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Resonance in Er3+ Upconversion Excitation

Introduction

ESA in Er3+ doped lanthanum chloride 
One- and two-color excitation

ETU in Er3+ doped β-NaYF4
Broad band excitation

Summary
Acknowledgements



History of upconversion (UC)

UC paper per year
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UC mechanisms

Luminescence

(1) excitation

(2) ES relaxation
thermalization (Boltzmann)
energy migration

multi phonon relaxation
energy transfer
reabsorption

(3) luminescence

(4) GS relaxation



UC mechanisms

ESA
excited state
absorption

ETU
energy
transfer
upconversion



ESA in LaCl3: 1% Er3+

UCl3 structure, space group P63/m, Z = 2

a = 7.478 Å , c = 4.375 Å

C3h

CN = 9



ESA in LaCl3: 1% Er3+

(a) GSA 4I15/2 → 4I11/2

(b) ESA 4I11/2 → 4F7/2

(c) blue UC luminescence 
4F7/2 → 4I15/2



ESA in LaCl3: 1% Er3+
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RT luminescence E⊥a

4
F7/2

2
H11/2

4
S3/2 → 4I15/2

4
F7/2 → 4I13/2

Upconversion
luminescence
spectrum

4I15/2 → 4I11/2
excitation



ESA in LaCl3: 1% Er3+
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σ polarization
E ⊥ c

10240 cm
-1

Excitation
spectra
(E⊥c, 78 K)

4F7/2 → 4I15/2
upconversion 
luminescence

convolution of
absorption
spectra  

4I15/2(1) → 4I11/2(6) → 4F7/2(1) resonance at 10240 cm-1



ESA in LaCl3: 1% Er3+
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T = 78 K

E⊥c

two color
excitation
spectrum
(E⊥c, 78 K)
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upconversion 
luminescence
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ESA in LaCl3: 1% Er3+
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T = 78 K

GSA

ESA

ESAGSA

E⊥c

two color
excitation
spectrum
(E⊥c, 78 K)

4F7/2 → 4I15/2
upconversion 
luminescence
20386 cm-1



ESA in LaCl3: 1% Er3+
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T = 78 K

GSA

ESA

ESAGSA

10280
10

16
9

E⊥c

two color
excitation
spectrum
(E⊥c, 78 K)

4F7/2 → 4I15/2
upconversion 
luminescence  
20386 cm-1



ESA in LaCl3: 1% Er3+
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π polarization
E II c 10226 cm

-1

10306 cm
-1

Excitation
spectra
(E‖c, 78 K)

4F7/2 → 4I15/2
upconversion 
luminescence 
20382 cm-1

Imax(two color excit.) ∼ 20 x Imax(one color excit.)



ESA in LaCl3: 1% Er3+
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Crystal structures of LaCl3 and β-NaYF4

LaCl3
P63/m, Z = 2

La2Cl6 

β-NaYF4
P-6, Z = 1.5

Na1.5Y1.5F6
Na1(Na0.5Y0.5)Y1F3F3

β-NaNdF4 structure, P-6, Z = 1.5, a = 5.971 Å , c = 3.527 Å

Na
Na / Y
Y
F



ETU in β-NaYF4: 20% Er3+
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Upconversion of sub-Si-band-gap photons

(a) broad-band
absorption of 
NIR light

(b) energy transfer
to Er3+

(c) upconversion

(d) absorption of
UC photons by Si

(e) enhanced
electric current
from Si solar cell

J. C. Goldschmidt and S. Fischer, Upconversion for Photovoltaics - a Review of Materials, Devices and Concepts for
Performance Enhancement, Adv. Optical Mater. 3 (2015) 510 - 535.



Upconversion of sub-Si-band-gap photons
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ETU in β-NaYF4: 20% Er3+

(a) GSA  4I15/2 → 4I13/2
on two Er3+ ions

(b) ETU
4I13/2 + 4I13/2 → 4I9/2 + 4I15/2

(c) multi phonon relaxation
4I9/2 → 4I11/2

(d) NIR UC luminescence 
4I11/2 → 4I15/2



ETU in β-NaYF4: 20% Er3+

(a) S. Fischer, J. C. Goldschmidt, P. Löper, G. H. Bauer, R. Brüggemann, K. Krämer, D. Biner, M. Hermle, and S. W. Glunz,
Enhancement of silicon solar cell efficiency by upconversion: Optical and electrical characterization,
J. Appl. Phys. 108 (2010) 044912, 1 - 11.

Excitation spectrum

extra current of a Si solar cell
due to upconversion of
sub-band-gap photons

Absorption spectrum

Er3+ 4I15/2 → 4I13/2



ETU in β-NaYF4: 20% Er3+
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Summary

ESA ETU ESA

low dopant concentration (≤1%)

excitation spectra are convolutions
of absorption spectra of individual steps

power dependence for
one-color excitation   I∼pn for n steps
multi-color excitation   I∼p for each step

ETU

dominant for higher dopant concentration

excitation spectrum resembles absorption spectrum of sensitizer

power dependence   I∼pn for n steps (low power limit)
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