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Abstract The development of technologically important

material zinc-blende ZnO has been hindered due to the dif-

ficulties inherent in obtaining a stable zinc-blende phase. In

this paper, we fabricate the stable zinc-blende ZnO on Pt/Ti/

SiO2/Si substrate through phase transformation from the

originally wurtzite to the zinc-blende phase. X-ray diffrac-

tion data in combination with high-resolution TEM mea-

surements provide the direct evidence on the formation of the

well-defined zinc-blende structure with predominated (202)

orientation. According to the experimental results and first

principles calculations, the incorporation of titanium dopants

into ZnO system favors the formation of the zinc-blende

structure. The platinum (Pt) surface stabilizes the ZnO zinc-

blende structure at the interface (thin film) due to its low

ZnO/Pt interface energy, preventing the decomposition in

ZnO wurtzite and Zn2TiO4. Additionally, magnetic and

optical properties of the ZnO zinc-blende thin films are

investigated. Unexpectedly, the film is found to exhibit

magnetization of *75 emu/cm3, while its ZnO wurtzite

counterpart is non-ferromagnetic.

Introduction

Group II–VI compound semiconductor zinc oxide (ZnO)

crystallizes in two main polymorphs with tetrahedral

coordination: hexagonal wurtzite (WZ) and cubic zinc-

blende (ZB). The WZ–ZnO with predominated (002) ori-

entation is commonly observed experimentally [1, 2], as it

is thermodynamically stable under ambient conditions. In

contrast, ZB–ZnO phase is thermodynamically metastable

[3]. It showed tendency to be stabilized by heteroepitaxial

growth on ZnS/GaAs [4], Al2O3 [5], Pt/Ti/SiO2/Si [6], and

other substrates by applying various synthesis techniques,

such as metalorganic, sol–gel, molecular-beam epitaxy,

etc. However, most of the obtained ZB–ZnO thin films

reveal a mixture of phases which comprises both WZ and

ZB phases separated by crystallographic defects. In some

cases, secondary phases (e.g., ZnS, Zn2TiO4, etc.) are

present in the ZB–ZnO film, depending on sample prepa-

ration technique. It is a material’s challenge to obtain

single-phase ZB phase due to a tendency to form WZ

subdomains within the ZB matrix, though it is of a par-

ticular interest due to several technological advantages

over WZ. First, the higher crystallographic symmetry of

ZB structure facilitates devices fabrication due to its low

carrier scattering and higher doping efficiencies [7]. Sec-

ond, in optoelectronics, with ZnO being the most adaptive

candidate for stable room temperature polariton operation

[8–14], ZB–ZnO laser microcavities can be easily fabri-

cated along the \110[ directions together with the sub-

strate that will lead to higher optical gain [15].

These advantages stimulated many attempts to prepare

ZB-ZnO films [4–6, 16]. However, the growth of ZB–ZnO

is difficult to achieve, and the underlying mechanism of the

ZB formation remains unclear. In this paper, we report a

fabrication of ZB–ZnO thin films on Pt/Ti/SiO2/Si sub-

strates and propose growth mechanism. The films trans-

form from WZ to ZB phase under 900 �C heat treatment,

which is attributed to Ti out-diffusion and Pt underlayer

effect. A clear Ti-doped ZB structure, (ZnOxTi1-x)O, has
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been identified by high-resolution transmission electron

microscopy (HRTEM) and X-ray diffraction (XRD) ana-

lysis. The first principles calculations support our experi-

mental observations. Furthermore, we observe some unique

features of the ZB–ZnO: (1) it has a narrower optical band

gap and (2) higher magnetization compared to WZ–ZnO.

Our findings pave the way to the realization of ZB–ZnO-

based devices.

Experimental methods

ZnO films with thicknesses of *20 and *200 nm were

grown on Pt(150 nm)/Ti(50 nm)/SiO2(300 nm)/Si sub-

strates under oxygen partial pressure of 8 9 10-4 Torr

using a pulsed laser deposition (PLD) technique. Rela-

tively low deposition temperature of 200 �C was used to

circumvent Ti out-diffusion process during the deposition

while maintaining the good crystallinity of the as-pre-

pared films. Subsequently, the samples underwent

annealing process in the range of 600–1000 �C for 8 h in

open air.

The XRD measurement was performed on Briker AXS

D8 Advance X-ray diffractometer using Cu Ka radiation

(k = 1.5418 Å). The microstructure properties of the films

were studied by a high-resolution transmission electron

microscope (HRTEM) using a JEOL 100 CX instrument

(200 kV). The cross-sectional specimens for TEM study

were thinned by mechanical grinding and ion milled to

achieve the electron transparency. The photoluminescence

(PL) spectra were recorded by means of iHR320 Horiba

Jobin–Yvon PL spectroscope under excitation of HeCd

laser (325 nm). The magnetic properties of the samples

were measured at room temperature using a vibrating

sample magnetometer (VSM) manufactured by the Lake-

shore company. The field was applied in-plane of the films.

To have a better understanding of the origin of ferromag-

netism in the Ti-doped ZnO films, (Zn1-xTix)O, a series of

ZnO films with various thicknesses (from 20 to 600 nm)

was prepared under identical deposition conditions and

annealed at 900 �C.

Further insight into a formation mechanism of ZB, the

first principles calculations were performed using Vienna

ab initio simulation package (VASP) [17] based on density

functional theory (DFT). A supercell of 3 9 3 9 2 was

employed in this work for bulk calculation. Cutoff energy

was set at 550 eV for the plane-wave basis. In all calcu-

lations, ionic relaxations were performed until forces on all

ions were\0.02 eV Å-1, while self-consistent accuracy of

\10-4 eV was achieved for electronic loops. K-point mesh

densities were varied with the default VASP-generated

C-centered Monkhorst–Pack grids [18] as the lowest

density used.

Results and discussion

Figure 1a shows typical XRD patterns of ZnO films (both

20 and 200 nm) with a prominent WZ (002) peak. After

annealing at 600, 700, and 800 �C ZnO, films retained their

ZnO WZ phase with no detection of secondary phases.

Beyond 900 �C, a notable phase change has been observed.

As revealed by the XRD study, the films were found to

possess different phases and compositions (Fig. 1b, c). The

XRD spectrum for the thin ZnO films (20 nm) demon-

strated (1) a total suppression of the predominated WZ–

ZnO (002) peak, (2) disappearance of any WZ–ZnO-rela-

ted peaks, and (3) the absence of zinc titanate-related

secondary phases (Fig. 1c). Instead, the diffraction pattern

for these films revealed ZB–ZnO (102) peak at 43.80� and

ZB–ZnO (202) peak at 56.61�, which is consistent with

previous report [6]. These results clearly indicate the for-

mation of ZB–ZnO after 900 �C open air heat treatment.

Furthermore, the lattice constant of ZB–ZnO film appeared

to be *4.64 Å, which agrees with its theoretical ZB–ZnO

values.

Fig. 1 a The XRD study of as-prepared ZnO films (both 20 and

200 nm) showed the well-defined patterns that correspond to WZ–

ZnO structure with predominated (002) orientation. b In 200 nm film,

the mixture phases of WZ–ZnO, ZB–ZnO, and Zn2TiO4 were

obtained after 900 �C open air annealing. c (002) peak vanished

after 900 �C open air annealing for the 20 nm film. It was

accompanied by the appearance of two peaks identified as zinc-

blende ZnO. Pt–Ti phase (marked by asterisk) formed after annealing,

indicating the out-diffusion of Ti. The Pt substrate peaks are marked

by ash
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In contrast, the thick (200 nm) ZnO films annealed at

900 �C showed the presence of multiple phases such as

ZnO WZ (WZ–ZnO), ZnO ZB (ZB–ZnO), and zinc titanate

(Zn2TiO4), as shown in Fig. 1b. Unlike the thin ZnO films,

the thick films had the predominated WZ–ZnO (002) peak.

The formation of the Zn2TiO4 phase can be explained by

the out-diffusion of titanium (Ti) into ZnO under high

temperature which agrees with the literature [6]. It should

be mentioned that Pt–Ti phases (marked by asterisk) were

detected after annealing. The same phases were observed in

the XRD scans of the Pt/Ti/SiO2/Si substrates without films

annealed under identical conditions.

To gain further insight into phase formation of ZB–ZnO

and Ti out-diffusion, the cross-sectional transmission

electron microscopy (TEM) imaging was performed. Fig-

ures 2a, b show the TEM images of the 20 nm annealed

ZnO film. The results demonstrate well-oriented (202)

plane with its interplanar distance of 1.66 Å, which cor-

responds to ZB–ZnO structure. In contrast, the as-prepared

ZnO film exhibits the interplanar distance of 2.6 Å that

refers to WZ–ZnO structure as shown in Fig. 2c. More-

over, Ti concentration of the samples at various depths was

examined by energy-dispersive spectrometer (EDS)

attached to the TEM system. It was found that Ti con-

centration is gradually reduced in bottom-up direction.

Figure 2a depicts that the average Ti concentration is

*12.5 % in Pt substrate, whereas it reduces to *10 % in

the ZB–ZnO film (position 2). Approaching the surface of

the ZB–ZnO (position 1), the Ti concentration is *9 %. In

the subsequent discussion, we denote our ZB–ZnO films as

ZB-(ZnxTi1-x)O due to incorporation of Ti in the film. It is

important to emphasize that no Ti element was detected in

either as-prepared ZnO film or Pt layer prior to the

annealing. This result provides direct evidence that Ti ions

have been out-diffused after the annealing which is in

agreement with the XRD data.

Apart from the structural properties variation, the WZ–

ZnO and ZB-(ZnxTi1-x)O structures have a different band

structure and optical property [3, 7]. Thus, low-temperature

(5 K) PL was carried out to investigate the optical prop-

erties of the WZ–ZnO and ZB-(ZnxTi1-x)O. The as-pre-

pared WZ–ZnO film demonstrates the strongest near-band-

edge (NBE) emission peak due to neutral donor bound

exciton (DoX) centered at 3.36 eV as shown in Fig. 3. It is

accompanied by two electron satellites (TES) of DoX at

*3.32 eV. Other three peaks are longitudinal optical (LO)

phonon replicas, separated by 0.071–0.073 eV [19] and

associated with free and bound excitons. The annealed ZnO

Fig. 2 a The cross-sectional transmission electron microscopy

(TEM) image of 20 nm ZnO film on substrate after 900 �C open air

annealing. The Ti concentrations at position 1, 2, 3, and 4 are *9,

*10, *12, and *13 %, respectively, affirming the out-diffusion of

Ti after annealing. b The corresponding high-resolution TEM

(HRTEM) image of ZB-(ZnxTi1-x)O film, showing the well-oriented

(202) plane with its interplanar distance of ^1.66 Å. c The HRTEM

image of the as-prepared ZnO film, the well-oriented (0002) plane

with interplanar distance of ^2.6 Å

Fig. 3 The low-temperature photoluminescence (PL) of a the as-

prepared ZnO film (wurtzite phase) and b ZB-(ZnxTi1-x)O film after

annealing
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film, however, showed different behaviors. It was found

that DoX peak of ZB-(ZnxTi1-x)O film was shifted to lower

energy regime by *0.034 eV compared to its WZ–ZnO

counterpart, depicting the reduction of optical bandgap

after annealing. It is noted that our experimental bandgap

narrowing value (*0.034 eV) is in the same order as the

theoretical value [20]. The bandgap reduction phenomenon

is commonly observed in the WZ to ZB transformation

process [6] which affirms the formation of ZB phase after

annealing.

Based on our structural analysis, Ti dopant certainly

plays an essential role in the transformation of WZ into ZB

phase. However, recent reports showed that Ti doping in

ZnO does not lead to the formation of ZB phase [21, 22]. It

was confirmed that ZnO ZB phase can be formed neither

by intentional doping of Ti into ZnO [23, 24] nor using Ti

or TiO2 as an underneath layer [25]. These results clearly

show that the use of Pt underlayer may play another

important role for the formation of ZnO ZB phase.

To understand the underlying growth mechanism of ZB-

(ZnxTi1-x)O, the first principles calculations were per-

formed. First, we evaluate the role of Ti and calculate the

formation energy of Ti-doped ZnO as a function of Ti

concentration, ranging from *3 to *15 %. The formation

energy increases with the increase of Ti concentration in

ZnO (Fig. 4a). The results suggest that it is possible to

form ZB-(ZnxTi1-x)O when the ratio of TiZn is\10 %. The

formation is unlikely when Ti concentration is [10 %. As

shown in Fig. 4b, the undoped ZnO has a positive trans-

formation energy (ET) which indicates that spontaneous

transformation from WZ- to ZB–ZnO is impossible.

Interestingly, the substitution of Ti (*5–10 %) into ZnO

lowers the ET to a negative value, making ZB-(Zn1-xTix)O

a more preferable phase than WZ-(Zn1-xTix)O.

Since the formation energy of ZB-(ZnxTi1-x)O has a

positive value (see Fig. 4a), the structure is likely to

decompose into energetically favorable mixture phase

(e.g., WZ–ZnO, ZB–ZnO, Zn2TiO4, etc.). It agrees with

our experimental observations that the thick (200 nm) ZnO

film exhibits the mixture phase after annealing. To prevent

the growth of the mixture phase, ZB phase should be fur-

ther stabilized. According to our findings, interface energy

between ZnO and Pt substrate is another factor that con-

tributes to ZB–ZnO formation.

Our experimental data clearly demonstrate that Pt

underneath layer is essential for the ZB phase formation.

The experimental XRD spectra unveiled that (001) align-

ment is typical for ZnO WZ film, (101) orientation pre-

dominates in ZnO ZB, and Pt has predominated peak of

(111). Based on these results, we built a model for struc-

tural simulation of WZ–ZnO and ZB–ZnO on the Pt (111)

surface. Our calculation results unveil that the surface

energy of the Pt(111) alone was found to be 2.39 Jm-2

which concurs with the previous reported value [26]. It is

noted that the WZ–ZnO film has lower adsorption energy

(-7.2 eV) than that of ZB–ZnO (-6.8 eV). Consistently,

our experimental results show that the as-deposited layer

being of WZ phase regardless its thickness.

In additional, the presence of Zn2TiO4 is considered in

our subsequent modeling, as it was detected in the thick-

annealed ZnO films (Fig. 1). Based on our model, bulk

Zn2TiO4 is more stable than Ti-substituted ZnO. In the case

of thin film, ZnO/Pt(111) has a lower interface energy than

Zn2TiO4/Pt(111). Therefore, the Ti-doped ZnO on a Pt

(111) substrate exhibits a critical (equilibrium) thickness.

Below the critical (equilibrium) thickness, the single-phase

ZB-(Zn1-xTix)O film can be obtained. Above the critical

thickness, the mixture phase of WZ–ZnO, ZB-(Zn1-xTix)O,

and Zn2TiO4 will be formed. As shown in Fig. 5, the

estimated thickness is reversely proportional to the con-

centration of Ti and demonstrates a phase boundary

between single phase of ZB-(Zn1-xTix)O and mixture

Fig. 4 a Formation energy of TiZn in WZ- and ZB–ZnO as a function

of Ti concentration. Reference energy was set as the energy of most

stable phase of WZ–ZnO. Inset: atomic structure of WZ-(Zn0.5Ti0.5)O

and ZB-(Zn0.75Ti0.25)O cell. b Transformation energy ET from WZ–

ZnO to ZB–ZnO structure as a function of Ti concentration
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phases of ZB-(Zn1-xTix)O, Zn2TiO4, and WZ–ZnO. The

critical thickness for the formation of ZB-(Zn1-xTix)O on

Pt substrate is estimated to be *10 nm for Ti concentra-

tion in the range of 5–10 %. It is consistent with experi-

mental results (film thickness *20 nm with Ti

concentration of *10 %).

Another striking characteristic of ZnO, ZB phase is its

unexpected high magnetization. Figure 6a shows the

magnetic hysteresis loops of 20-nm-thick WZ–ZnO and

ZB-(Zn1-xTix)O films. Our ZB-(Zn1-xTix)O film exhibits

the saturated magnetization of *75 emu/cm3. However, no

magnetization was observed for the WZ–ZnO. It is

worthwhile to highlight that there is no ferromagnetism

observed in annealed Pt substrate, confirming the observed

ferromagnetic signal is contributed by ZB–ZnO.

To have a better understanding of the origin of ferro-

magnetism in ZB-(Zn1-xTix)O phase, a series of the as-

prepared ZnO film with various thicknesses (from 20 to

600 nm) were annealed at 900 �C in open air. The VSM

results (Fig. 6b) showed that magnetization value normal-

ized by volume (volume magnetization) is increasing with

a decrease of thickness. The saturated volume magnetiza-

tion is *75 emu/cm3 for 20 nm as compared to *2 emu/

cm3 for 650 nm film. The magnetization was also nor-

malized by area (areal magnetization). Surprisingly, no

significant change in areal magnetization was observed,

regardless its thickness. These results suggest that the

observed ferromagnetism is mainly attributed by thin ZB-

(Zn1-xTix)O layer (*20 nm) at Pt interface. Once the

films become thicker, the mixture phase of WZ–ZnO and

Zn2TiO4 will grow on top of the ZB-(Zn1-xTix)O layer.

Conclusion

In summary, we have prepared a ZB phase of Ti-doped ZnO,

ZB-(Zn1-xTix)O thin film by controlling the thickness, Pt/

ZnO interface energy, Ti out-diffusion effect, and annealing

effect. Below the critical thickness of 20 nm, the WZ–ZnO

phase on Pt/Ti/SiO2/Si substrate transforms into ZB-(Zn1-x

Tix)O phase after 900 �C annealing. Above its critical

thickness, the mixture phase of WZ, ZB, and zinc titanate

(Zn2TiO4) forms. Based on our calculations, the out-diffu-

sion of Ti into ZnO favors the formation of ZB phase. When

the film is thin (\20 nm), the presence of Pt substrate further

stabilizes the ZB structure formation.

Fig. 5 Equilibrium thickness TE as a function of Ti concentration

(%) demonstrates two distinct regimes. Below the equilibrium

thickness (pink region), the single-phase ZB-(Zn1-xTix)O is formed.

In contrast, the mixture phases of ZB-(Zn1-xTix)O, Zn2TiO4, and

WZ–ZnO are formed above the equilibrium thickness (light blue

region) (Color figure online)

Fig. 6 a The room temperature magnetic hysteresis loop of the 20-nm-thick as-prepared WZ–ZnO film and 900 �C annealed ZB-(Zn1-xTix)O

film. b The thickness-dependent magnetization (emu/cm3 and emu/cm2) of the annealed ZnO films
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