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Table S1. PLQY and QFLS obtained from PL measwrements on three ditferent device configurations.
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Carrier Recombination Lifetime

Carrier-recombination lifetime: The central parameter to the
device design, production, and process control for silicon solar
cells.
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1) Auger recombination: Characterized by the Auger lifetime {Auger. The
Auger lifetime depends only on the doping type and concentration in a
wafer, and the injection level, or excess carrier concentration An

2) radiative recombination: Characterized by the radiative lifetime {Rad.
The radiative lifetime also depends on the doping type and concentration in
a wafer, and the injection level, or excess carrier concentration An, but is
almost always much larger than the Auger lifetime, meaning the radiative
lifetime can be neglected.

3) SRH recombination: characterized by the SRH lifetime {SRH. It is
determined by how many impurities and defects are present in the sample,
their recombination ‘strength’ (energy levels and capture cross sections),
and the doping and injection level.

4) surface recombination: Often characterized as the surface
recombination velocity S (units cm/s), rather than as a lifetime value

5) emitter recombination: Characterized by a saturation current density
JO. This parameter actually represents the combined effects of Auger, SRH
and surface recombination in the highly-doped region



Measurement Methods Of Lifetime
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Steady-State Excess Carrier Lifetime Transient Excess Carrier Lifetime
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Measurement software Analysis Mode

The procedure in the Quick Start guide describes a Quasi-Steady-State lifetime
measurement using the Generalized (1/1) analysis. This is the most robust and
widely applicable measurement type. As a recommendation, for lifetimes less
than 200us, the Generalized (1/1) analysis mode is recommended. For lifetimes
greater than 200us, the Generalized (1/64) analysis mode, with a transient flash
is recommended. If, however, the lifetime is greater than approximately 800us, it
is often better to perform a measurement in the Transient analysis mode.

lllumination mode Analysis Type Lifetime range
Quasi-Steady-State (flash setting 1/1 for | QSS < 200us
old hardware configurations, TTL for Generalized (1/1) < 200us

hardware configurations with Quantum
flash parts, and N/A for hardware
configurations found in this manual)

Transient (flash setting 1/64 for for old Transient > 800us
hardware configurations, TTL for Generalized (1/64) > 200us and < 800us
hardware configurations with Quantum




Measurement Theory - QSS

: QSSPC
Quasi-Steady-State
(QSSPC): 5 ‘\
A s \\

G 2N\
= NN
S—

z-ﬂash >> Ty, Time

Photoconductanc
e

Flash decay time

(200Ws mode) is ~2ms Requires estimate of

Suitable for lifetimes photogeneration (G) in

less than 200us sample
G calculated from
reference cell signal



Measurement Theory - Transient

Transient PCD:

. B — An
trans dAn/dt

Xenon flash cutoff
time ~40us

Suitable for lifetimes
greater than 100us

lHlumination

Transient PCD

Photoconductance




WCT-120 Measurement Process

0.4 s Lifetime Tester Calibration
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WCT-120 Measurement Process

Step 3: Photoconductance & Carrier Density Step 4: Carrier density vs. time & light.

0.45 5.0E+14

0.4 =- 4.5E+14

035 + 4.0E+14
 The mobility equation converts the 03 f\ o
conductivity to an average carrier density. _0s L [
£ \ + 2.5E+14 g
3 02 _I \ 1 208414 £
h1 _! 1 iseets

AO- 1 ] . _ T 1.0E+14

. Hiie ! Excess Carrier density .
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Comparing with other methods

Method How is excess carrier density Issues: Pros / Cons
sensed?
RF-QSSPC Eddy current sensing of Simple calibration that is valid for a

Photoconductance
Conversion to An using known
mobility function

wide range of samples. Real, physical
lifetime result. Requires mobility and
photo-generation calculation or
measurement. Low resolution

RF Transient

Eddy current sensing of Photo-
conductance. Conversion to An
using known mobility function.

Simple calibration. Measures real,
physical lifetime. Can be subject to
trapping and DRM artifacts at low
carrier density.

u-PCD / MDP

Microwave reflectance or
absorption sensing of
photoconductance.

High-resolution mapping capability.
Non-linear detection of
photoconductance in some injection-
level or dopant ranges, skin-depth
comparable to sample thickness in
some cases. DRM and trapping
artifacts at low carrier density. Does
not measure physical parameter.

20



Microwave- PCD

* Microwave Sensor:
— Short wavelength illumination (905nm)
— Sensor is non-linear and not calibrated

e PV9 Standard:

— “Therefore, this test method does not purport to measure
excess carrier lifetime...” (SEMI PV9-1110, www.semi.org)

— “...the result of this test method is not a real physical property of
the test specimen...” (SEMI PV9-1110, www.semi.org)

— “The method is not suitable for measurements in bricks or
ingots where the decay time is greater than 10 us due to the
diffusion of carriers into the material beyond the measurement
depth of the microwaves used” (SEMI PV9-1110, www.semi.org)
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Comparison Chart

Feature/Parameter Eddy Current Microwave
QSSPC, Transient PCD uPCD, QSS—UPCD

Measurement Area Area Average(10-40mm) 1mm

W E

Sensor Depth Sensitivity 3000um 100-10000m

iR E

Il1lumination Wavelength = 1000nm 905rm (typical)

FARF leffective)

I1lumination Absorption Depth 100-5000um 30um

FCHR R R

Lifetime Measurement Range (Bulk Samples) 0. Ius-15000us < 10us

FarillWIoE (BEAE/AER)

Sensor Saturaticon Lifetime (Unpassivated Bulk Samples) Z»10000us ~8us

FESNAT A (RAILAEEE/ )

Calibrated Conductance Sensor i —

FoE R B S5 EES

Real, Physical Parameter Measurement o —

HERSHEN

InjectionDependent Lifetime Measirement S -

FEARENFHED

Calibrated Emitter Saturation Current {Joe) Measirement " —

TR & SR R0 B EN

Extensive Technical Research Database for PV industry v —

PviT L A BRI AT TENRE

Accurate Measurement without Surface Passivation i -

FELZEHAHENEE

Results Reproducible and Comparable Between Users i —

Mt 5 B T AT ] b

Designed For PV Industry " —

ApvElbigit
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WCT-120 flash tray ( IR pass
filter ) Suns-voc flash tray (ND filter)

ND Filters, Reference Cell Aperture, Allen Keys, Reference Wafer



National instrument cable 68
pins

Ref (red ) , PC (blue ) , Trigger cables Needle Probe (red ) , Thermocouple Cable (yellow ) , DIN
(green ) Heater Cable (white ) (Suns-Voc only)



FPS-300 Power supply

~&Sinton
68-pin National 4 instruments

Instruments Cable to
Signal connector box
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1. %l

Zero Instrument: {E5 BB AN BEAT a8 192, BEWS B B L ARV
) s 94 FL

Measure Sample: FHHEDAQMATEH (ZOOM In/Out)

Generate SEMI PV13 Report: A PDFk ¥, fEf s TAERH

Log to Summary: K &l 25 5 k2% 2] [7] — 4 2

Save Graph Data to Text File : ¥ B E R A0 s Txt 3 A

Rescale Graph: B £ il 73 iy 5 %4 1 I B R R K]

2. PSR

Sample Name: WEN “true” Excel L1 & LISample Name A 44
Resistivity: FLPHZ

Substrate Type: EfFpAainY

3. B

optical constant: 0.7 as cut wafer, 1.0 AR coating wafer.
Lifetime Specified MCD (cm-3): p&!H1*101°, nZYH5*1014

Jo Specified MCD: 45 5€ /DAL 1 BE T B AT HL AL %5 1

Bias Light: &G, FIRAMEtrapifiHe 2N,

Analysis mode: QSS, Transient,generalized(1/1), generalized(1/64)



4. EMZER

Lifetime at Spec. MCD (us): B (=il 73y 54k i1 475 A 5D
A7 /N TS TR T D

Total Sheet Resistance(Q/sq): /7 HtH [HAH

Measured Resistivity (Q-cm): i BH 2

Jo at 25°C(A / cm?2): 1A HL i %

Estimated Bulk Lifetime (us): AtitH{4& 75y

Jo Fit Ra-45 24 [B1 3 5 AR HU-5 D0 KB AT e A I Jod 5
Lifetime at Implied Vmp (us): 5 KIhZ 50 N H) /D575 i {E
Min and Max MCD (cm-3): 8 # K E 15X P {E 2 18]

Bias point CD (cm-3): i B G AR X N 1 2 im K &

Trap Density (cm-3): i B G AH X N 1) e B 235 B S AR

Doping (cm-3): 1 HEH AR 4 R AE H

1Sun Implied Voc(V):1Sun T fJVoc

Implied FF(%): IE 78K+

- #ERRES (B



i) B pHH 2 ) SR

lllumination and Photoconductance
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Inverse Lifetime (Auger Corrected) vs. Carrier Density

ry 180000 B Minority Carrier Density
n ~  Apparent Carrier Density
£ 160000 Fit
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=
g 120000
=
=L 100000
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£ 80000
b
= 60000
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@ 40000
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[ =
£ 20000
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0.00E+00 1.00E+15 2.00E+15 J00E+15
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SR ylifetime FRIRIKL CHREIR S 455 BR ) RIS 480019 B 2 18] ) 5K 2% [



Minority Carrier Lifetime (noAuger Correction) vs Minority
Carrier Density

T.00E-D4 W Minority Carrier Density
W = Apparent Carrier Density
E B.0RE-54 # Specified Carrier Density
(=]
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i Implied V..

i 10.00 :

i = Raw Steady S1ats Data

i = Bias and Time Respaonse Corrected

| e .
[ w o 1.00
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1| =3 - *
f L -
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1. 1%

Measure Sample — 3240 F R I 4H— ¥R Suns-Voc =, o it 240 o 2= Wk H d A\ FE
AT (s ] AEBOE ARGHEAT BOE A m I Ak D . fidy “oK”JE R
filk — k&N, s “cancel” BUH iR &= .

Load Recipe — F AFCE XA (recipe field)

Save Recipe — RA7-HC B CF (recipe file) .

Load Result — ¢ NS R BT E B8, AT HISATRE e Al DL 22 238 78 FLA A i o
T TAEEREL G, BB G B m] DL SR SNl 45 R o0 s &5 R gk AT
Bt

Save Result — A7 &l 45 1 .

Save Graph Data to Text File — ¥ B A2 £ 4 (lifetime vs. MCD and Implied Vocfr 17
Fetxthg oA

Log to Summary —&ill 5 m 7 S % 205 3 B m W S 2R ESummary S, 11
Thfe R fEauto summary D) REA BUTH 14 f8 FH

Cancel Routine — % 2 H T HY 3 1k v =l



Log In As Admin =553 E 8, AL EHIS. EIANBA %

Lock Software — Gl ¥ ff, EHE| MREX)G

Tool Status — R, BIREFAIRE

Loaded Recipe — &7~ H Hi 3 FH iU FC & SO

Error Description — /R AR E(E S, —W¥ LREFELEWT

Re-zero Instrument — R EA(S BRI & O &M 24/ NN A HEAT

Zero InstrumentFEAEECE S ERRL OB 7 IEFuE. OHEHREFEEF
FHATEH “Zero Instrument” #21E

Saturated Reference Cell — I A5 J2.3% B FH R 4R FE 5 55 () 225 rLth o 4 1 AT
T FRET SRR 2N R R R IR BR RS B, WA P R IR s iR
s g (HTIEFIRADFHamrEd) , 15274 H reference cell aperture.



2. FEmMZH

Batch ID- #{tIR)JF 415 R BAFE 2B T —HER i, 4485 Ry fRfF <L “Batch ID -
Sample ID.Itr” # X ARAE

Sample ID — FEfmID, 45 R RAF S LL “Batch ID — Sample ID.Itr” #% U ARAT
Comments — 1] LA+ 5 PF8 1 A 7E I [X I3

Jsc (A/em2) I AE Dy FLIh P A RRALEE B, R L@ I AL B VIS HY - B AT A
HE—fHTHE. dE, —MRIG0 M ES AT RR R E R AT

Number of Cells — B[R4 ==l (1) FL I iR =

Thickness (cm) — FE 5 JEEE, .47 Aem

Base Resistivity (Q-cm) —FF 5 2R R, IR AL TR BRSO 0 10 F BE R AE M AN 2
ISR,  MEFER AR E DT dr. VIR BTG E TR
Sample Type —FF [P BE R HZR AL (P ELE ND , HIRIMESRIKEMIT R,
Analysis Mode — Bt A 1T LI 73 HTH 20 Generalized #3CA1 QSS #5441k, Generalized
BES1Z A o A RN () d i f it i b, HAtA R n] R 2 75 22 H Qss s



3. =R

Voc (V) — 1 sun FHVocld, Atk &=l Voo g 5 Mt Ak & 21 1 Voo g 2 I BAE
TR EESR

Pseudo Vmp (V) — By b i RINZ mAL ) R AE

Pseudo Jmp (A/cm2) — B¢ F i RIJFR S EIE, WESEARscBEA K
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Voc @ 0.1 sun (V) — 0.1 sun 2614 T fJVocThis is the Voc measured at 0.1 sun illuminati

on.
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lHlumination and Photoconductance
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Pseudo Light IV Curve (no Rs effect)
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SunsVoc
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Lifetime vs. Carrier Density
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www.sintonconsulting.com industry Leading Technology for Silicon PV Process Control

Best available calibrated measurement of carrier recombination
lifetime. Widely used for both monocrystalline and
multicrystalline silicon wafers.

Inverse Lifetime vs. Carrier Density

= =3 . Tau intercept = 3505 .4 Tau — 116.5 ps at 2.0 x 10" om 2 Joe — 937 x 1072
BN T RE: e e .

. . ]
eLifetime = om

I B e |

"Resistivity g p— = el
eEmitter saturation currer= == ek
density IJDEIE+E[| 1TO0E+15 2.0E+15 2O0E1S A0E+15 S50E+15 60E+15

Minority- Carrier Density (om™)

*Trap density Sinton/b-F# fr A H AR IBRAE R 096 S AL B R TG

WCT-120MX *One-sun Voc WIERMR A, BRIEREAYHEE L EHREGE
D FRE kR

Perfect for paste-firing optimization and process control. Open-
circuit method indicates the upper bound for any solar cell
precursors after junction formation.
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Beijing Hua Tong Terui Photon Technology Co.,Ltd.
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