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Multiferroic: Potential of multifunctionality
Multiferroic (materials) characteristic → multifunctional devices
→Simultaneous existence of two or more ferroic orders in one material system.
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Potential for 
memory storage However,….

Challenge → to simultaneously produce 

ferroelectric and ferromagnetic 

▪Ferroelectric 

•appears in material with high crystallinity 

(low defects).

•possess ions that have a formal 3d0

electronic state.

▪Ferromagnetic 

•appears in material with low crystallinity 

(high defect).

•possess incompletely filled 3d shells.

(Eerenstein et al., Nature, 2006, 442, 759

Relation between ferroelectric and ferromagnetic in multiferroic system
Ferroelectric (FE): electrically polarizable  >< Ferromagnetic (FM): magnetically polarizable

→ Coexistence FE and FM in the systems generates multiferroic characteristic (magnetoelectric).





Solution?
Ferroelectric and ferromagnetic materials is combined in several configuration.

Meyerheim et al., Phys. Rev. Lett., 
2011, 106, 0872032011

T. S. Herng et al., Adv. Mater., 
2011, 23(14), 1635-1640

Puggioni et al., Phys. Rev. 
Lett., 2015, 115, 087202

(2) Interface effects (3) Doping (4) Superlattice

(1) Composite

Y. Wang, et al. NPG Asia Mater., 2010, 2(2) 61–68

ZnO

Electronics, 

Optic and 

Magnetic



✓RT Ferromagnetism (FM) of  2% Cu doped ZnO

✓Vo contribution and Cu impurities is essential to observe FM

✓Large size vacancies orbital→ by first principle calculation. 



✓Mutual ferroelectric and ferromagnetic in Cu Doped ZnO

✓This behavior sensitive to Cu density and Vo

✓Critical [Cu] is arround 8%



✓Observation of exciton and new transition state

✓Screening of exciton by transition states

✓The role of Cu concentration to optical conductivity



• Electronic blocking and screening effects in ZnO film through dielectric function and optical 

conductivity as a function of substrates and Cu concentration have been studied systematically

• Strong modification of excitonic states in ZnO films by selecting different electronic 

environments



Surface modification effect to optical properties
→ Emission enhancement in ZnO are still become the main interest 
in thin film for photonic/optoelectronics devices

Surface modification on ZnO based thin film

modification of magnetic and electronic properties
→Reduction of ZnO dimension to increase Zn vacancy at the surface

→ZnO Nanocolumnar (NC)

→Multiple-stacked nano porous ZnO



Phys Stat Solidi A (2018) 1800458App Surf Sci. (2018) 462, 466-470

ZnO Film →Multiple-stacked nano porous ZnO
Surface modification effect to optical properties



Photoluminescence (RT and 6K) 

Phys Stat Solidi A (2018) 1800458

UV exposure

Mask

Substrate

ZnO Film

PLD H2

Annealing

UV light

6oK

RT

App Surf Sci. (2018) 462, 466-470



modification of magnetic and electronic properties of ZnO System
→Reduction of ZnO dimension to increase Zn vacancy at the surface
→ Ferromagnetic-Semiconductor (NC)

ZnO Film → ZnO Nanocolumnar (NC)
Sputtering → annealing



SEM images of ZnO under different deposition parameter

Magnetic properties of the ZnO

IEEE Magnetic Lett (2020) 11(1), 1-4, Art no. 2501704
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As-grown

Annealing

Non-uniformity of mass transfer during 
deposition
Promotes an inhomogeneous size along the vertical 
direction, forming a cone-like shape (T/Tm~0.2 zone 

I).

Post-annealing at 600oC promotes 
structural change (T/Tm~0.3 zone II)
❑Structure changes from cone-like to rods shapes.
❑O2 exposure promotes the decrease in thickness.

Effects of thermal annealing on the structure of the ZnO NC

T/Tm~0.2

T/Tm~0.3

Post-annealing at 600oC + O2



❑ Annealed-ZnO
“S” profile → ferromagnetic

Properties As-grown 
ZnO

Annealed-ZnO

+Mr (emu) - 1.17 x 10-6

-Mr (emu) - -9.64 x 10-6

+Hc (Oe) - 90.160

-Hc (Oe) - -104.805

❑ As-grown ZnO
Linear line → paramagnetic
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VZn VO

❑ As-grown ZnO

paramagnetic →
Domination of VO defect

❑ Annealed-ZnO

ferromagnetic →
Domination of VZn defect

Photoluminescence spectra of the ZnO NCs
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IEEE Magnetic Lett (2020) 11(1), 1-4, Art no. 2501704



Ferromagnetic-Semiconductor ZnO for Spin FET

Spin Field Effect Transistor (FET)

Appl. Phys. Lett. 56, 665, 1990

Ferromagnetic semiconductor is expected to play an important role as electrodes providing spin polarized electron in 
next generation device of spin FET



Doping; Exciton in ZnO:Cu

ZnO:Cu

App. Phys. Lett. 104, 081922 (2014) 

Interplay of Cu and VO

→  mid-gap optical transitions

SE and PL techniques 

→ powerful to detect defects bands and excitonic peaks
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System with Cu impurities, a few quasi-free 
electrons may be provided by Cu 3d9. This leads to 

electronic screening effects and reduced the 
intensity of excitons.



Doping; Effect of annealing temperature (ZnO:Ti)

The contribution of oxygen 

vacancies 

→ green emission (~2.5 eV) 

→ electrical properties (space 

charge limited current regime)

Materials Research Express (2019) 6, 076434



Doping; Defects in ZnO:Sn Thin films
Sn dopant

Sn doping promotes the formation of oxygen vacancy-
related trap states as indicated by A1 LO mode in Raman 
spectra and green emission in photoluminescence spectra. 

Optical Materials (2019) 88, 111-116



Carbon-doped ZnO

26

However, no report on the polarization

characteristic of C-doped ZnO

→ investigate the polarization and optical behavior in C-doped ZnO nanocolumnar

structure, which has high polarity.

3.04 emu/cm3

1.24 emu/cm3

The Ferromagnetism of ZnO:C

C.S.Wei., et al., Appl. Surface Science, Vol. 258, No. 14, 2012

Properties:

• room temperature ferromagnetic response

• hybridization of Zn and C ions

• an important role in polarization and optical 

characteristic

Optimizedproperties Dopant



Ex: Sample preparation and characterizations

Sputtering target Substrate 

preparation

Deposition process :

DC-unbulance magnetron sputtering

Parameters;

t= 4 hours,
Tsubstrat= 300 0C

P=0.3 kPa,

Power= 12 W

❑ ZnO

❑ ZnO:C-1

❑ ZnO:C-2

Characterizations:
FESEM, EDX, XRD, RT66A ferroelectric test system, PL, and UV-Vis.



Results and Discussions: EDX Spectroscopy

ZnO ZnO:C-1 ZnO:C-2

Sample name
Atomic concentration (%)

Total (%)
Zn O C 

ZnO 36.86 63.14 0 100

ZnO:C-1 40.05 47.52 12.43 100

ZnO:C-2 30.38 37.86 31.76 100

The C atom is successfully doped with ZnO



Surface morphology  

The smallest thickness of C-doped ZnO
NCs by increasing the C concentration 
due to the different sizes of C, Zn, and 
O atoms will increase the chance of 
collisions between the atoms and affect 
the mean free path of the atoms. 

850 nm 800 nm 300 nm

Hendri,et al.,(2022). Ceramics International, 48(2), 2038-2044.



XRD pattern Williamson-Hall plot

The increase of carbon concentration led to increase of lattice strain (ε) and decrease of crystallinity 
in dominant at (002) peak intensity. 

Crystal structural 



Polarization and capacitance  

The ferroelectric characteristics of the material are indicated by the butterfly capacitance curve with the sharp switching 
point, which indicates the change of polarity 



Photoluminescence and absorption spectra  

❑ The addition carbon in ZnO leads the increase in NBE emission accompanied by decreasing in defects emission
❑ The increase of carbon concentration promotes the decrease in absorption intensity accompanied by the red shift 



List table of emission of the C-doped ZnO NCs

Sample name Emission Description 

ZnO E1 (3.219eV) 

E2 (3.111eV) 

E3 (2.600eV) 

E4 (2.333eV) 

E5 (1.946eV) 

E1: near-band-edge (NBE) emission 

E2: transition from Zni to valence band 

E3: transition from Zni to VZn 

E4: transition from VO* to valence band / VZn emission 

E5: transition from conduction band to VO
++ 

ZnO:C-1 E1 (3.222eV) 

E2 (3.109eV) 

E3 (2.890eV) 

E4 (2.473eV) 

E5 (2.015eV) 

ZnO:C-2 E1 (3.245eV) 

E2 (3.112eV) 

E4 (2.323eV) 

E5 (1.986eV) 

 



Thank you


