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- What do we model? (snapshots of stabilized device)
- 1D model features

- Losses of V. and P, at contacts

- Some signatures of V (T), FF(T)

- Prospects of thin absorber
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| Mind the device state %/
Stress (T, light, V) — device state — V_(T), FF(T) //

» Stabilize device state Device #1
(SC # MPP # OC)

» Beware of dark soak

» Do not compare different devices Device #2 ight dark
in different states

Same stabilized
state
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| Measure IVT

Stress (T, light, V) — device state — V,(T), FF(T)

T sweep ~45min
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> IVT bears lots of physics ; |
0.76 | ED/GVN _
> IVT preceeded by stabilization 05| | =

> IVT is fast (snapshot of state) 07l |
' Device #2
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| Model of a stack

» Mapping problem to 1D

» Lots of unmeasurable parameters

» Most critical parts:
- Front IF
- Absorber
- Back IF

Glass '

TCO
Buffer

Front IF rd

CdSeTe graded 4
absorber

Back IF —
ZnTe BC
Metal

First Solar Proprietary & Confidential - General

o1 © 2023 Copyright First Solar, Inc.



| CdSeTe absorber with graded Se -~

absorber

1. Compensated doping: net doping = [A]-[D]
2. Non-shallow acceptors: h* << net doping
3. Temperature-dependent hole density
4. Higher Se%: AffinityT, E,l, VBM{, deeper acceptors (p*])
SCAPS model 0D charge-neutrality model
Net doping (A-D) = 2e16, RT Net doping (A-D) = 1e16
LE+16 . No compensation, shallow A (0.01eV)
? CV NaO (dark) L0 —
S LEHS E 10" Mensation,
5 - non-shallow A (0.2eV)
B LE«4 7 10"
€ + 3
§ 1.F+13 h™ (QNR) © 107
S T 402} Compens: [A] = 108+1016 cm- (0.2eV), |
1.E+12 [D]= 10" cm?3
. 11
0 005 01 015 02 025 03 10 400 50 0 50 100
Acceptor depth from VBM, eV T, °C
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" = Frontinterfaoe/
| Effective 1D model of front interface \ !

Front IF
Main IF parameters: CBM |
1. Conduction band offset (CBO) T l CBO
- affected by orientation, termination, defects at IF absSorber f--
e
2. Charged defects (acceptors at front IF)
- acceptors tend to accumulate where e density is high *SRH
+
3. Recombination centers (SRH-like traps) h A- y
VBM /
Acceptor §,
charge g
buffer 8
7
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| CBO from first principles

» Large negative CBOs predicted
» Worse IF with Te terminated CdTe (i.e. more negative CBO)

1) Build IF model

Sn0,(110)

Sn0,(110)

. A
CdTe(001)Cd

CdTe(001)Te

Sn0,(110)/CdTe(001) interface
76 atomic configurations in total
Variation in O coverage and CdCl, presence

2) Structure
relaxation
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CBO, eV

3) Calculate CBO

cd | Te
CdTe surface termination
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Measured and SCAPS-simulated V,(T),FF(T) of 4 CdSeTewA/s de/v'cés

I FittEd deVice mOdEI 80 " [ o expefiment

0.0 a4 — model
78 %

0.854_ #3 6 S

LL:: e
081 #2 74

Voc, V

» Device model fit to V,(T), FF(T) data . 0
20 30 40 50 60 70 80 20 30 40 50 60 70 80
T,C T,C
» 4 sifferent devices: qualit. similar models
> Large fitted CBO values: -0.38...-0.53¢eV Smulated band diagram at MPP

14

ZnTe  CdTe \ CdseTe  TCO
CBM

12

1 qFL

08f  _e=-"""TTTTTT

L
0.6 '

'
04~

0.2 q FLh

I R

f— ¥ ¥
VBO ... .- VBM Jl
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| Front interface: strongest loss at 0C m’!

» CBM “spike” under forward bias
» Strong recombination and some e retainment under forw. bias

> J,is against E-field at MPP

Short circuit Max: power point Open circuit
J / e b
CBM SEL i CBO
e N | aFL,

£ ||V
aFL, aFL,
VBM ,I VBM %,,
absorber buffer absorber buffer absorber buffer §

=
o
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| Front interface: strongest loss at 0C

» iV, loss up to 70mV due to front IF recombination
(1V, . /s not indicative of absorber quality only!)

SRV=1cm/s

— oy

VBM /]

- e A=

absorber

buffer

Device 3: Open circuit

gFL, loss
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Front interface !

SRV=1e-10 cm/s

/

CBM /L_\

qFLg
iV, = 930mV

absorber buffer

al

V,,=902mV
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| Back interface: strongest loss at MPP !

» Downwards band bending near BC

» J, is against E-field at all conditions
» Some iV, loss at BC
» Slow h* extraction — gFL, loss at MPP (FF loss)

Short circuit Max. power point Open circuit
L L L—w
QFLe_#__ aFLe ) qflfgf-"
A | |
TR, B gFL, - aFL, 5
VBM VBM VBOI_“" VEM :
— J «— ah c
ZnTe absorber ZnTe absorber ZnTe absorber 8§

[N
N
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» Estim. of loss at contact: recomb. rate + gFL loss

7
| Device operation and losses ///
Z

> V. loss: mostly at front contact
(more h* at Fl under OC — higher recomb.)

» P, loss: strong loss at BC
(due to slow h™ extraction)

Device #1 Device #2 Device #3 Device #4

oo Vo loss  Pyploss oo Vloss  Pyploss o V.. loss P, loSs . V loss  Pyploss
90% 90% 90% 90% 2
80% FC 80% FC FC 80% 80% =
70% 70% 70% FC 70% FC FC 3
60% 60% absorb 50% 60% @
50% 50% 50% 50% absories
0% 40% 40% 40% 2
30% 30% BC 30% 30% BC g
20% 20% 20% 20% p
10% 10% BC 10% . 10% BC g
0% 0% 0% - 0% )

[EN
w
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| v_.(T),FF(T) signatures

V,(T), FF(T):

bear signatures of device operation

restricts interpretation of IV data

facilitate comparison of devices

helps diagnose device failure

80

0.84 .
—Ref.device | o781 —,
0.82 ——BadBC
> 08 "
[&]
}OD,TB L 0.74
0.76
0.74 0.72
20 30 40 50 60 70 80 20 30 40 50 60 70 8
T,C T,.C
0.8 ——Ref. device 0.75
0.78 ——High Fl recomb /'\
> 0.76
& L.
;50‘74 w 07
0.72 1
0.7
0.65
20 30 40 50 60 70 80 20 30 40 50 60 70
T.C T,C
0.8 : 0.74
— Ref. device
——Higher SRH — T~
= 0.72
g075 t
> O‘? /-—\
0.7 0.68
20 30 40 50 60 70 80 20 30 40 50 60 70

T,C
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| Model: thickness vs Se profile vs BSRV

7

Shallow grading, Se at

Sunny side Efficiency

Bifaciality

Bifi power (1sun+0.135sun)

4 25 100 4 25
BC in thin absorber o )
~35 o 80 —35 24
E 5 23 g_ 70 g 3 23
BC FC z 2 F 60 = -
25 % 50 Eos
/| E.f, 21 e 40 @, 21
Se 7/ o o o
—_ - < < ‘é’ ? @ ‘g’ k 30 E’ ’ @
- ’k 15 o « 15 ©
10
1 —_— 18 0 1 18
05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3
Absorber thickness, um Absorber thickness, um Absorber thickness, um
_ Sunny side Efficiency Bifaciality B|f| power (1sun+0.135sun)
Steep grading: no 4 sl B 100 %
Se nearBC _35 P “ " _35 24
n / _E 80 0
BC FC Eﬁ 3 / 23 5 70 g . 23
> 22 > 60 > 29
x / i x
1 wn 2.5 1 n 50 o 2.5
Se Y E U 21 Eg 40 e 21
- /7 [ % 2 Goal?vl 20 % 30 % 2 20
¥/ Sis — | | > o 3 20 3.
: . , s 19
e Wide range of high eff 10
1 18 0 1 18
05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3
Absorber thickness, um Absorber thickness, um Absorber thickness, um
» 2um is feasible with right Se profile even w/o0 BSRV|
> Very high bifaciality with BSRV,
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| Graded CdSeTe absorber

In high-Se CdSeTe alloy:

1.
2.

~0.1eV lower E, (more light absorbtion)

~0.2eV higher electron affinity® (smaller CBO with
TCO, add-I grading for carrier separation)

Lower doping? (deeper acceptors, higher acceptor
formation energy, both for Cu and As)

Seom evidences of lower recombination3 despite
lower E, and deeper acceptors (not fully clear why)

[1] Yang, Wei, Chinese Physics B 28 (2019) 086106
[2] Sankin, Krasikov, Phys. Status Solidi 216 (2019), 1800887
[3] Fiducia et al., Nature Energy 4 (2019) 504

light

CdSeTe

Experimental [ACS Nano 2012, 6, 7, 5995-6004]

1.7
1.6
1.54
1.4+

Bandgap (eV)

[ ] Eyperlmental

— Fit

00 02
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06 08 1.0

x (CdSe,Te, )

-3.5

< "uuwiﬁf\\iiiifi\f\UHH M
% -4.0- ' L B
g - Conduction Band
a -4.5 e, onduction Ban
= -5.0- l

g -5.5 T Valence Band
L -6.0-+

00 02 04 06 08 10
x (CdSe,Te, )

First-principles-calculated thermodynamic ionization levels

Cugy (0/-1) ioniz. level | Asy./AX* ioniz. level

CdTe

0.18 eV

0.14 eV

Cdse25%Te75%

0.20-0.22" eV 0.16-0.23" eV

“Depending on local Te/Se surrounding
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