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Band gap engineering
(Mg,Cd)ZnO

Ferromagnetism
(Mn,Fe,Co,Ni,Cu)ZnO

p-type conductivity
(Li,N,P,Sb)-doped ZnO

n-type conductivity
(Al,Ga)-doped ZnO

Motivation for alloying and 
doping of ZnO
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(Li,N,Al,P,Ga,Sb)-doped ZnO thin films

Our Message
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• Investigation of lattice (phonons) and free 
charge carrier properties (plasmons) of 
ZnO-based alloy and doped ZnO thin films 
by combination of infrared spectroscopic 
ellipsometry and Raman scattering
• MgxZn1-xO exhibits phase transition from 
wurtzite to rocksalt crystal structure with 
change of coordination number
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x = 0.80

x = 0.88

x = 1

IRSE
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X-ray diffraction 

Growth
PLD technique
Sapphire substrates 
(c-, a-, r-plane α-Al2O3)

Rutherford backscattering

Crystal structure
Lattice constants

Composition

Φa = 50°
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Phase transition
of PLD-grown 

thin films

MgxZn1-xO thin films (0 ≤ x ≤ 1)

Phase
transition

Wurtzite structure
(4-fold coordinated)

Rocksalt structure
(6-fold coordinated)

MgxZn1-xO (x ≤ 0.53)
ZnO, (Mn,Fe,Co,Ni,Cu)ZnO, 
(Li,N,Al,P,Ga,Sb)-doped ZnO

MgxZn1-xO (x ≥ 0.69)

Introduction

Extrapolation
to x=0

ε∞ ~ 4.15
ωTO ~ 300 cm-1

ωLO ~ 580 cm-1

“Cubic ZnO”

Change of
coordination

number

F1u

Discontinuity due to 
change of 

coordination number

Local mode
Mg replaces Zn
509 cm-1 (Exp.)
518 cm-1 (Model)

Solid/open
symbols:
TO/LO

Solid lines:
MREI model
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Phonon and plasmon Phonon and plasmon 
properties inproperties in (Mg,(Mg,MnMn,Ni,Co,Fe,Cu)ZnO alloy ,Ni,Co,Fe,Cu)ZnO alloy and and 
(N,Li,P,(N,Li,P,SbSb,,GaGa,Al),Al)--doped ZnO and thin filmsdoped ZnO and thin films

(Mn,Fe,Co,Ni,Cu)xZn1-xO thin films

ZnO:Sb

ZnO:Ga

ZnO:P

ZnO:Al

ZnO:N

ZnO:Li

ZnO
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Calculation [3]:
Defect- and impurity-activated 
silent modes of ZnO host lattice

Presumption [2]:
Defect-induced modes (  )

„N-related“ additional modes (  , [1])
occur in many samples, 

observation of 
dopant-specific modes (    )

B
1 (low)

2B
1 (low)

B
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1 (high)

ZnO 
modes

Phonon modes

IRSE

Raman scattering

Fig.: IRSE spectra 
(Ψ only) for cubic 

MgxZn1-xO thin 
films. Spectra are
shifted for clarity.

Fig.: Raman scattering spectra of 
several doped ZnO thin films

1E-4 1E-3 0.01 0.1

1E18

1E19

1E18

1E19

n 
[c

m
-3
]

p(O
2
)  [mbar]

 IRSE
 Hall

n 
[c

m
-3
]

0.1% Ga2O3 in target

0.5% Ga2O3 in target

0.1% Ga2O3
in target

0.5% Ga2O3 in target

Comparison of IRSE data 
and Hall effect results

Plasmon 
(and phonon) 
properties

Fig.: Free charge carrier 
density versus partial oxygen 

pressure for Ga-doped 
ZnO thin films

Fig.: Free charge carrier 
mobility versus partial oxygen 

pressure for Ga-doped 
ZnO thin films

∆ Hexagonal (PLD) [1,2]
o Cubic (PLD) [4]
□ Cubic (REBE) [3]

Agrees qualitatively 
with calculated data [5].
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Fig.: From experimental data calculated 1/ ε0

2 values for E||c.

Change of reduced exciton mass µex
upon phase transition, according to

(Eex
b changes continiousely)

2
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No defect-induced modes for CuZnO,
defect-decoration ?

Fe0.08Zn0.92O

Mn0.03Zn0.97O

Co0.17Zn0.83O

Ni0.02Zn0.98O

ZnO

Cu0.01Zn0.99O
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Raman 
scattering

Fig.: Raman scattering 
spectra of several ZnO-

based alloy thin films
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Additional modes and broad band 
typical for 3d-element incorporation
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sapphire

CuZnO

sapphire

CuZnO (2)

CuZnO (1)

d = 890 nm, N < 1 x 1017 cm-3

d = 550 nm, N = 8,15 x 1018 cm-3
(1)
(2)

Model 
structureInhomogeneous

free charge 
carrier distribution

One-layer-model
not appropriate

ω [cm-1] ω [cm-1]

IRSE

Two-layer-model
assumption

Figs.: IRSE spectra 
(Ψ only) for a

CuxZn1-xO thin film.

Good aggreement of
nIRSE and nHall

IRSE reveals anisotropy of 
optical mobility parameters
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