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Perovskite Solar Cell
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Fundamental Transport Properties

No |Refs|Material Type|Techniques Lifetime | Diffusion Length Mobility Carrier conc. k;
(ns) (um) (cm*Vs) (lem?) (/s)
Electron Hole|Electrory Hole [Electron| Hole
1 (8] |CHsNHsPbls pc |PL. transient absorption. 4.5+0.3 0.13 0.11
2 | [9] |CHsNH3PblsClx | pc |Transient absorption, PL-quenching. 273+7]1.07+0.20|1.21+0.24
CH3NH3Pbl3 pc 9.6/0.13+0.04]0.11+£0.03
Intensity-modulated
3 [40] | CHaNH3Pbls pc photocurrent/photovoltage. 1.2-15
PL, transient absorption, time-resolved
[6] |CHaNHsPbls pc terahertz and microwave conductivity 12,5 7.5
[10] [CHaNH3PblsxCl | pec |Ultrafast THz spectroscopy 27" 33" 1.2x10’
Conductivity measurement. Total mobility
6 [7] |CH3NHzPblz-xCly pc used (e + h), assuming similar mass 20 20
Laser-flash time-resolved microwave
[41] | CHsNH3Pbl; pc conductivity 3 17
[42] | CHaNH3Pbls pc |Hall effect 13.7-36.0 (2.4-5.9)x10""
9 | [33] |CH3NHsPbls pc |Hall effect 3.9 2.8x10"
10 | [43] |CHaNHs3Pbls pc |Transient PL 9 107"
CHsNHsPblz-«Clx pc 80
11 | [44] |CHaNH3Pbls pc |TR-PL, transient absorption 140 1.8x10"
12 | [26] |CH3sNHsPbls pc |Transient THz spectroscopy ~1* 8.1* 1.4x10’"
CHsNHsPbla»Cl | pe . 11.6* 4.9x10°
o5 (FAPb,),., pc |Carrier-resolved photo-Hall effect a4-30,000] 1.7-23 1.8-34 7-26] 10-28 8.3x10'"| 2.5x10°
(MAPbBr,), Values are mapped against G, or An (Fig. 2) | T(Gy) | Lon(Gy) | Lop(Gy) | Bn(Gy) | up(Gy) | AN(Gy) [po+An(G,)
(IBM/KAIST/KRICT)
26 MAPbl; pc |Carrier-resolved photo-Hall effect 40-10,000 2-8] 1.8-12 2-40| 10-44 7.6x10" | 1.0x10°
Values are mapped against G, or An (Fig. 2) | T(Gy) | Lon(Gy | Lop(Gy) | un(Gy | up(Gy | An(Gy) [po+AN(G,)
(IBM/KAIST/KRICT)
FAPbIs pc 3.1 272" 6.7x10°
18 | [47] |CHaNHsPbls pc | Time resolved microwave conductivity 29+6*
19 | [48] |FAPbIs sc | Space-charge-limited current 6.6* a5 3.9x10°
FAPbBry sc 19* 62 1.5x10° r
BYa) r1+=1 l~rU~NILADhIA w~~ IPhata-Hall nhotoeoandiictivity 210" An* o anxin - —




Hall Measurement

Hall measurement in
van der Pauw configuration

\Voltmeter
ny

o

Magnetic field on

Current Source

https://en.wikipedia.org/wiki/Hall_effect -
P-TEn WHIREHIa OTgIENn ATeTee Longitudinal Transverse
Hall measurement yields: v W 0O O v W 0

- Carr!er type (hole or electrons) 0 . £0 O £ 0O
- Carrier density

- Carrier mobility O P

One of the most important and routine
measurements for electronic devices
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Limitations of Traditional Hall System

Problem:
Low mobility and/or very thin film (very high resistance) very
problematic or impossible due to very low signal to noise (S/N) ratio

. . R
This S/N correlates with the |Hallfigure of merit=—** =B m
XX

Solution: Dr. Oki Gunawan

Generate alternating (ac) magnetic field + Lock-in detection

X4 “Slave”
\magnet
Magnetic field (B):

(2) Pure harmonic

Sample ‘
zo 4 (3) Strong field
)

“Master”
magnet

Master .. # -_Slave o ) ]
y Y — <$\I/> (1) Unidirectional field

IBM Research

%\,\ Total Rotating Parallel Dipole Line System at IBM

Gunawan et al. Appl. Phys. Lett. 2015, 106, 062407
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Two Carrier System

Single Carrier System
(for p -type)

1 6
. P
O 20

A Simple solution
A Known for 140 years

Two Carrier System
(p-type under illumination)

,oqn &)
qn Ve %)
no1e
nTEQ

wheref .

O

A 2 equations, 3 unknowns (Dn, my, m)
A No solution
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H-u curves: New ldentity Equation

_lAn'=Ol ¥ I L I ¥ 1
“or \  (ar Tvee 1 A Assume two systems with same
SO: :gc::j;“/\/s ' majority density (po) and mobility (¢ ,)
o 0'4__ Pl ] 1 A But with different minority mobility (g,)
«.f) sl | A When excited with same photo-carrier
= ﬂmaf Po | density, produce different h-0 curves
i 5
0.0F . A Slope (dH / d() contains information
5 about systemds mobili
T2 s 4 5
o (S/m)
3rd equation 5 20(rAf —ocH) - rAu’e po T AULfe po.\/rz,&,uze p, +4ro(cH —rAu)
v e 20(rAu—cH)
o Ql 1Oy '
Y A o(1-fB)—Aue
’ Anl= HePo )= Aul(1- B), [Ha]= B 14y
veoooo ‘ Aupe(l+ )

Solutions!
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Photo -Hall on Perovskite
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Photo -Hall on Perovskite
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& 10k e S S— 4~ B
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A Application of equations relevant for single carrier system: misleading
A Carrier-resolved photo-hall measurements: Dn, m,, m,, all simultaneously,

subsequently, t (from Dn = G¢) and Lp , (from 0 /— T)

A Strong dependence of t (and therefore Ly ,) on Dn (or injection level)
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Recombination Kinetics

100 T e
F Mobility [ = hole 3 ] x K 1
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A Recombination kinetics 'O 'Y QY Q Y&
- Low injection regime (low light intensity): Y&  "OFQ
- High injection regime (high light intensity): ¥¢  "O0'Q 8
- Transition frommono-t o -oh bmol ecul ar r egcombi nat
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Recombination Kinetics

A i Jo
Akof rom | i
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Different values of k, from different
measurement techniques
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Recombination Kinetics

B coefhicient

(em?® s71) method source
0.6—1.1 x 107" first-principles (HSE+SOC)  this work
0.5—1.6 X 107 first-principles (LDA) Filippetti et al.”’
4.0 x 1075 first-principles (GW+SOC)  Azarhoosh et al.”
1.0 X 1077 first-principles (GW+SOC)  Davies et al.””
5.0 x 107'° transient spectroscopy Davies et al.*?
6.8 X 107 THz Crothers et al.””
09-9.4 x 107" THz Wehrenfennig et al.”*
1.1 x 10717 THz Wehrenfennig et al. >
22 x 107° THz La-o-vorakiat et al.”®
6.0 x 107! THz Milot et al.*’
1.7 x 107" PL decay Yamada et al.”®
20-4.0 x 107" PL decay Bi et al.”’

Zhang, Van de Walle et al. ACS Energy Lett. 2018, 3, 2329
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Recombination Kinetics

Discrepancy between photo

A Perovskite under 1 sun not
likely in bimolecular
recombination regime

A ni & © "0 whentraps
are considered

Levine et al. J. Appl. Phys. 124, 103103 (2018)
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Recombination Kinetics

=c W= 8 o 7 inmonomolecular recombination regime

One center recombination model

" 000 0@

When 1016 < G [/cm3-s] < 10%
E P A Pr=>>N;
T O i A allthephoto-gener at ed e

A Charge neutrality: ) ¢
for p-type: p, >> n,

pp(empty,; trmpfpieldl dad;s)tr ap‘p* e

S )
‘o- & 6 6 o -6 O g 1P P
: O 1T e 11
N P
T o, . v
O | ¢ r‘]e-‘OT
o OO0 0O’
Bube, AnPhotoelectronic Properties o
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nature ARTICLE

https://doi.org/10.1038/s41586-019-1632-2

Carrier-resolved photo-Hall effect

Oki Gunawan'*, Seong Ryul Pae?, Douglas M. Bishop', Yudistira Virgus', Jun Hong Noh*®, Nam Joong Jeon?, Yun Seog Lee! 3,
Xiaoyan Shao!, Teodor Todorov!, David B. Mitzi®’ & Byungha Shin?*

. F—
. ===
L oK T . ] F - Mobility [ = hole
.~ b ] [ dark *_electron »
" S ( PEEPUNS. = J o= =
v , N & 0Ly o™ |
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‘-E ‘e = i oo i
= .
107 . E s Photocarrier n o ] '
max ~10°F Hall o N 1
o light “”E 10k density -D'_o__o--o'o Dr. Su ng RyUI Pae
‘s (Gyma | s 7 o _.w** 1 (now at ASML Korea)
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° 3 o< e S An
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Some Outstanding Issues in CRPH

The key CRPH analysis is the photo-Hall slope to get mobility difference (D m:

(1)

Dm=g -md= 2 /d )R S48k
¢

dInH o
ns =

D Tiblope

iIginot always constant

at low light intensity

(2) Some data shows two
distinct slopes

p-perovskite p-Si p-SOI
- SR —— I . 0.22 T
101__ /—Dark — L 5F 14 021- //1\
; 1.0} [ 14 21} Z 1 I SV
Lk [ e of [®e 277 /1 - ke
" : \\ - \.‘ : S oz 8 K{..——"""jO..\\ ~1000cm2/Vs |
\ O [ o 8% 5 . (0k) | o | p-Silicon on Insulator g .\ (Ok)
10°F q‘ KRICT perovskite 4 ~ 0'5:' \ F ? ] NE 019k (SO d=5um /p/w ] ]
= b N Hallbar 1 ¢ L , —10F ¥ 4 (7)) i o
O \ ) \ L ® ~
® [ e 1 € L R P T T T 1 0.18 ’/ slope (+) _
E [ ‘. 1 el \ 0.00 0.05 0.10 0.15 ] I e S~ip 1
= » 0} \ o ] Pa) [ ~400 cm 7Vs %
101 ‘e E ! ., S 299 > ]
5 . MR - e o o ] | dark | (??7) .
[ ight 3 - Te----e 1 _ : increasing light - .
i dinH _ 4 46 . G ] 05t - 0.16 , RIS g
dino ) L6l ! ] L . } T=300K]
0 U U ST S U SR S S NSNS SN S N S S S S 0.15 PR PR PR M P
102 (ok) ‘\.J E 0.00 0.05 0.10 0.15 0.20 4.0 45 50 55
o ] O(S m-1) O (S/m)
al At aaaaal A s aasal PR AT
-4 -3 -2 -1 -y
s o it 10 Silicon: mp ~500 cm?/Vs & my ~1500 cm?/Vs

EML

Gunawan, Sham al, Nature 575, 151 (2019)

A D m--1000 cm?/Vs
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Extracting Trap Information via CRPH

Trap 2 o 15 § |deal
filling T .\, .. %\ behavior
- & (S/m) |—-0—SIope: d{cQ-H}fdsl
(1) (2) (3)
—Pao—E trap S0 e6—F trap ©0000-—-E trap

trap Is trap is
-\’L\ .\‘\__\ nearly full \‘\_\ full
light

EV EV %
SEEIElEle P00000000

@O
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Existing Technigues to Detect Traps

Deep-Level Transient Spectroscopy (DLTS)

Transient capacitance changes after a perturbation (e.g., temperature or voltage pulse).
(+) High sensitivity, can resolve multiple trap levels

(-) Need to create junction

Drive -Level Capacitance Profiling (DLCP)

Capacitance as a function of AC drive amplitude to analyze trap density

(+) Useful for characterizing deep defects, particularly in disordered semiconductors
(-) Need to create junction

Thermally Stimulated Current (TSC)
Current flow when trapped charges are thermally released.
(+) Can determine trap depths with high accuracy

Photo -Induced Current Transient Spectroscopy (PICTS)

Similar to DLTS but uses light pulses instead of electrical pulses.

(+) Particularly useful for wide-bandgap semiconductors and materials with low doping
(-) Need to create junction

Capacitance -Voltage (C -V) Profiling

Change in depletion capacitance to infer trap density.
(+) Simple and widely used in MOS structures

(-) Need to create junction

EML KAIST
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defect density N, (cm™)

Limitations of DLCP Iin Perovskite

Measurement Limitations and Detection Thresholds

A SCLC, DLCP relies on detecting charge stored on defects A Defects must
significantly influence the electrostatic potential to be detected.

Kirchartz e t al .

ACS Eneraqgyv Lett.

SCLC

thingg
films

-

o
.
[22]

—_

o
s
o

- apparent N,
based on
trap-filled limit

102 L
N,.=8n¢ g, kT/(g>d?)

see Eq. (2)
1010 -

(a) Single Carrier Devices

Nye=27me g, kTI(4q°d?)
see Eq. (3)

(b) Capacitance-Voltage

10" 100 10" 102
thickness d (um)

10 107 10° 10" 102 10°

thickness d (um)

PrtettionThredhofd* ' 3251
ot (Vi — V)
qd’

Thi cker sampl es
detectable defect densities

Thi nner sampl es
have higher defect densities
due to detection threshold

Nye >

A Perovskite single crystals reported to have defect densities of 1012 /cm3,
while thin films exhibit 107 10 /cm?3,

A Most reported values are close to the theoretical detection threshold.

A The higher defect density observed in thin films is likely due to measurement

limitations.
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Theory of Carrier

- & Trap -Resolved Photo -Hall

a E b
EC_/ trap

Ny gerisi
trap tmensny
energy E . *

level AET

) DOS

E, ]

A P-type semiconductor with a single level trap

Trap occupation nyvs. quasi -Fermi level ( Eg,):

&(B=NJE E

N, = m o (B f(B d

E

free
electron c

An
@00 £

A n T
\/\\ An"'nr trapped ¢ R AR
oton

electron

Er, Quasi
Fermi
E Fp €nergy

v EV
CRCECHONCHNC)
pOn'-A'O increasing light

N,
Tre o € B )lkT)

Occupied trap density

—

Photo -generated free electron ( Dn) in CB vs. Eg,:

Dn =N, expae

E- By
(; kBT

d AE
Fermi Dirac

Distribution Photo absorption
charge neutrality:

Dp = D N

eliminate E;, using
charge neutrality

Relationship between
nt and Dn:

ETC

nDn +N.ne*" N Do

EML
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Theory of Carrier - & Trap-Resolved Photo -Hall

Define a new quantity, n P h ocH a0l | Conductivityo (PHC)

2
_S"H| 5 = majority mobility (dark)

Spu = W r = Hall scattering factor (~1)
nT:(b-l)snsﬂ' - b
s=g egm & Yon o b
SPH:‘%-em (t 2X9n) Dn_s- =
em f #1)
Erc

nDn N.ne*" N DO

As*+ Bs s +CP_,§ tD_ SE o SF+0

A=pH -,1 B =2 - C 1 =
D=b[( bDs. sl E F|(e+ F *Ks
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The Photo Hall Master Equation: Conic Section

As*+ Bs s +CP_,§ tD_ SE o SF+0

A=b -,1 B =p2- C 1 =
D=b[( b1s. s E F|(e+ F ‘4K

Two key parameters: i Tr ap densSiTeE(F a8t or o
g

Trap enersgyemnta erdowhere Uc = Erc KgT
Substituting _ The equation of
(s, $4)- (Xy) Q(xy)= AX +Bxy €y Bx By F#o a conic section

~ < i )G o 0 e

circle

ellipse Ao — (

\ 33 =

4\ parabola B2 C
S\ hyperbola

Q is a parabola if and only if det A3z = 0, and

A B/Z Q is a hyperbola if and only if det A33 < 0,
) Q is an ellipse if and only if det A3z > 0.

Photo Hall problem:
Aj=AC -BI14 =p2/a b= gl o

IS guaranteed negative A must be a hyperbola !
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The CTRPH Hyperbola Equation

- B =

50 Ny=1.54x10"%cm’

+ E;c=0.45¢eV *\
i T a '
i J” — E X . ) 3

o~

=

D 45F
I

bﬂ.

26

C.(X_c:.Vc)

_\ y |

- |
|
|
|
|
|

Rotated hyperbola by
angle f around center

point, C (X ., V)

: T" V’ wa T =300 K
Y- MR 7 E I SR T SN L W SN
4.0 4.5 5.0 5.5 6.0
c (S/m)
Horizontal position of the inflection (or vertex), S;1A N;

Vertical position of the inflection, DA E;

O. Gunawan, C. Kim, B. Shin et al.

Sci. Adv. 12 (1), eadz0460 (2026) KAIST




Characteristics of the Photo -Hall Hyperbola Curves

SR DL L 1 i 1 | |
6 pT=300K N, 1 Point C coordinate:
5 F R -
E ¥ 1 Ye=s fb6 )4l
T :
I - -
o 3 [ 1 Trap density (at sufficiently low T ):
L p=326 :
o b N;=1.54x10"em’ ] S - §
L E.=037eV 5 : I\%/? =-1
1 L Co k ern
:l PO T T N T A T T T S (N B | |ll PR R T N T R B | |:

4.0 4.5 5.0 55 6.0 6.5 7.0
5 (S/m)

A Larger N+ (or sy) shifts the peak to the right
A Determine the trap density by locating the hyperbola peak (or vertex) point
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Characteristics of the Photo -Hall Hyperbola Curves

ES PRy EER TS EEEEY EOEEY REEEN B 20|
O =0 \\ C// -
R N N,=1.5x10"*cm®
S| SANA -
2 1 R Erc .
o g N Slope= —2 | D =y Sen(X) e /N s
g S ,// E ~»,_~.~_f\\\\\\\/_1—ﬂ " 12| 4 ) q_
o DA : NN Be |——1| 1 ss=em( b }NLé"
~ 4 ‘ N 16| o
T | TN : NN ksT |——18] |
© : R 20|
: N . e m’ B +)N. N,
s : ; \‘\ g TC = k TI
3 N C; o
1 E E ! ) \.\ T
G I
| i ‘
2 .l....l....l.l..l.... aaa d e va bl a ol g
40 45 50 55 60 65 70 75 80
c (S/m)

A Larger ec (or sg) or lower temperature shifts the peak up & shaper
hyperbolaA def i ne p & atmedterddaif i ne t he
and the hyperbola, used to calculate the trap energy level E;

A Requires the knowledge of N

EML KAIST
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The CTRPH Hyperbola Equation

.____:_I""I""-I‘Il"‘x"l""l'"
: p=3.26 T3 C(Xc:y;c)
5 o[ Ny=1.54x10"cm
- NIA X
o—" I o a ,
E | yefa—.
5 45F R :
I
bﬂ.

Rotated hyperbola by
angle f around center

point, C (X ., V)

-TO Yy’ O T=300K
3.5 Ll AR S SN TV U TR
4.0 4.5 5.0 5.5 6.0 S, = 9'73( R +N)
o (S/m) _
G formula curve £E| Fn%(ibnﬁé\@eq
Sen=Ebb ) 2+ B s s ¥ HKs,- §) 2
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Trap Detection with CTRPH

4 possible scenarios

P - type

N - type
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Trap Level Extraction from Variable Temperature CRPH

- ey -0
L N e 200
| 400
800
800
1000

v {1200
32 34 36 38 40 42 44 46

o (Sim)

A With the increasing temperature, traps are filled (by thermal
excitation), the ideal behavior becomes more dominant over varying s.

A Analysis of variable temperature Photo-Hall A trap energy level and
density

EML O. Gunawan, C. Kim, B. Shin et al. Sci. Adv. 12 (1), eadz0460 (2026) KKAIST
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Trap Level Extraction from Variable Temperature CRPH

7 350 340 330 320 310 300 290 280 270 260
a T DOS | T y T . [T T T |T'K)| — 1 T 1
4 e} (@ J— - N b o
E / " 6'/,"/..“.\0 - &§ [ @ ( ] g
6F Ec+~ N . 260 - -1 =
ET_#_T“ /,i.-/ \ d E: i \.\\ — e — '—'v____’_____v 1 12'_
e AET 2ot N 270 ‘t v Y vV
E OF Ev- l : 1 = VY @ \—. 410"
= 280 — i - L . :
A \ | f{“\ \ _ 'o-12 Ny Estimated -
oy | N X NI T / O Trap density -
o] 4 - |’/“": = .300 . % S 4
| o—® AN p—N i .\ @
dark | ,,.l-\ \, 310 LT(K) 1 o?°_13 [ Trap energy level
3 — ".. .-..\ 320 = E ETC: 0.43 eV
\. 330 | =
- i o
2 ] |3'4'0 1 . ] . 1 Y/ ) SR PRI ST R R S 1013
3 4 5 6 7 3.0 3.2 3.4 3.6 3.8
o (S/m) 1000/ T (K™)
- 6, — O 2 0 = 4
1.5 .
eHy g_(b +S§ DA YT = k. T| (Slope at dark point)

A Thetemperaturee<d e pendent characteristics Brf
using Arrhenius style analysis; no requirement of knowing N¢

A We obtain very close E; = 0.43 eV (compared with E; = 0.45 eV from hyperbola
curve-fitting at RT)

EML O. Gunawan, C. Kim, B. Shin et al. Sci. Adv. 12 (1), eadz0460 (2026) KKAIST
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CRPH on High Quality Perovskite at RT

Then quld-record Photo Hall Analysis Mobility and Photo-Carrier Density  Lifetime and Diffusion Length
perovskite solar cell ‘ . . T el [T T
® — oo TE \‘.\
B T, 2 et 1E-5 e An
& 25 o - ~F -
: % oE § 1o ."/. 12 1c6 \‘.\'\-T G
% 20 i = ./ Electron ] el
s PCE257%* | & 1e7f e
E 1. %10 L L 1 ‘.
8 10 . ‘ T __1E14 S 1B8 gt
F | . e e |
3 , ) . . ) R S 1E12 < 1E-5 Q‘K\k‘g
00 02 04 06 08 10 1.2 e ) kyT §'§.§
Voltage (V) , < o Lp= |[—ut Sy
10 1E10 ./ - e \'
PerOVSklte FAPbIB 1E-5 1E4 0.001 0.01 01 / 7 1|;14 ; 1;15 * 1|;1s * 1520 . 1EJzz 1E-?E13 1E14 1E15 1E16 1E17 1E18 1E19 1E20 1E21 1E22
from KIER [c5 on °©m Dark Gy (lem’s) Gy (forn’s) Ex—p—e=—n —s—amB

Kim et al. Science 2022, 375, 302-306

A Dark Hall measurement yield , po = 2.3 x 10 cm'3, £p = 10.3 cm?/Vs

A With increasing light intensity, mobilities increase, while both lifetime and
diffusion length decrease.
A At maximum light intensity (~0.3 sun) we have:
1. Mobility: * =31 cm?Visl® =26cm?Vist
2. Lifetime: T =38 ns
3. Diffusion length: 0 = 1.7 em.
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Trap Detection in Halide Perovskite

10 L

H (m°/C)

0.01 E[*

0.1 LE

10°

3
p,n,n_(/em’)
5 38 38

e
e

10\0 [
1015;

100 g—r—rrrrm

L Mobility F
E P
| c g . '._,o
L]
L]
10 _p e o oo ** s ”
. r
[ e e Hole
5 o— Electron
1L 1 aaauul sl FPTPrY MEPEPITTTTS IR
Fo
[ e— Hole
10'5 L oe ? ~ e Electron
Lifetime Ty o E
6
10°F ',,.7
3 ‘8
.
3 . E
] 107k .\o
E ol 3 sl asaanul il ! sul i sans
1e E Diffusion Length
C e Hole
[0—5 —e— Electron
® % (o] —e— Ambipolar
PEr—
o L]
10°F *.E
F=~~c. Tt mmmmecaa- . ® .\‘
____________ S tribg, F
10»6 PEPEPTTTTY sl PIPRTTTY BRI T | suul
10" 10" 10" 10’ 10" 107 10
Gy (lcm®s)

Hp <Hy Hp > Hy

A slope e
o s p PV1SK
RN +
= T i ) ,
' o ! e
S g

m m N
b 1
AN 4
vt -1+1/B \/
2 i i

yim 7 v 7

0 (6] 0 c

A Successfully measured trap information in high quality FAPbIF perovskite using

the CTRPH trap detection model

A N;=1.93102 /cm?3 : Capable of detecting even very low trap densities (but Et is

EML
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not accurate enough due to weak bending; quadrant Il behavior)
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CRPH at KAIST

- e T

’ L 7 £ Gy ptt : s, 3 \_\ - ;m\w ; =
Measurements hardware Optical path

s AnSw
. / BEi=s

HaZo O

Hi Chaeyoun!

HiRes /s n10nAVmax=10V

Oct 2023 - Apr 2024 @ IBM Chun Kim (KAIST) & Dr. Oki Gunawan (IBM)
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CRPH at KAIST
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Outcome of the CTRPH Technique

With the CTRPH technique we can extract 17xN charge carrier parameter +
4 trap parameters

Trap energy:

ezﬂuzﬂz(l +B)NCN,

m( J

Carrier density & trap density
(p-type example) :

Photo-generated holes:

/_ EI’(‘ =kh’T A
ol ' Photo-generated electron density :
- An=—2"C¢n
E ‘ e, S(f+1)
@B 43 |
£ 3 Mobility ratio: Trapped electron:
- ‘ | I
40 | p= (ﬁ B 1)0- T Opy — /30'0
, e —
)ark den5|ty/—. : } 1 T /6
. mobility - } e
Po>Hp I 5 ‘ /uP
35— . .
c (S/m)

EML

Trap density:

(T] - Cr{l

el

38
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CTRPH Analysis of n -Si

Consistent with Quadrant Il
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