, = 1.5 x1014cm?
\ A /
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Competitive gettering
e Standard 850 +

875°C ISFH PDG

251 - | 4_-1
o N, = 13x10° . Wit process.
20+ el
7 ol ' N.-sex10's' | ° Iron more effectively
= | gettered by P-
2 10 diffused layer than
l-)h i [} ]
or o,N, = 1.7 x 10°s” » Post-gettering|- precipitates.
' = Pre-gettering |’
0 1 i | ; \ . ~ 0 o .
0.0 0.1 0.2 03°® ~20% reduction in
X = nip a,N for each state.
Bulk [Fe]: 1.4 x 10’cm= - 5.2 x 10''cm™3
A Murphy et al., Solar Energy Materials and Solar Cells, 120 402 (2014)
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PDG of contaminated samples

e PDG removes iron from

precipitates for contamination

temperature < 850 °C.

@
Extended
defect , *‘
Gettering
site

E

e Above 850 °C (solubility: 1.2 x

1013 cm™3) the iron becomes

ungetterable. Co-precipitation?

\ A 4
WARWICK

Contamination temperature [°C]

Murphy et al., J. Appl. Phys., 116 053514 (2014)

: 800 ~ 750 700 650 600
1x10 % /l. LB T T T T _ T
8ax10° | / \ = Before gettering| -
7 6x10° [/ \ ® After gettering | 1
= axiotfy - -
IR T 3 \ -
S_ 2x10° fy o sk s Ll om s wiles .
< 0 -! ) 1 — 1 ] .
0.90 095 ,1.00 1.05 1.10 1.5
I| 800 750 700 650 600
ol I LL L I L | l_
3x10° ™ I m Before gettering| |
= -\ o | e After gettering
&£, 2x10° F\ ! l
& 1ot f ! .
~ \Ne  /  a I T B
= 0 AN ._l’ ey e
0.90 0.95 1.00 1.05 1.10 1.15
800 750 700 650 600
" I . 1 ¥ I Y I |
— = m Before gettering| ]
“— 102L e 3 ® After gettering |
13 T :
e .
2 ®
o) 1011 | | -
é E 1 1 | 1 1 u " &
0.90 0.95 1.00 1.05 1.10 1.15
10%/T [K]
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Summary of Part Il (oxide precipitates)

Injection-dependent lifetime measurements on samples with

different doping levels reveal two independent SRH centres:
* “Defect 1” at E, + 0.22eV, with Q; = a,,/ a,; = 157
* “Defect 2” at E.—0.08eV, 1/Q, = o,/ o, = 1,200

* In “uncontaminated” materials, the density of states is dependent
on the total surface area of the precipitates (not density).

* Iron decorated oxide precipitates have the same centres with
density being proportional to interstitial iron loss. Possible that all
recombination activity is due to impurities.

 Reasonable levels of iron can be gettered away from oxide
precipitates, although very high levels of iron at oxide precipitates is
not getterable.

\ 2 4
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Outline of talk

1. Injection-dependent lifetime analysis approach
2. Recombination at oxygen-related extended defects
3. Internal gettering in mc-Si

4. High lifetime silicon materials
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Gettering in mc-Si

* External gettering requires transport of impurities to near
surface regions (e.g. P/B-diffusion, Al, saw damage).

* Internal gettering occurs within the material, for example at
dislocations, precipitates or grain boundaries.

1 e e i S T e W
e 3 - : S s ST

External gettering Internal gettering

* Unintentional internal gettering usually occurs during

\ A casting/ cell processing. Intentional internal gettering?
WARWICK 37
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Low temperature internal gettering

* High temperature processes are
relatively expensive and may
result in contamination.

* Atlow temperatures the
solubility of transition metals is
low.

» Diffusivity is also low, but
annealing times can be long and
there is no need for (very) clean
conditions.

e Compare to toughening anneals
of glass (~550 °C for ~1 day)

A/
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SOLUBILITY (atoms/cm®)

T (°C)
4g 1500 1000 700 500 400 300
107 | T T | |
Ni
L Cu -
Fe -
16 H
1071 Our regime A
[ Ti 4
14 | -
10 .
AY
- \ \\ -
\\\ \\\ \\
1012 | \\ \ \\ _
\ \ ‘\ \
\ \ \ \
= \ \ \ N -
\\ \\ \ \\
\
100 | LR N A
\ \ \ \
\ \ \ \
N vy .Y
\ \ \ ]
\ A} \
8 ) ‘\ ‘\ ] N
10 .
0.5 1.0 1.5 2.0
1/T (1000 K™

Graph from Myers et al.,

J. Appl. Phys., 88 3795 (2000)



Prior low T internal gettering study
Krain, Herlufsen & Schmidt, Applied Physics Letters, 93 152108 (2008)

Temperature 0 ["C]

18 g T T 500 450 400 350 300
N s 0.8 Q2cm p-type mc-Si T T T T | p—
e 10F E : 0.8 Si
S : SiN passivation ] -6 Lcm p-lype me-Si
‘_'—' 14 F r E
co o f i =100 3
S~ ] E._=(0.61+0.08)eV
= X . N 4
= LW ; @
2= 1 ©
o :
- ] 210
= ] ©
o {1 3
o ] ©
9 . " SiN passivation
PR R 105 b e,
0 5 10 15 20 1.3 1.4 1.5 1.6 1.7 1.8
Annealing time ¢ [h] Inverse temperature 1000/T [1/K]

e But, what happens to lifetime?

\A/ . . .
WARWICK * Is it actually this straightforward? 39



Efficiency / %

THE UNIVERSITY OF WARWICK

Some other studies

500 °C after 1000 °C oxidation

(@) 0 hourannealing

b

e What is really going on?

90 minute annealing after emitter formation

o,
-~ A

] (b) 2.9 hours annealing

m 4

(c) 7.1 hours anneallng

Temperature / °C
Rinio et al., Prog. Photovoltaics, 19 165 (2011)

Liu and Macdonald,
J. Appl. Phys., 115 114901 (2014)

(d) 14.5 hours annealing
v R
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Studying internal gettering is difficult. Why?

1. Defect distribution changes during surface passivation.
e Particularly for high temperature oxidations.
* Also a problem at low temperatures (for SiN, Al,O,).

2. Surface passivation can introduce hydrogen.
* This probably happens for SiN at 350 to 400 °C.
* Difficult to distinguish between transport and bulk
passivation effects.

3. Annealing affects the surface recombination velocity.
 Difficult to report a consistent bulk lifetime.

In our study we try to overcome the above issues in an

\ A attempt better to understand internal gettering in mc-Si.
WARWICK




When in the cell process?

Silicon Mc-Si As-grown
material Ingot wafer

Experiment | | | Experiment Il

*B, MB, MT, T *B, MB, MT, T
*LTIG (300 - 500 °C) <LTIG (300 - 500 °C)
*|-E passivation *SiN passivation

This talk

A\
WARWICK

THE UNIVERSITY OF WARWICK

Wafer with Mc-Si PV Mc-Si PV Mc-Si PV
emitter cell module system

Experiment llla| | Experiment lllb | | Experiment llic

*B,MB, MT, T *B,MB, MT, T °B
*LTIG (300 - 500 °C)  Emitter off * Emitter off
*|-E passivation *LTIG(400 °C) *LTIG (400 °C)
*|-E passivation *SiN versus I-E
passivation

Experiments in progress
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Experiment I: Sample processing sequence

( Wafer (156 mm x 156 mm) ) * lodine-ethanol surface passivation.
C Sample (39 r%nm x 39 mm) )

(_ Planar etch for sa\i/ damage removal )

( RCA clieaning -

( lodine-Ethanol sjrface passivation )

_/QSSPC bulk Ilfetlmi measurement with \

L iron in the¢FeB state 4

/ Spatially-resolved photoluminescencé\
\__ imaging with iron in the FeB state /

e 7 T A 2 2 %
{ Photodissociation of FeB pairs ) | (] N
Y i P / !\Repeatj
( th\ : :
{‘ QSSPC bulk lifetime measurement with"\ | « Annealing performed in a standard
\_ iron in the Feistate /
! } laboratory tube furnace (60mm
/" Spatially-resolved photoluminescence diameter) under nitrogen at 300 °C to
\__ imaging with iron in the Fei state 500 °C
( Methanol dip and RCA cleaning )
~ v : e Samples cooled rapidly (not quenched
: N P pialy q
S Thermal annealing ) _ .
vy - | : by removing boat to air.

WARWICK 43
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mc-Si samples

NEMEEMEEN

MT

.\..\..\..\.H\"-\_

MB

.\..\..\..\.H

o
'\.'\.'\.'\.'\.\H

(a) Scanned
images

A/
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3.9 cm by 3.9cm

: B "r
‘

(b) Dislocation density
mapping

(cm?)

(c) Photoluminescence
images

Dislocation density maps use algorithm from Needleman et al., PSS RRL, 7 1041 (2013)

2.5x10*

2x10*
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1x10*

6x10°
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5x10°

3x10*

1x10*

6x10*

5x10*

3x10*

1x10*

9x10°

7x10°

5x10°

3x10°
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300 °C 400 °C 500 °C
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Internal gettering in “bad” wafers at 400 °C

* Sample from
bottom of ingot
(3.9 cm by 3.9cm).

* [llumination of
~0.45 sun for 5s.

* FeB pairs mostly
associated.

* Low injection level
(10%3 to 104 cm3).

\ A4

WARWICK

B [400 °C]

As-grown

(1s)

I

35
30
25
20
15
10
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Interstitial iron evolution

B [400 °C] s

g 1011

As-grown
\ A 4
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Internal gettering in bottom wafers at 400 °C

As-received Lifetime [ps] 35 " An = 1015 cm3 .

)
=
o _
PLL 30" . ] ‘
O 25t 1 T
E - ]
o 207 Improvement by
= 15| R factor of ~6
Q0 - .
s 10F .- ‘
(&) 'l.f.
"? ._-. ————————————————————————————
B 1 i 1 n 1 " 1 " 1 n 1 " 1 " 1 1 1 i 1
é 0O 2 4 6 8 10 12 14 16 18

Annealing time [h]

04k

9% ’ = 300 °C
t)u. 0.2 I e 400 °C A A
< 00f| s+ 500°C .
S -02f s '5_5 " Lifetime improvement
& o4l " e due to internal
X o6l & KT gettering of bulk iron
N | S
% ¢ u

& 08 e Bottom

— ~ %0 08 06 04 02 00 02 04

vy 1050mins=17.5h (IFel(t)-IFe](0))Fe](0)

WARWICK Note: different injection levels for lifetime images and graph 48
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Annealing of “good” wafers at 500 °C (I-E)

Lifetime [us]

25
 Sample from
middle bottom
(MB) of ingot (3.9 20
cm by 3.9cm).
. 16
* lllumination of
~0.45 sun for 5s.
12
* FeB pairs mostly
associated. 8
* Low injection level
(103 to 10%4 cm3). 4
1

vy As-received

WARWICK 49



“Good” wafers at 500 °C (MB)

B (9)
o O

w
o

Minority carrier lifetime, t__ [us]
o S

RN

o
il
w

10"

\ A 4
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As-received

N
o

- An =101 cm3 |
0 20 40 60 80 100
Annealing time [h]
% 100 hours
% ) =
0 20 40 60 80 100

Annealing time [h]

Note: different injection levels for lifetime images and graph ~ °U



Iron release at 500 °C (I-E)

* 500 °C annealing initially increases

the interstitial iron concentration to

3x 102 cm3in all cases.

* |nterstitial iron is released into the

bulk from other states (e.g. in
precipitates/ bound to other
defects).

* The interstitial iron then gets
recaptured.

Energy LNFE‘
]
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Experiment Il (SiN): t

In some cases
considerable difference
between I-E passivation
case and SiN passivation
case.

Higher lifetime samples
do not seem to degrade
(as much) with SiN
passivation.

Bulk hydrogenation
effect?

\ A 4
WARWICK
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IE versus SiN: MB annealing at 400 °C

lodine-ethanol Silicon nitride
P~ por*, 150
b AR | b
S 80
A Al
ey,

As-received

 |nitial lifetime higher in SiN case (lower SRV + initial
hydrogenation).

\ A 4 e Lifetime of SiN passivated sample much more stable.
WARWICK



300°C _ 400°C _ 500°C

Interstitial Fe (SiN/ I-E) .| =z e } LE
T2 . ] h |
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Comparison with Krain et al.

Krain et al., Appl. Phys. Lett., 93 152108 (2008)
18 ———r—r———r—

0.8 Q2cm p-type mc-Si

-
(o)}
T

Interstitial iron
concentration [Fe] x 10" [cm'3]

0 5 10 15 20
Annealing time t [h]

* We find different behaviour to Krain et
al.’s in most samples with either SiN or
|E surface passivation.

* Even bottom samples substantially
different at 500 °C.
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Summary — low temperature annealing

* Low temperature annealing can improve the carrier lifetime of as-
received mc-Si in certain cases and hydrogen is not necessary for
the effect to occur.

* Low lifetime bottom wafers are always improved (with and without
hydrogen) by gettering of iron. Lifetime can improve by a factor of >
6 (so far) by annealing for 10+ hours at 400 °C.

* Low lifetime top wafers are not significantly improved by low
temperature annealing.

* Good wafers from the middle are not improved. Iron release into
the bulk at 400 °C and 500 °C appears to be prevented by
hydrogenation.

* The behaviour of iron in silicon at 300 °C to 500 °C is a complicated
problem and needs further investigation.

\ A 4
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Outline of talk

1. Injection-dependent lifetime analysis approach
2. Recombination at oxygen-related extended defects
3. Internal gettering in mc-Si

4. High lifetime silicon materials
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Float-zone lifetime stability (brief)

* FZ-Si has low oxygen concentration, so might be considered
to be an ideal PV substrate (and useful for surface
passivation studies).

* |s the lifetime in FZ-Si actually stable with thermal
processing?

wl!lllliel'l:e Early View publication on www.wileyonlinelibrary.com
0_ (issue and page numbers not yet assigned;
Library citable using Digital Object Identifier - DOI)

Phys. Status Solidi RRL, 1-5 (2016} / DOI 10.1002/pssr.201600080

Thermal activation and deactivation rrl SO’#’. “ F

of grown-in defects limiting
the lifetime of float-zone silicon

\ A 4 Nicholas E. Grant™', Vladimir P. Markevich’, Jack Mullins’, Anthony R. Peaker’,
WARWICK Fiacre Rougieux', and Daniel Macdonald'
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Thermal stability of float-zone silicon

Study to appear in Physica Status Solidi RRL in the next few days
Grant et al., DOI: 10.1002/pssr.201600080
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Thermal instability of FZ-Si: 400-800 °C

X-ray topography map
1200 = N2

150

100

| . . Un-clustered
This is only a representation )
vacancies

There is sufficient evidence to suggest that the high recombination
region is related to un-clustered vacancies, which have resulted
from a fast growth rate and the addition of nitrogen.
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Overall summary

* Analysing the injection dependence of lifetime in terms of SRH
statistics is relatively straightforward in well-controlled samples
(have samples with different doping levels).

* Oxygen-related extended defects cause substantial lifetime
reductions. Impurities at precipitates enhance recombination, but
can be gettered away to an extent.

* Low temperature internal gettering can result in substantial
improvements in lifetime in mc-Si, but the process is complicated.

e Passivation choice strongly affects low temperature annealing
behaviour. Hydrogen appears to affect behaviour of iron.

* Any questions?
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