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Course Information

Inorganic thin film 

energy device

ÅCIGS, CZTS solar cells

ÅSb2(S,Se)3 solar cells

ÅNitrides (ZnSnN2, 

MgxZr1-xN2)

Perovskite solar cell

ÅFundamental transport 

properties (Photo-Hall)

ÅWide Eg perovskite for 

tandem solar cells

ÅPerovskite/CIGS 

tandem solar cells

ÅX-ray detectors

Perovskite LED

ÅThermal evaporated 

perovskites films

ÅColloidal synthesis of 

perovskite nanocrystals

ÅLow dimensional 

perovskites

(Photo)electrochemical 

energy conversion

hv

ÅBiVO4/Si Tandem 

devices for unassisted 

water splitting

ÅEncapsulation of tandem 

PV for PEC

ÅNanostructured 

electrocatalysts

ÅEletrochemical nitrogen 

reduction

Energy Materials Laboratory at KAIST

established 2014-02 group website: http://energymatlab.kaist.ac.kr



NREL Record Efficiency Chart



NREL PV chart

Perovskite Solar Cell



Fundamental Transport Properties



Hall Measurement

https://en.wikipedia.org/wiki/Hall_effect

Hall measurement in 

van der Pauw configuration

Hall measurement yields:

-  Carrier type (hole or electrons)

-  Carrier density

-  Carrier mobility
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measurements for electronic devices



Limitations of Traditional Hall System

Hall figureof merit = XY

XX

R
B

R
m=

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 

This S/N correlates with the 

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

Rotating Parallel Dipole Line System at IBM

(1) Unidirectional field  

(2) Pure harmonic

(3) Strong field

Gunawan et al. Appl. Phys. Lett. 2015, 106, 062407 

Dr. Oki Gunawan 

IBM Research



Two Carrier System

Single Carrier System 

(for p -type)

Two Carrier System

(p-type under illumination)
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ÅSimple solution

ÅKnown for 140 years

Å2 equations, 3 unknowns (Dn, mp, mn)

ÅNo solution
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H-ů curves: New Identity Equation

Å Assume two systems with same 

majority density (p0) and mobility (ɛp)

Å But with different minority mobility (ɛn)

ÅWhen excited with same photo-carrier 

density, produce different h-ů curves

Ą Slope ( dH / dů) contains information 

about systemôs mobility

3rd equation

, ,

Solutions!
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Photo -Hall on Perovskite



Photo -Hall on Perovskite

Å Application of equations relevant for single carrier system: misleading

Å Carrier-resolved photo-hall measurements: Dn, mp, mn, all simultaneously,

subsequently, t (from Dn = Gɇt) and LD,n (from ὒȟ † )

Å Strong dependence of t (and therefore LD,n) on Dn (or injection level)
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Recombination Kinetics

Å Recombination kinetics 

 
- Low injection regime (low light intensity):

- High injection regime (high light intensity): 

- Transition from mono- to ñbi-ò molecular recombination at p0 
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Recombination Kinetics

Åñk2ò from photo-Hall = (6.4± 3.0)X10-8 cm3/s

Åk2 from literature using transient measurements (TRPL, TRMC, é.) 

~ 10-10 cm3/s
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Ὅ ὸᶿЎὲ(same sample 

used for photo-Hall)

Different values of k2 from different 

measurement techniques

k2 from our TRPL ~ (1 ï 10) X10-10 cm3/s



Recombination Kinetics

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



Recombination Kinetics
Discrepancy between photo -Hall and TR -PL

Å Perovskite under 1 sun not 

likely in bimolecular 

recombination regime

Å ὴ ÏÒ Ўὲ θ ὋȾ when traps 

are considered

~ 1 sun

Monomolecular 
regime Bimolecular 

regime

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

▬ ▫► Ў▪ θ ╖Ⱦ in monomolecular recombination regime  

Bube, ñPhotoelectronic Properties of Semiconductorsò

One center recombination model

n

p

nr (filled; trapped eôs)pr (empty; trapped hôs)

for p-type: pr >> nr
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When 1016 < G [/cm3-s] < 1022

Åpr >> nr

Åall the photo-generated eôs trapped

ÅCharge neutrality: ὴ ὲ
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Carrier -Resolve Photo -Hall Effect
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Dr. Sung Ryul Pae 

(now at ASML Korea)
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(1)  The ñDm ñslope is not always constant 

at low light intensity

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

(2)  Some data shows two 

distinct slopes

ln
/ 2

ln
P N

d H
d H d H

d
m m m s s s

s

2 å õ
D = - = ( ) = +æ ö

ç ÷

p-SOIp-perovskite p-Si

Silicon:  mP ~500 cm2/Vs & mN ~1500 cm2/Vs

                 Ą Dm ~ -1000 cm2/Vs
Gunawan, Shin et al., Nature 575, 151 (2019)

Some Outstanding Issues in CRPH



Extracting Trap Information via CRPH

Trap 

filling

Ideal 

behavior



Existing Techniques 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



Limitations of DLCP in Perovskite
Measurement Limitations and Detection Thresholds

Å SCLC, DLCP relies on detecting charge stored on defects Ą Defects must 

significantly influence the electrostatic potential to be detected.

Thicker samples Ÿ lower 

detectable defect densities

Thinner samples Ÿ appear to 

have higher defect densities 

due to detection threshold

Å Perovskite single crystals reported to have defect densities of 1012 /cm3, 

while thin films exhibit 1015 ï 1016 /cm3.

ÅMost reported values are close to the theoretical detection threshold.

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

limitations.

Detection ThresholdKirchartzet al. ACS Energy Lett. 2021, 6, 3244ī3251

SCLC DLCP



A P-type semiconductor with a single level trap
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Trap occupation nT vs. quasi -Fermi level ( EFn):

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

Relationship between 

nT and Dn:
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Photo absorption 

charge neutrality:

Tp n nD =D +

eliminate Efn using 

charge neutrality

Theory of Carrier - & Trap -Resolved Photo -Hall

Occupied trap density



Define a new quantity, ñPhoto-Hall Conductivityò (PHC) 
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Theory of Carrier - & Trap -Resolved Photo -Hall
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The equation of 

a conic section

Two key parameters : ñTrap density factorò 

, where ñTrap energy factorò 

Substituting

The Photo Hall Master Equation: Conic Section
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Photo Hall problem:
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The CTRPH Hyperbola Equation

Horizontal position of the inflection (or vertex),  s1 Ą NT

Vertical position of the inflection, D Ą ET

2 2
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Rotated hyperbola by 

angle f around center 

point, C (x c, yc)

O. Gunawan, C. Kim, B. Shin et al. Sci. Adv. 12 (1), eadz0460 (2026)

p-SOI



Point C coordinate:

C N Ex s s= -

( )C N Ey s sb= + -1
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Trap density (at sufficiently low T ):

Characteristics of the Photo -Hall Hyperbola Curves

Å Larger NT (or sN) shifts the peak to the right

Å Determine the trap density by locating the hyperbola peak (or vertex) point
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ÅLarger eTC (or sE) or lower temperature shifts the peak up & shaper 

hyperbola Ą define parameter ñDò that define the gap between C 

and the hyperbola, used to calculate the trap energy level ET

Å Requires the knowledge of NC
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Characteristics of the Photo -Hall Hyperbola Curves



The CTRPH Hyperbola Equation
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O. Gunawan, C. Kim, B. Shin et al. Sci. Adv. 12 (1), eadz0460 (2026)



Trap Detection with CTRPH

4 possible scenarios

p-SOI



Trap Level Extraction from Variable Temperature CRPH

300K 320K 340K

ÅWith the increasing temperature, traps are filled (by thermal 

excitation), the ideal behavior becomes more dominant over varying s.  

ÅAnalysis of variable temperature Photo-Hall Ą trap energy level and 

density

O. Gunawan, C. Kim, B. Shin et al. Sci. Adv. 12 (1), eadz0460 (2026)



Å The temperature-dependent characteristics of the ñdarkò slope to determine ET 

using Arrhenius style analysis; no requirement of knowing NC

ÅWe obtain very close ET = 0.43 eV (compared with ET = 0.45 eV from hyperbola 

curve-fitting at RT)

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



Perovskite FAPbI3 

from KIER

Then world-record 

perovskite solar cell

Å Dark Hall measurement yield , p0 = 2.3 x 1011 cm-3, ɛP = 10.3 cm2/Vs

ÅWith increasing light intensity, mobilities increase, while both lifetime and 

diffusion length decrease. 

Å At maximum light intensity (~0.3 sun) we have:

1. Mobility: ‘ = 31 cm2 V-1 s-1, ‘  = 26 cm2 V-1 s-1

2. Lifetime: † = 38 ns

3. Diffusion length: ὒ = 1.7 ɛm.

PCE = 25.7% *

CRPH on High Quality Perovskite at RT

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



Trap Detection in Halide Perovskite

Å Successfully measured trap information in high quality FAPbIϝ perovskite using 

the CTRPH trap detection model

Å NT = 1.9³1012 /cm3 : Capable of detecting even very low trap densities (but ET is 

not accurate enough due to weak bending; quadrant II behavior)

p-PVSK

O. Gunawan, C. Kim, B. Shin et al. Sci. Adv. 12 (1), eadz0460 (2026)



CRPH at KAIST

Measurements hardware Optical path

Measurement control box

Chaeyoun Kim (KAIST) & Dr. Oki Gunawan (IBM)Oct 2023 - Apr 2024 @ IBM 



CRPH at KAIST

May 2024 @ KAIST
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With the CTRPH technique we can extract 17xN charge carrier parameter + 

4 trap parameters

Carrier density & trap density 

(p-type example) :

Photo-generated electron density :

Trapped electron:

Photo-generated holes:

Outcome of the CTRPH Technique



CTRPH Analysis of n -Si

Consistent with Quadrant III


