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Thin film PV

5014, 708 az Solar Farms, 9 milliohiCdTe solar SRV R I capacity:
sl o R S ' .
sPanels, 95 squmiles e ~8 GW,, — CdTe

S e 26w, -Ci6s

Annual primary energy
installations ~100 GW

Higher solar cell efficiency
reduces PV cost and is necessary
for competition with other energy
technologies

https://pv-magazine-usa.com/2020/04/23/fitch-rates-550-mw-first-solar-installed-topaz-
project-notes-at-c-despite-superb-performance/
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Some current efforts to make CdTe solar cells more

efficient (and reliable)

Group-V doping:
Metzger et al, Nature Energy 4, 837 (2019); McCandless et al, Sci. Rep. 8, 14519 (2018); Kartopu et al, Sol. Energ. Mat. Sol. Cells,
194, 259 (2019)

Front contacts:
Ablekim et al, ACS Energy Letters 5, 892 (2020)

Back contacts:
Liyanage et al., ACS App. Energy Materials 2, 5419 (2019), T. Song et al, IEEE J. Photovolt. 8, 293 (2018)

Interface chemistry:
Perkins et al, ACS Appl. Mat. Interf. 11, 13003 (2019)

Defect analysis:
Fiducia et al, Nature Energy 4, 504 (2019); Guo et al, Appl. Phys. Lett. 115, 153901 (2019); Moseley et al, J. Appl. Phys. 124,
113104 (2018)

Model systems (single crystals, epitaxial, polycrystalline heterostructures):

Nagaoka et al, Appl. Phys. Lett. 116, 132102 (2020), Kephart et al IEEE J.Photovolt., 8, 587 (2018); Zhao et al, IEEE J. Photovolt. 7,

690 (2017)

This talk is about one characteristic — minority carrier lifetime — which is impacted by and helps
improve many of above efforts NREL | 3



Origin of us

lifetimes in CdSeTe

Longer carrier lifetimes — better solar cells

n Lifetimes in single crystal CdTe

B Al,O; passivated polycrystalline heterostructures
n Lifetimes in CdSeTe/CdTe solar cells

B Lifetime microscopy CdSeTe/CdTe solar cells

n Model of passivated GBs in CdSeTe
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Charge Carrier Lifetimes

* Reduced SRH recombination is indicated by longer recombination lifetimes;
* Long-standing metric for improvements in Vgcin CdTe;
* Analysis is more complicated in current “graded” CdSeTe/CdTe absorbers

0.1 1
Lifetime (ns)

Metzger et al, J. Appl. Phys. 94, 3459 (2003)

Open Circuit Voltage, V

0.90

0.85

0.80

0.75

0.70

Solar cells:

. First Solar
R * First Solar
N NREL, , NREL
|
. EMPA

2 3 4 56789 2 3

TRPL lifetime, ns

DK et al, IEEE J. Photovolt. 6, 313 (2016)

‘/k)(j =——In

2kT T]L quA

q qn; .| €Vpi

NREL | 5



Lifetime as absorber gFLS metric

Conduction Band (CdTe E,=1.5eV)
Electrons
7=1000ns 1 1 1
_ 3A=0.18eV 1=100ns J— _
Ern = Ec + kTin(n/Nc) l .......................... ©=10ns T  TSRH " Bp
t=1ns
E¢, = E-0.34 eV qFLS qFLS
CdTe: 0.85V | CdTe:1.15V
- ” H ”n . ?
Holes E¢, = E,+0.315 eV | ("typical”) (possible?)
. ST p=10% cm (with Cucy)
Ef,, = Ey — kTln(p/Ny)  2A=0.12eV f

Assumptions:
Holes: Ny=1.8x10%° cm-3

Valence Band

Electrons: Nc=8x10” cm3, 1 Sun, 1um thick absorber

p =10 cm3 (with Asy.)
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Lifetime as interface passivation metric

Passivated polycrystalline heterostructures 5 _
10x10° 7 Polycrystalline
. Al,03/CdSeTe
sputtered Al,O; (alumina) 8- 20/ /
"o A|203
© @© :}
wn = c g 89 . .
L = CdSeTe = 3 Epitaxial
| © © 8 47 CdMgTe/CdTe
thickness d=0.6-4.9 um " /CdMgTe
J. Kephart, Colorado State University - T. Myers,
00 05 10 15 20 TexasState
Inverse thickness, |Jm'1 University
Interface recombination velocity 1 1 2S
S =100-200 cm/s for lattice-matched =—+—
Trrpr Tp d

(epitaxial) and polycrystalline interfaces
DK, Kephart, et al, Appl. Phys. Lett. 112, 263901 (2018)
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Lifetime as transport metric

Detector 1
TRPL
840nm

Cap: CdTe 10 nm
CdMgTe 30 nm

CdTe

CdMgTe 30 nm

Buffer: CdTe 1.5 um

Detector 2 Laser
SHG-515nm excitation
Dichroic
beam
splitters
Microscope
Objective
5um S~ l
\
= Collectlon
N |
N X Wz ' Generation

Substrate: (100) InSb

N cannlng

Carriers drift/diffuse from

the generation volume

DK, Myers, et al, Appl. Phys. Lett. 110, 083906 (2017)

DK, Farrell et al, J. Appl. Phys. 116, 123108 (2014)

Single extended defect in epitaxial CdTe

Time-resolved PL imaging (TRPL microscopy)

SHG 1ns

SHG 0.1ns SHG 0.3ns

SHG Second harmonics
generation due to the
space charge field; EFISH
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Lifetimes in single crystal CdTe

T8 =800 ns, Lp =13 um Single crystals: WSU, S. Swain and K. Lynn

Light induced transient grating (LITG):
Mobility and lifetime in (compensated) bulk single crystals
Patrik Scajav, Vilnius University

Time-resolved PL

7 390
2 g 38O-<1><1><I7
Ty ey hbia J 4-‘ -é 3704
st (B —— =4 12 3 5 360 {){){MI’
et ] . 200 240 280
B : 3 21 Temperature, K
£ [ 10 8 = s
5 4t B 2PE 3¢ 18
= LutG |~ = Y
@ 1
o ] : lﬂ — 180K’
[ A=23um | 2 L 20 I
! K i 10 ~ 4 o — 2rsk gy
A=39 fat - — 226K .
| : O A=39um ] (b) radlatlve A — = ",
S ot , N % 2PETRPL
10° 107 10" 10 10 107 10 10 0 20 _400 600 800
AN, cm AN, cm’ Time, ns
Scajev et al, J. Appl. Phys. 123, 025704 (2018) DK et al, IEEE JPV 5, 366 (2015)
https: wsu.edu/2016 L . .
ps://news.wsu.edu/2016/ To date, bulk lifetimes in CdSeTe single crystals are <50 ns NREL | 10
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Accurate defect model in bulk CdTe

HSEO6 calculated defect energies and hole density 2E14 cm-3, bulk SRH lifetime 360 ns

Vg is also T —— 40
. onauction pan i
considered as 3 3.5]
SRH defect 5 30f
@ Hw G 2.5[ 4
Tecd defect level x u‘.:| 2_0'_
antisite @ E; S 15
............................. 5
070707070 £ 10
Tecq and V¢4 density Valance band e 98
o.o g 2 2 2 2 2 2
can be changed by Cd 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
partial pressure and Fermi Energy (eV)
CdTe growth

J-H. Yang, L. Shi, L.-W. Wang, S.-H. Wei, Sci. Rep. 6, 21712 (2016)
temperature:

(no defect model in CdSeTe?)
M [, Phys. Rev. Lett. 111, . . . .
oraos g (lifetimes <50 ns in single crystal CdSeTe?)  wea 1
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Polycrystalline heterostructures

g e Alumina is used for passivation;
Heterostructures: . e orp ’
* Selenium is used in the absorber;

D. Albin, NREL )
e Grains are large due to high temperature CdCl,
o DH1 1.23ps
N DH2 1.00 us
DH3 1.23ps

20 pm
spectral CL
color indicated 104
emission peak; ]
~ J. Moseley 7]
6
5

PL Intensity, counts

f

) 2PE TRPL
f:: ,,rf”d i

| 4J
o T T T

0 1000 2000 3000 4000
Time, ns

DK, Moseley, Scajev, Albin, pss-RRL 14, 1900606 (2020)

(cover illustration by A. Hicks) (Heterostructures without Se: t = 30 ns)



Polycrystalline heterostructures

Heterostructures: by Light-induced transient grating
D. Albin. NREL ' P. Scajev, Vilnius University
‘ (b)
4.5+
4.0 Pump beam A “ﬂi\r,e\" »
N\; Pump beam
% 3.5 Sample
S
g 50
L 5 2PE LITG
spectral CL
color indicated 257
emission peak;
~ J. Moseley 2 S — — :
S 4 5678 2 3 45678 2
[ ™ 0" Injection, cm-3 10"
:: wf;:: j ,
Mobility 100 cm?2/s

DK, Moseley, Scajev, Albin, pss-RRL 14, 1900606 (2020)
(cover illustration by A. Hicks)

Diffusion length >10 um
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Alumina passivation mechanism

Images are cross-section measured with 2PE

SHG/EFISH: electric field induced
(no sample cross-sections)

second harmonics imaging

(fs laser 1030nm, measure Lattice-matched
515nm) passivation in single-
crystal CdTe epilayers

no Al,O, Al,0; passivation for
px-CdSeTe  polycrystalline CdSeTe

Detector 2 Laser
SHG-515nm excitation = (d)
Two-photon 7367 - PL
Dichroi . .
Detector 1 . excitation PL
TRPE splitters . . =
Imaging
2.70am DH
E— rescope B (1.00cm DH) (2.70cm DH)
CdMgTe 30nm Objective
\\ \ p—
cdTe  5um ~~ (- 7367 - SHG ] WARRNY (€]
P —
CdMgTe 30 nm AN I '\Collection
Buffer: CdTe 1.5 um \\ - . SHG EFISH -
Substrate: (100) InSb \\ sc);nﬁ]g Genciation /
very weak SHG, ) - .
Intgrface defect strong interface electric field, field
But also see Perkins et al, IEEE J. o effect passivation?
passivation

Photovolt. 8, 1858 (2018) DK, Kephart, et al Appl. Phys. Lett. 112, 263901 (2018) NReL | 15
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Lifetimes in CdSeTe/CdTe solar cells

As-doped devices, CSU
oo * Insx-CdTe, carrier lifetimes ~1 us
2 o eTe . :
81818 o CdseTe B§ explained by the point defect model;
. 5.5 um i _ .
Devices: 5 ° EQUIValent TmreL = 1 WS In Undoped
A. Munshi, i drift in Earrte polycrystalline heterostructures with
A.Danielson, ] junction - fvaicsmn CdSeTe absorber (not CdTe) and Al,O4
C. Reich field passivation;
W. Sampath £ 100 10uW (injection E16/cm3)
8_ o 10uW.(o.iiffe.rent spot) ) )
B * |n CdSeTe/CdTe devices, Trgp, = 0.3-1
: us with either Cu or As doping;
Radiative .
efficiency: talk * How does Se increase lifetimes in
by = polycrystalline CdSeTe?
A. Onno, ASU ’
0 1000 2000 3000 4000 5000
Time, ns NREL | 17
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“Spectroscopic” lifetimes in CdSeTe/CdTe device

depth resolution from

0.5 um x/y resolution 60 um x/y resolution

absorption depth

Cu-doped devices: C. Lee, First Solar

515 nm

1030 nm

\E gl

640 nm

solid line is SRH + radiative fit

1

1 1

TotrRPL.  TsRH  Trad  TsrH

Lifetime T, trp, NS

1PE microscopy injection
—

2PE microscopy injection

—

O no passivation
<& sputtered alumina

4 68 2 4 6 8
10 100
Average excitation power, yW

1
= + B(injection + N,)
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TRPL spectroscopy and microscopy

Yb:KGW laser
300fs, 1.1MHz

time-resolved laser scanning microscopy

v

/ spectroscopy

. solar cell

300-2600nm

optical

fiber 4
PC

1030nm

OPA

/, microscopy X/Y
BS {  1030nm galvo-scan
i 515nm mirrors
_________________ E scan lens
N f=50 mm
o CMOS
L camera
APD | tube lens
P f=200 mm
—{ spectrograph | ! ! — @
‘ ' > o
L \\ : : o [
) optical L F =
‘>< fibers L PMT ha BS
/ [
~_JAPD h F BS BS microscope
F i :| objective
P solar cell
» N Xyz piezo
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TRPL spectroscopy and microscopy

/" microscopy Y

Yb:KGW laser BS [ 1030nm T;Ki* galvo-scan E
300fs, 1.1MHz {1030nm i 515nm mirrors i 515nm 1030 nm
_________________________________________ i scan lens i
I f=50 mm :
/ spectroscopy N |
OPA b CMOS i
300-2600nm b camera
APD |1 -tube lens !
i f=200 mm |
- spectrograph | ' ! — g :
optical \ i i E o !
fiber \| optical o F = :
4 ‘>< fibers L PMT = :
PC ) L :
L BS --JAPD o F BS BS !
L F | | !
. solar cell FERN
\\\\ ’,,/ \\\\s XyZ piezo ’/,/
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PL Intensity, counts

1PE lifetime microscopy in CdSeTe

lowest injection 515nm highest injection (100 times higher)
Black/ red Black/ red
Pixels with the most glass Pl_xels with .thg most
difference in lifetime difference in lifetime
") \ » | TCO
1000 - < 9 T
] — 31d_x37y16' o a e 2 green
—— '31d_x26y43' n o o \
] - w8 100 average
5 £| 2 2 '3
100 3 - 3| 2 3]
E = = ;
%)
| 15
10 = E
] Green: E o
average -
: Q
] | | .25(.)0 F')lxells ' E
0 10 20 30 oo
time, ns ..q_'.’ time, ns
c

e Data includes (A) amplitudes at t=0 and (B) lifetimes;
* Amplitudes and lifetimes are very uniform with CdSeTe excitation
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2PE Lifetime microscopy in CdTe

lowest injection

Single-pixel TRPL

v
[ [ =
2 ey o
: '30h_x: 49y48 II
1008_: 11h72Pé770 w -
2 10x PLat 0 ®
8 -
= o
B A
) iy
.E 104 it
8 Tl |
[u N -il‘!lhl'hm)l J .
i J il |
4 ™ ‘:W“‘!iv "‘l Tl -
. ' i u\ i” ‘"" |m“ ‘ o
2] [ ‘\" I ““' i I q)
a2
14 . | . I DLD
4 8 12 (]
Time, ns e

Pixel amplitudes and lifetimes differ with bulk CdTe excitation

0130h-PL

[

>

25 um, 50 pixels

1030nm

NJ:3L3SpD

highest injection (280 times higher)

1000 -

100 -

PL Intensity, counts

-
o
|

T T
10 15 20 25
Time, ns
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Time-resolved microscopy data analysis

A: PL contrast before recombination (at t = 0)

PL(t,x,y) = Bn(t,x,y)p(t,x,y)

low injection, at t =0 high injection, att =0
PL(t =0,x,y) = Bn(t = 0)N4(x,y) = const Ny(x,y) PL(t = 0,x,y) = Bn?(t = 0) = const

17

-
. )
All images 2 o
— © %)
at t=0 ) 3
‘R cs/m * Low injection: non-uniform N, due to GB
6BL 682 potentials, lower potentials in CdSeTe;

L VB/_m * GB space charge field screening at high
- R VA injection
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Time-resolved microscopy data analysis

B: Injection-dependent lifetime distribution in CdTe

1030nm

n):a1aspd

0 ns

Integrated t

Lifetime Histograms, arb. units

w
o w
1

©c =~ =~ D D
(&) o ()] o ()]
1 1 1 1 1

— injection 1
— injection 7x

| — injection 41x

0130h-PL
P

Lifetime Histograms, arb. units

(o]
l

(o2}
l

N
|

I
— injection 100x
— injection 280x

radiative

T T T T
0.4 0.6 0.8 1.0

T1,TRPL, NS
. 2.7 £ ®

w17
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Origin of us

lifetimes in CdSeTe

Longer carrier lifetimes — better solar cells

n Lifetimes in single crystal CdTe

B Al,O; passivated polycrystalline heterostructures
n Lifetimes in CdSeTe/CdTe solar cells

H Lifetime microscopy CdSeTe/CdTe solar cells

n Model of passivated Grain Boundaries

NREL | 26



Origin of heterogeneous lifetimes in CdTe

glass
TCO . . rep - . .
Microscopic lifetimes are uniform in GB-defect mediated recombination
(@) . . . . .
% CdSeTe, indicating GB passivation
E *(é’ 3.5+ —Ir?_wr?st_injectt_ion
< TTRPL e TTRPL _2 309 hzghggtlri?\(jeg(;t(i)gn
—_— ) - — 0 E“ 2.5
7 é 2.0
S 1.5
= £ 1.0
_fé 0.5-
— % 0'0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
TrrrL/TB
. . 2
Grain Boundary _ eN¢[cm?]  GB trap density . _d  BegygNyd
barrier height B~ 8eg,N, (distribution) TREL ™ UE — euNZ[em?]
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Se composition, bandgap grading, and GB potentials

With Se GB potential change
is limited to 100 meV?

1.75F (a) ® band gap
—— simulated
1.70F
> 1.65} .
% o CdSeTe bowing
SD .60
T 1.55f
[
M 1.50f
1.45F
b=0.725
1405 02 04 06 08 1.0
CdSe,Te;_,
2.0
(b) -e- VBM
15k -e- CBM
. L
g \.\H—\.—‘
go 1.0f
s "1 CdSeTe bandgap
& o
_0.57\.\‘\‘\‘\‘

0 0.2 0.4 0.6 0.8 1.0
CdSe,Te_,

J. Yang, S. Wei, Chinese Physics B 28, 086106 (2019)

Selenium Counts

G8
g o Ca
150 4 - 50 —
140 4 s " 2l Vg
“ — l'? — ,_ | : -— - w
130 | SN NV - - e ()
4 AV " " M(' 3
s iV 20%7? "W AV 5 S A
110 1 e e e o e - owm Y
; v —
100 1 | 20 § = Cs
-1 = CdSeTe =
80 1 1w v
70 1 S S y—
60 fann v - . 0 G8 Vs
0 0s 1 15 2
Distnace (um)
(b
—Selenium - Chiorine

T.A.M. Fiducia, K. Li, A.H. Munshi, K. Barth, W.S. Sampath, C.R.M. Grovenor,

and J.M. Walls, IEEE J. Photovoltaics 10, 685 (2020).

NREL | 28




Summary

* |In polycrystalline CdSeTe absorbers, Se increases carrier lifetimes
from <30 ns to >1000 ns due to GB passivation via space charge
fields;

e Selenium GB diffusion is likely key aspect to control GB potentials and
thus minority carrier lifetimes. Complex dependence on grain size,
doping, CdCl, temperatures, etc.

Tgp,av = 0.5Ns
Sgs = 10°cm/s

75 =170 ns

__ Red lines indicate device areas
(no passivation)

where recombination reduces
carrier lifetimes

Tg =350 ns g
(A|203) jj CdSeTe
n

TCO
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Thank you

DK, NREL, Application and Development of
Advanced EO Characterization for Highly
Efficient and Reliable Thin-Film Solar Cells

Albin, NREL, Interdigitated Back
Contact (IBC) Polycrystalline Device

Sites, CSU, NREL, Device Architecture for
Next Generation CdTe PV

Holman, ASU, CSU, NREL, Diagnosing and
overcoming recombination and resistive
losses in non-silicon solar cells using a
silicon-inspired characterization platform
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