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• Photoelectron spectroscopy (PES)
• PV materials (Solar Cells)

• EXAMPLES (not all PV materials)
– Molecular system
– Crystal system

• Interface structure
• Energy Matching
• Orbital composition
• Dynamic
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Photoelectron spectroscopy (PES)
XPS,PES,UPS,HAXPES,SOXPES 
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Ia µ ra * H * sa(hn,q) * exp [-z/L(Ek)]

PES, 
Y-axis

∼ 15 Å 



Ia µ ra * H * sa(hn,q) * exp [-z/L(Ek)]

PES, 
Y-axis



PES, 
Y-axis

Ia µ ra * sa(hn,q) * exp [-z/L(Ek)]

J. Yeh and I. Lindau, At. 
Data Nucl. Data Tables, 
1985, 32, 1–155



Ekin = hν - Eb

Soft X-ray: MAX IV
h ν = 50 - 1500 eV

Ekin tunable for each core peak

Hard x-ray: Bessy II, Soleil, Desy, Dimaond
h ν = 2000 – 10,000 eV

Ekin tunable for each core peak

hν

In-house XPS
hν=1487 eV

Ekin fixed for each core peak
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Solar cells (very quickly)

• Solar cell: Light Þ electrical energy

• Absorb light and separate charges

• Considered expensive (also energy 

expensive)

• New types

– Molecular

– Organic

– Thin film

– Perovskite

– ...

e-

h+

hn

P=U∙I

Keyfunction: Light-absorption (electron excitation)

Charge-separation (interface) 

Conduction band

Valenceband
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Efficiency
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Solar Energy

(P x I)max
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Photoelectron spectroscopy of DSC solar cell materials
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Understand key interfacial processes in conversion

3D design Electronic structureInterface structure

Interface 
structure
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composition

Where are the atoms?

Energy 
matching

Where are the electrons?

Dynamics

How do electrons and 
atoms move during the 
conversion process.

How to facilitate efficient 
charge transfer
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XPS,PES,UPS,HAXPES,SOXPES X-axis
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Key interface –
Light to electrical energy conversion using dye molecules

Interface 
structure

CHEMICAL SHIFT: Depend on the local environment

Ia µ ra * sa(hn,q) * exp [-z/L(Ek)]
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Key interface –
Light to electrical energy conversion using dye molecules
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XPS,PES,UPS,HAXPES,SOXPES X-axis
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Energy 
matching
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Key interface –
Light to electrical energy conversion using dye molecules
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Ia µ ra * sa(hn,q) * exp [-z/L(Ek)]

Ru-complexes a molecular example Orbital
composition

Ru2+ 



PES measures Partial Density of States 
(PDOS)

Molecular
Orbitals

(Valence levels)

Conduction band

Valenceband

Core levelsAtomic Orbital
(Core levels)
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Ru-complexes a molecular example

In
te

ns
ity

 /a
rb

. u
ni

ts

10 8 6 4 2 0 -2
Binding Energy (eV)

 2800 eV
 100 eV

Orbital
composition

BL 41, BLI 411 and KMC1



Carbon or Nitrogen, 2p
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Photon energy
800100

Photon energy

Ruthenium, 4d

800100

Ru-complexes a molecular example Orbital
composition

Ia µ ra * sa(hn,q) * exp [-z/L(Ek)]



About 50%
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Orbital
composition
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Electron spectroscopy of solar cell materials
Perovskite solar cell materials

Understand key interfacial processes in conversion

2D/3D design Electronic structureInterface structure

Interface 
structure

Orbital
composition

Where are the atoms?

Energy 
matching

Where are the electrons?

Dynamics

How do electrons and 
atoms move during the 
conversion process.

How to facilitate efficient 
charge transfer

~ 20%

Goal 1: Explore, at the atomic level, the limitations of conversion due to charge dynamics.    
Goal 2: Define design rules for  efficient energy conversion. Indoor applications.



Synthesis

Figure 6 from Recent progress in efficient hybrid lead halide perovskite solar cells
Jin Cui et al 2015 Sci. Technol. Adv. Mater. 16 036004 
doi:10.1088/1468-6996/16/3/036004

Simple: 2 salt solutions, e.g PbI2 + MAI
MA



FAxMA1-xPb(I1-xBrx)3

MAPbI3

MAPb(I1-xBrx)x

Multi cation (K+, Cs+, MA+, FA+) mixed perovskite

Examples: Lead-based halide perovskite

Tim
e

FA         MA
(Also: attempts to replace Pb to Bi, Sn, Sn, Ag)

HAXPES and SOXPES



Degradation, Humidity
MAPbI3

Philippe et al., Chem. Mater. 2015, 27, 1720−1731

Before After
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hn = 4000 eV

Br3d

I4d
Pb5d

I4d3/2

I4d5/2+10% 
0%

-10%
PbI2

Binding Energy (eV)

Binding Energy (eV)

(a) I/Pb intensity ratio 
hν [eV] Probing depth [nm] -10 % 0 +10 % PbI2 
4000 18 2.49 2.36 2.28 1.96 
2100 11 3.35 3.08 2.90 -- 
758 5 4.36 4.22 3.82 2.03 

      
(b) Br/Pb intensity ratio (theo. 0.45) 
hν [eV] Probing depth [nm] -10 % 0 +10 % PbI2 
4000 18 0.39 0.45 0.45 -- 
2100 11 0.50 0.51 0.53 -- 
758 5 0.83 1.00 0.80 -- 

      
(c) I/Br intensity ratio (theo. 5.66) 
hν [eV] Probing depth [nm] -10 % 0 +10 % PbI2 
4000 18 6.38 5.25 5.08 -- 
2100 11 6.74 6.06 5.51 -- 
758 5 5.24 4.19 4.77 -- 

 

FAxMA1-xPb(I1-xBrx)3

Validation of the 

quantification process 

with a reference

Jacobsson et al. JACS 2016, 138, 10331−10343

Investigation of a mixed perovskie (FA0.85MA0.15Pb(I0.85Br0.15)3)
(a) -10% PbI2

(b) Stoichiometric (0%)

(c) +10% PbI2

Interface 

structure

I/Pb ratio of 2.55 is expected
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FA         MA

(a) I/Pb intensity ratio 
hν [eV] Probing depth [nm] -10 % 0 +10 % PbI2 
4000 18 2.49 2.36 2.28 1.96 
2100 11 3.35 3.08 2.90 -- 
758 5 4.36 4.22 3.82 2.03 

      
(b) Br/Pb intensity ratio (theo. 0.45) 
hν [eV] Probing depth [nm] -10 % 0 +10 % PbI2 
4000 18 0.39 0.45 0.45 -- 
2100 11 0.50 0.51 0.53 -- 
758 5 0.83 1.00 0.80 -- 

      
(c) I/Br intensity ratio (theo. 5.66) 
hν [eV] Probing depth [nm] -10 % 0 +10 % PbI2 
4000 18 6.38 5.25 5.08 -- 
2100 11 6.74 6.06 5.51 -- 
758 5 5.24 4.19 4.77 -- 

 

Investigation of a mixed perovskie (FA0.85MA0.15Pb(I0.85Br0.15)3)
(a) -10% PbI2

(b) Stoichiometric (0%)

(c) +10% PbI2

Interpretation of the data

Jacobsson et al. JACS 2016, 138, 10331−10343

Theo ≈ 2.55

Interface 

structure

EXCESS PbI2 FAVOURS PHOTOCURRENT AND EFFIVIENCY
(minimize organic layers that prevent charge transport)

FAxMA1-xPb(I1-xBrx)3



TiO2/ CH3NH3PbI3
band alignment

Energy 
matching

What can we learn from these measurements???

TiO2CH3NH3PbI3
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band alignment
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XPS gives 
Partial DOS (not DOS)
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PES measurements with 
laser illumination

• X-rays and pump laser on same 
spot on sample

• Measure spectra using X-rays
• Follow changes induced by laser

Dynamics

Property Facility Technique

EFFICIENT DETECTION UBjL @ Bessy 2 PES using ArTOF – LowDose-measurements, ps time resolution 
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Following moving atoms/charges 
Light induced changes

Property Facility Technique

EFFICIENT DETECTION UBjL @ Bessy 2 PES using ArTOF – LowDose-measurements, ps time resolution 

I4d Br3d 

on 

off 

on 

off 

Binding&energy&(eV)& Binding&energy&(eV)&

Ti
m
e&
(m

in
ut
es
)&

Ti
m
e&
(m

in
ut
es
)&

18202224
EB (eV)

 

 

2.5 min, 
Laser off 

35 min, 
Laser on 

65 min, 
Laser off 

Pb0 

Laser off 

Laser 
off 

Laser 
on 

a b 

Pb5d%

Ac#ve&cell&volume&
hν 

e- 
h+ 

I 

Glass&

FTO,&NSG10&

TiO2&
TiO2/Perovskite&

Perovskite&

Spiro>MeOTAD&

Gold&

Scribe&lines&

Dynamics

18202224
Binding energy (eV)

35 
min(FAPbI3 )0.85 (MAPbBr3 )0.15



Energy shift, intensity changes and 
metallic lead
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Following moving electrons

Property Facility Technique

TIME RESOLVED HELIOS (HHG @ UU) 50 fs, 20-70 eV, time-resolved PES and bandmapping
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How can one control thermalisation ?

Cappel et al. PCCP, 2016, 18 21921-21929

Dynamics



Time-resolved photoelectron 
spectroscopy 

HOMO

LUMO

Ki
ne

tic
 E

ne
rg

y

Without 
pump

With pump

Pump

XUV 
Probe

VIS

Ute Cappel, Johan Söderström, Torsten Leitner et al.
Ovsyannikov, R. et al., J. Electron Spectros. Relat. Phenomena 191, 92–103 (2013)l.

Terschlüsen, J. A. et al., Nucl. Instrum. Methods Phys. Res., Sect. A 768, 84–88 (2014).
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Dynamics



First results

PCPDTBT
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Dynamics

What can we observe?



First results
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Property Facility Technique

ENVIRONMENTS I HAXPES @ BESSY, SOLEIL, 
DIAMOND, DESY

Real interfaces during operations

The hard X-ray allow penetration
Through the interface

How is the electric field distributed, what is the role of the electrons/atoms.

Following moving atoms/charges 
Voltage induced changes



Property Facility Technique

ENVIRONMENTS I HAXPES @ BESSY, SOLEIL, 
DIAMOND, DESY

Real interfaces during operations

Following moving atoms/charges 
Voltage induced changes
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X-ray based methodology
Our main current development projects 

Property Facility Technique

TIME RESOLVED HELIOS (HHG @ UU)

UBjL @ Bessy 2

50 fs -50 ps, 20-70 eV, time-resolved PES and 

bandmapping

EFFICIENT DETECTION UBjL @ Bessy 2 PES using ArTOF – LowDose-measurements, ps time 

resolution 

ENVIRONMENTS I HAXPES @ BESSY, SOLEIL, 

DIAMOND, DESY

PES on real buried interfaces during operations.

Surface bulk. PDOS.

ENVIRONMENTS II SPECIES, HIPPIE @ MAX IV High pressure PES, RIXS on the Li edge

HIGH RESOLUTION VERITAS @ MAX IV RIXS > 30 K resolving power



Example on atomic level understanding 
Next generation – perovskite solar cells

Interface 
structure

Energy 
matching Dynamics
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Example on atomic level understanding 
Next generation – perovskite solar cells

Interface 
structure

Fraction of Br 
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1F:A0F

Linear 
 extrapolation 
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