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determining doping and defect densities using capacitance measurements
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can we resolve doping and defect densities from overlapping mechanisms in capacitance measurements?
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can we resolve doping and defect densities from overlapping mechanisms in capacitance measurements?
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drive-level capacitance profiling (DLCP)
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Perovskite material Minimal bulk trap density (Nt min) (cm™) Interface trap density (cm™)

MAPhBr; single crystal (bulk) 6.5 x 10'° 1.8 = 10% (Cgp) 1.8 = 10% (Au)
MAPbI; single crystal (bulk) 1.8 = 101 1.2 x 101 (Cgp) 1.2 = 102 (Au)
MAPbI; single crystal (thin) 1.9 x 10T t0 3.2 x 101 20%x105t011 % 10% (Cgo) 15 x 10% to 1.0 x 10' (PTAA)
Cs0.05FAg 70MAg2sP bl s film 43 % 104 86 = 10" (Csq) 1.2 x 107 (PTAA)

Rbio 0sC50.05F Ag 75MAg15Pb(lp asBro o)z film 5.7 x 101 2.0 % 10% (Cgg) 11 % 107 (PTAA)
FAqaoMA, 4aPbls film 79 % 109 19 = 10% (Cs) 90 x 10% (PTAR)
MAPbI; film 92 =10 22 %10% (Cep) 12 107 (PTAA)
Csp.05F Ao sMAg 15Pbg 550 5(lg25Brg 15)3 film 1.2 = 10 1.5 % 10% (Co) L1 = 10" (PTAA)

Z. Ni et al., 2020. Science, 367(6484), pp.1352-1358. _
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S. Ravishankar et al., Science 371, eabd8014 (2021). _
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measured defect densities in literature 9

o L | LR LR LR
o 4017 L S
c 10
o 3
Z'O
_2\ 1015 _
‘»
2 a
)
E 1013 _
(@]
Q
= N
o .
= 10" resolution limit |
% L Nygmin=27meg, kT/(4q2d2) |
Q.
S 109 Lo Ll T W

107" 10° 10’ 102 103

thickness d (um)

all apparent defect densities are
close to the resolution limit

S. Ravishankar et al., PRX Energy 1, 013003 (2022). _



measured defect densities in literature 9 JULICH

Forschungszentrum

o LI " L | LR LR s 1025 AL AL AL ALY U
T 107 b J : A
= l 2-photon PL
= ] R0 2
i 10" - - 101 ' s Trrc/2 TTRMC\’( —
= 3 L 9 " ]
2 : - thin films oo
S 40 . £ [ °8 R
k: 310°F o QF , e
S | %’ 2. % ]
= 10" resolution limit y -9 . Po

~ 5 o 080 single crystals

o Ny in=27me e, KTI(4G°d%) 9
S B ’ 7 107"+ ° - . .
PN I ol ol G ., Moknessnotstated Inpaper |

10 s

10" 100 10" 10° 10° 10" 10° 10 10> 10°
thickness d (um) thickness d (um)
all apparent defect densities are recombination lifetimes not correlated to
close to the resolution limit apparent defect densities (ideally t < —)

Ng

J. Siekmann, S. Ravishankar, and T. Kirchartz, ACS Energy Letters 6, 3244 (2021). _



do dopants and defects have the same effect? (J JULICH

Forschungszentrum
2.0 T T T T T T 2.0 T T T T T T
15F dopant 15F shallow trap near CB
g ' [ ' E
c %\ 1.0 _ %\ 1.0 _ C e e =
L 05 L 05 E,
> i 1 > 3 J
B 00k--------==- - - -3 B 00k--------== == - >3
2 i 2 i
E, T -05 - T -05 -
E —_—_— ~ 1.0 1.0 E
Y — I L v
15} Ny =102 cm3 asf Np=1012cm?3
2.0 - ' - ' : ' 2.0 - ' - ' : '
0 100 200 300 0 100 200 300
position x (nm) position x (nm)
2.0 T T T T T T 20 T T T T T T
15 deep trap 157 shallow trap near VB ]
E [ ] [ ] E
c ’>\ 1.0 [ ’>\ 1.0 [ C
® = 05
w9 1 w U7 1
- _E_t - B 00k - -========= === -3 S 00k ---ccccooo oo oo Y
2 i 2 i 1
T -05 - ® 05 - E,
E — -1.0 - 1.0k g I---"
\ I I \'
5[ Ny=10"2 cm3 sk Ny=10"2cm3
-2.0 . L . L . L ] 2.0 [ . L . L : )
0 100 200 300 0 100 200 300
position x (nm) position x (nm)

g



do dopants and defects have the same effect? (J JULICH

Forschungszentrum
2.0 T T T T T T 2.0 T T T T T T
15¢ dopant 15F shallow trap near CB
E. = 10 [ < 10 [ - S —
(0] I O L
L 05] _ W 05) _ E,
B 00k - o= - -mmm o e o — - oY B 00k ---ccm - e e oo o
2 i 2 i
E, S 05} - T -05 -
_____ 1.0 1.0}
B — [ 14 3 [ Ey
st Ny=10%cm3 ask Ng=10™cm3
_20 L 1 L 1 L 1 _2_0 L 1 L 1 L 1
0 100 200 300 0 100 200 300
position x (nm) position x (nm)
2.0 T T T T T T 2.0 T T T T T T
15 deep trap 15 shallow trap near VB ]
E. i ] I _ £
J 05| J 05|
w Y L O
- _E_t - B 00k - == --= == === B 00k - - - - oo —— o -
2 i 2 i 1
T -05 - T -05 -
E
1.0k e
E [ — 1014 -3 I — 1014 -3 E,
a5t Ny=10" cm 45k Ny=10" cm
2.0 : ' : ' : ' ] 20! : ' - ' : '
0 100 200 300 0 100 200 300
position x (nm) position x (nm)

g



do dopants and defects have the same effect? (J JULICH

Forschungszentrum
2.0 T T T T T T 2.0 T T T T T T
15¢ dopant 15F shallow trap near CB
E, - [ _ -
—~ 1.0 —~ 1.0 c
O S 1 T T
W 0.5 W 0.5 t
> I ] > F ]
O 00k -—=--=-=-==== == - - Y B 00k -=--=-=-== === - -
s | o |
E, G -05 - T -05 -
E ——_— ~ -1.0 1.0 F E
v - - v
45 Ny=10% cm-3 45+ N, = 1016 cm3
o d 3 B
_20 L 1 L 1 L 1 _20 1 1 L 1 L 1
0 100 200 300 0 100 200 300
position x (nm) position x (nm)
2.0 T T T T T T 2.0 T T T T T T
15 deep trap 157 shallow trap near VB ]
5 | ! ' ' E
c % 1.0 I % 1.0 -— c
o 05 T 05
W W E
L ] L f ]
- _E_t - B 00k - == === === === m— - - B 00k - - - oo mmm e oo o oY
s f o ' f -
o -0.5 - o -05 E Et
E — -1.0 - 1.0k g IT=-
\% 3 3 \'
1.5 -(Nt =106 cm'ﬂ 151 (Nt =106 cm'ﬂ
2.0 A ] oolL—
0 100 200 300 0 100 200 300
position x (nm) position x (nm)

g



do dopants and defects have the same effect? (J JULICH

Forschungszentrum
2.0 T T T T T T 20 T T T T T T
15F dopant 15F shallow trap near CB
E, [ _ £
—~ 10 —~ 10 c
E 0.5 E 0.5 - h _E_ o
W O . t
> I Ef J u>J, I ]
B 00b=o=o === = - - = = = = = = = = =} D 00k —======= === Y
e | | e |
E, o 05t ¢ 05 -
E ——_— ~ “10F 1.0} E
v L 3 v
st Ng=10"7 cm3 ask Ng=10" em3
_20 L 1 L 1 L 1 _20 1 1 L 1 L 1
0 100 200 300 0 100 200 300
position x (nm) position x (nm)
2.0 T T T T T T 2.0 T h ” T T T
i deep trap . shallow trap near VB
E, [ ] [ E
c 9 1.0 [ ; 1.0 -— (o}
= 0.5 = 05 E
E w L ] w L f ]
I S B 00k -m=--=== === m = — == S 00ko — - — - — - oo o222 2N
e e |
o -05 - o -05 e Et
E — -1.0 F 1.0 F g IT=-
\ 3 3 \
1.5 -(Nt = 10" cm'ﬂ 451 (Nt = 10" cm'ﬂ
2.0 ] Py B —r— o
0 100 200 300 0 100 200 300
position x (nm) position x (nm)

g



do dopants and defects have the same effect? (J JULICH

Forschungszentrum
2.0 : . : . : 2.0 . . : . : :
. dopant . _
15F 15 shallow trap near CB
E, - _ _ -
—~ 10} —~ 10 c
E 0.5 [ E 0.5 - h _E_ o
W O . t
> I Ef u>{ I ]
B 0.0} B 00k -—---=-=-==== === = = =3
e | e |
Ed © -05}F o -0.5 -
E ——_— ~ “10F 1.0} E
v - - v
st Ny= 1018 cm3 ask Np=10%8 cm3.
_20 L 1 L 1 L 1 _20 1 1 L 1 L 1
0 100 200 300 0 100 200 300
position x (nm) position x (nm)
2.0 T T T T T T 2.0 T h ” T T T
i deep trap sF shallow trap near VB
E, [ ] E
C 9 1.0 I ; 10 | C
= 0.5 = 05 E
E > - e
I S B 00ko--=-- === mmm e m o= 2 8 00koo-o o oo oo )
e 1 - e |
o -05 © -05} Et
E — -1.0 F 1.0 F g IT=-
\ 3 3 \
1.5 -(Nt = 1018 cm'ﬂ 451 (Nt =108 cm'ﬂ
2.0 ] Py B —r— o
0 100 200 300 0 100 200 300
position x (nm) position x (nm)

g



do dopants and defects have the same effect? (J JULICH

Forschungszentrum
2.0 . . . . : 2.0 . ’ . . . .
| dopant [ _
15F 15 shallow trap near CB
E. = 10 . < 10 [ - S
(0] i () I 1
~ 05} = 05 E
v L b E . - t
E, S -05F o 05 .
_____ 10} 1.0}
B— [ 188raes [ Ey
st Ny= 1018 cm3 ask Np=10%8 cm3.
_20 L 1 L 1 L 1 _20 L 1 L 1 L 1
0 100 200 300 0 100 200 300
position x (nm) position x (nm)
T T “ shallow trap near VB
15 deep trap 15F SNatlow Trap hear '
E. [ ] E
—~ 1.0 —~ 10} c
E 05| ?'i
? S S B 00k------—=—-—-—-—-—-——---J B 00ko oo oo oo oo ‘/
o -05 o -05F
I E
10}k 40k \] o m=—-—
E, [ — 1018 -3 [ = 1018 -3 E,
45 Ny=10%" cm 45k Ny=10" cm
2.0 ] Py B —r— o
0 100 200 300 0 100 200 300
position x (nm) position x (nm)

g



i PPN .
how to overcome the resolution limit~ 9 JULICH

Forschungszentrum

d (Mm-mm)

d (um)

HTL lateral device

thin-film device

single crystal device

Acknowledgement: Lukas Frommel, Forschungszentrum Julich. _
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characterizing charge extraction losses using small-perturbation methods

perovskite TL electrode
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perovskite solar cell - effect of transport layers ‘J
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H
T pero «
L mobility :
1-10 cm?V-ist o
<« > < > «—> Q0
10-20nm  300-500nm  10-20 nm 2
©
" PTAA PCBM/BCP
P3HT C,,/BCP
R EhaCEEl ambipolar diffusion length L, (um)

- mobility - 105-102 cm2V-1s1 B

large diffusion lengths in the perovskite are irrelevant if
transport layers do not extract charge efficiently

Akel, S. et al., 2023. PRX Energy, 2, p.013004. —
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1 .
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1-10 szv-ls-l Ui Jrec & €Xp (TlidkBT)
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- mobility - 105-102 cm2V-1s1 B

Fermi-level splitting in the perovskite is coupled to
potential drop across the transport layers

Akel, S. et al., 2023. PRX Energy, 2, p.013004. —
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can we separate transport layer effects from bulk effects can we account for the effect of the transport layers
in typical characterisation techniques? on the PSC performance?

/recombination charge extraction \ / 5 transport Iayer\
rties
® S ~_ P~ Prope
\ O current /
\

density

\ O / \ voltage /
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small-perturbation methods 9

transient photovoltage (TPV) — time domain

______________
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small-perturbation methods 9

transient photovoltage (TPV) — time domain
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DC light I,?\S)\(/io Q) ./ oscilloscope

bias

W;,

photon flux® ~ Smmmmem-m-eeo

D
U
T

AVAVAY
613
©

8 |-

[

6 / _
i TV,rise I Tv,decay T
4L , ]

2 /

external voltage
deflection AV,,, (mV)

O -
1 IIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII|
10" 10° 10® 107 10® 10° 10*

time t (s)

AVeXt(t) — AVeXt,O (e_t/TV,decay — e_t/TV,rise)




JULICH

Forschungszentrum

small-perturbation methods 9

transient photovoltage (TPV) — time domain intensity modulated photovoltage

spectroscopy (IMVS) — frequency domain
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transient photovoltage (TPV) — time domain

______________
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-imag W
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intensity modulated photovoltage
spectroscopy (IMVS) — frequency domain

W(oo)=l~ — o = 10 MHz — 1 mHz
q®
' [ ' [
Wchar 1 3
_ 1 3
£
o
L l L l
real W angular frequency o
d(—imag W) . 1
— e d —
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time constants ‘J

drift-diffusion simulations
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S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —
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(drift-diﬁusion simulations W
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why do time domain methods show two time constants while
frequency domain methods show only one time constant?

S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —
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S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —
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o £ 7] é}’
8= S ]
9 YL 8 time domain methods show absolute
T - value and slope of the voltage/current
ol '% = 4
s 0 > frequency domain methods show no
3 —£ information about the slope
1 |||||]]I 1 |||||]]I 1 III|,|,||| 1 III|,|,||| RN
107 10®° 10° 107 10° 10° 0 4 8 12
time t (s) real W x 102 (Qcm?)
. real Myy = —w X imag W d(—imag My,) 1
1\4W=l(L)VV—> . =O—)wchar=—
imag My = w X real W ' dw Tchar

S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —
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rise time constant embedded in the transition of real part of IMVS
transfer function to negative values at high frequencies

S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —
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which mechanisms generate the rise and decay time constants?

S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —
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perovskite transport layer current density
B AE. = gN;iSexc X |€X 9Vint — ex Vext
I - j = qniSexc Plor) ~ P\ 20
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________________ o °
@Vint T charge extraction velocity
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S. Ravishankar et al., 2023. PRX Energy 2, 033006. —
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shallow traps in perovskite solar cells (J JULICH

transient photoluminescence (tr-PL) measurements
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Y. Yuan et al., 2024. Nature Materials, 23(3), pp.391-397. C. Dreessen et al., unpublished. —



application to experimental data

ITO/SAMS/PTAA/Cs osFA, sMA, 15Pbl, 5:Bry 75 (1.68 eV)/Cg,/BCP/Ag devices
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. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243.
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rise times correspond to charge extraction

decay times correspond to recombination limited
by charge re-injection from the electrodes

S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —
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current-voltage curve — balance of generation and recombination
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figure of merit accounting for charge extraction losses 9

1 n; [ ( quxt ) ])
| = |———|qgd| G — ex —1
J [1 + M] 1 ( Trec 2 nidkBT

rec

current-voltage curve including generation, recombination and extraction

L. Kruckemeier et al., 2023. Advanced Materials 35, 2300872.

S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —
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figure of merit accounting for charge extraction losses 9

1 n; [ ( quxt ) ])
| = |———|qd| G — ex -1
J [1 + M] 1 ( Trec > nidkBT
rec

FOM = P
1+ —exc
Trec
FOM =1 FOM < 1
perfect charge extraction non-ideal charge extraction

L. Kruckemeier et al., 2023. Advanced Materials 35, 2300872.
S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243.
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figure of merit accounting for charge extraction losses 9

1 n; [ ( quxt ) ])
| = |———|qd| G — ex -1
J [1 + M] 1 ( Trec > nidkBT
rec

1 + TEXC
Trec

FOM =

Texc = Trise Trec

how to determine the recombination lifetime?

L. Kruckemeier et al., 2023. Advanced Materials 35, 2300872.

S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —
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FOM values close to 1 imply a significant electric field in the
transport layers that allows fast charge extraction

S. Ravishankar et al., 2024. Energy & Environmental Science, 17(3), pp.1229-1243. —



conclusions

Can we resolve doping and defect densities from
overlapping mechanisms in capacitance measurements?
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resolution limit

Can we resolve doping and defect densities from
overlapping mechanisms in capacitance measurements? Ng min =

v

2 7mcka TEI-EO
4q2d?

(thin-film PSCs have low deep-defect densities but significant shallow defect densitiesw <—‘




conclusions V| s
J JULICH

Forschungszentrum

resolution limit

Can we resolve doping and defect densities from
overlapping mechanisms in capacitance measurements? Ng min =

v

2 7mcka TEI-EO
4q2d?

E thin-film PSCs have low deep-defect densities but significant shallow defect densities } 4—‘

iw % transfer function N1S€ time constant — charge extraction

can we separate transport layer effects from bulk >

effects in typical characterization techniques? verify using time- 4o 5y time constant — recombination
domain methods

charge extraction efficiency

can we account for the effect of the transport .
layers on the PSC performance? FOM(V) = Toxc(V)

1+
Trec(V)

#
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effect of mobile ions ‘J
single crystal device — drift-diffusion simulation

Band diagram
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drift-diffusion simulations
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application to experimental data 9

ITO/SAMS/PTAA/Cs, osFA, sMA, 15Pbl, 55Bry 75 (1.68 eV)/Cy,/BCP/Ag devices
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predicted time constants
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time constant 7,5 (S)
time constant 7.5 (S)
time constant 75 (s)

08 10 12 14 16 08 10 12 14 16 08 10 12 14 16

open-circuit voltage V. (V) open-circuit voltage V. (V) open-circuit voltage V. (V)

different time constants expressed due to the voltage dependence of resistances and capacitances
rise time constants generally correspond to charge extraction

decay time constants generally correspond to recombination or R;C, attenuation

S. Ravishankar et al., PRX Energy 1, 013003 (2022). —



JULICH

Forschungszentrum

derived equivalent circuit ‘J

transport layer

perovskite Rrec = accounts for effects related to the difference

(Vint) [ Vext between the internal voltage V. (quasi-Fermi level
R splitting) and the external voltage under illumination
transport layer (V::c)
ITO
L

S. Ravishankar et al., 2023. PRX Energy 2, 033006. —



extraction extraction

transport layer
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transport layer mobilities between 104 — 3 x 10-3 cm?V-1s-!

calculated for PTAA-based PSCs

S. Ravishankar et al., PRX Energy 1, 013003 (2022). —
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transport layer resistance 9

recombination resistance
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the internal and external voltage V| -
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-:% intensity
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w
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LI— V
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external voltage V_,, (V)
j (V ) _j exp AEF (Vext)
rec\vVext rec,0 nidkBT
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j-V curve

l) JULICH

Forschungszentrum

L ox qVext _1
J = Jsc — Jo,sat p iqksT

assumptions

quasi-Fermi level splitting is equal to the external
voltage, with and without illumination

current due to photogeneration of charge carriers can
be superimposed on the dark jV curve

D. Grabowski et al., 2022. Solar RRL, 6(11), p.2200507. —
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J-V curve with influence of transport layers 9
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j = GSugcty |exp qVint _ exp qVext
accounts for recombination losses — exc™0 nigkgT NjgkgT
at all points of the jV curve

O. Breitenstein, IEEE Journal of Photovoltaics 4, 899 (2014), U. Rau et al., Physical Review Applied 14, 014046 (2020).

S. Ravishankar et al., PRX Ener% 1, 013003 i2022‘. _



	Slide 1: DETERMINING DEFECT DENSITIES AND CHARGE EXTRACTION           LOSSES IN PEROVSKITE SOLAR CELLS
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90

