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ABSTRACT: We have investigated the influence of Be concentration on 

the microstructure of BexZn1-xO films (from x = 0 to 0.77), grown on Al2O3 

(0001) substrates using radio-frequency co-sputtering.  With increasing Be 

concentration, the BexZn1-xO (0002) X-ray diffraction peak shows a sys-

tematic shift from 33.86o to 39.39o, and optical spectroscopy shows a blue-

shift of the band gap from 3.24 to beyond 4.62 eV towards the deep UV 

regime, indicating that Be atoms are incorporated into the host ZnO lattice. 

During the band gap modulation, structural variations (e.g. phase separa-

tion and compositional gradients of Be) in the films were observed along 

with a significant change in the mean grain size. X-ray photoelectron spec-

troscopy indicates higher concentrations of metallic Be states in films with 

smaller grain size. Correlation between these two observations indicates 

that Be segregates to near grain boundaries. A structural model is proposed through simulation, where an increase in grain growth 

driving force dominates over the Be particle pinning effect. This leads to further coalescence of grains, reactivation of grain growth, 

and the uniform distribution of Be composition in the BexZn1-xO ternary alloy films. 
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 INTORDUCTION 

Wide band-gap oxides have received a great deal of interest due 

to their potential use in optoelectronic applications, including 

ultraviolet (UV) laser diodes (LDs), light-emitting diodes 

(LEDs), high-mobility transistors and gas sensors.1-6 Quantum 

confinement (QC) and the fractional quantum Hall effect 

(FQHE) are phenomena that have been observed in well-de-

signed oxide heterostructures and can add to the wealth of po-

tential applications.7 In order to design such quantum structures, 

it is essential to understand the band-gap engineering of oxides 

and the nature of oxide-based heterointerfaces. In addition, var-

ious charge states can occur at such surfaces and interfaces (ei-

ther charge accommodation or depletion), as a result of the sur-

face termination, the formation of surface defects (e. g. oxygen 

vacancies or cation interstitials), the presence of impurities (e. 

g. hydrogen - Hi) or other chemisorbed species.8-10 

ZnO-based materials have many applications and exhibit 

many interesting physical and electronic properties, including a 

large exciton binding energy (~ 60 meV) at room temperature, 

and high transparency in both ultra-violet (UV) and visible 

spectral ranges.11  In a wider band-gap engineering process of 

ZnO-based materials, A. Ohtomo et al.12 first proposed that the 

band gap energy (Eg) of Zn1-xMgxO could be tuned from 3.3 eV 

(ZnO) to 7.8 eV (MgO) by substitution of Mg into Zn lattice 

sites in the wurtzite structure. The alloying process, however, 

was limited to x ≤ 0.36 to a structural transition from the ZnO 

hexagonal phase to the rocksalt phase of MgO at high concen-

tration. Ryu et al.13 suggested that the Eg for ZnO could be fully 

modulated by alloying with BeO (Eg = 10.6 eV) without a struc-

tural phase transition due to the two materials having the same 

hexagonal symmetry. Subsequently, a BexZn1-xO-based multi-

quantum-well structure was designed by periodically stacking 

ZnO wells with Be0.2Zn0.8O barriers, resulting in UV light emis-

sion generated from a conventional LED structure.5 After this 

demonstration, Klingshirn et al.14 suggested that one possible 

explanation of compositional fluctuations and local segrega-

tion, was diffusion of Be to the ZnO interfaces in the quantum 

well device structures. Therefore, understanding the growth 

mechanisms of BexZn1-xO films on large-mismatched substrates 

is key to improving device performance. In previous studies, 

growth of BexZn1-xO ternary thin films using various growth 

methods15-18 resulted in poor quality single crystals due to the 
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tetrahedral ionic radius of Be2+(0.27 Å) being much smaller 

than that of Zn2+(0.60 Å). This size difference can lead to a 

change in crystal space group from hexagonal (P63mc and 

Pmc21) to other crystal symmetries (i.e., orthorhombic Pmn21 

or Pna21) or zinc blende (F43m).19 Thermodynamic instability 

can also occur as a miscibility gap for BeZnO alloy system, 

leading to compositional fluctuation or phase segregation.20 Fi-

nally, considerable strain arises from the lattice mismatch be-

tween the alloy film and substrate. The interface normally fa-

vors a three-dimensional (3D) growth mode, resulting in a co-

lumnar structure, mixed growth orientations, and a rough sur-

face morphology.21,22 In this manuscript the influence of Be 

concentration on grain growth in crystalline BexZn1-xO thin 

films (from x = 0 to 0.77) has been investigated. It was found 

that a systematic change of the lattice parameter and optical 

band gap (Eg) occurs with increasing Be concentration, mean-

while non-uniform distribution of Be in the films was also ob-

served for compositions ranging from x = 0.16 to 0.41. A parti-

cle pinning model has been developed to interpret the composi-

tional fluctuations and segregation of Be, following coalescence 

of the smaller-sized grains in terms of grain boundary move-

ment as a function of Be concentration. 

 

 RESULTS AND DISCUSSION 

Film optical and structure properties. The change in the 

cut-off wavelength of the transmittance spectra for the BexZn1-

xO alloy films as a function of Be fraction is shown in Figure 

1a. The spectral range available (220-850 nm) was insufficient 

to measure for the films with high Be content due to the wider 

band gap energies. However, there was clearly a continuous 

shift of the spectra into the deep UV energy region and a high 

transparency of over 85 % as Be concentration increased. Based 

on these transmittance spectra, the absorption coefficients (α), 

of the films were evaluated from T = Aexp(−αd), where, T is 

the transmittance of the film, A is constant and d is the film 

thickness. Consequently, by taking a linear extrapolation of the 

leading edge of α2 versus (hν − Eg), the optical band gap ener-

gies in the limit of the spectral region were determined to range 

from 3.24±0.01 to 4.62±0.06 eV for Be concentrations up to x 

= 0.51 (see the inset of Figure 1a).23 Tailing of the absorption 

edge obtained was found as Be concentration increased. This is 

commonly associated with a decrease of the crystalline qual-

ity.24,25 Changes in the optical band gap energies, taken from 

transmittance spectra, exhibited a non-linear dependence on the 

Be mole fraction (Figure 1b) due to a large bowing effect (b). 

The values of b were calculated to 4.8±0.2, 4.6±0.4, 6.0±0.3, 

7.8±0.3, and 9.5±0.2 eV in the range of Be concentration from 

x = 0.05 to 0.51. The large bowing parameters, b, can be as-

cribed to the considerable difference of atomic size and large 

chemical mismatch between the Zn2+ and Be2+. A large increase 

in bowing parameters was observed as the Be concentration in-

creased. This could be associated with additional band repul-

sion between the O 2p and the Zn 3d orbitals in the electronic 

band structure of the Be-rich alloys, possibly resulting in a large 

band gap reduction.19,26 Lattice strain effect on the redistribution 

of the density of states in hexagonal symmetry of the large-mis-

matched films also requires consideration. Consequently, the 

optical results confirm that the band gap of ZnO can be tuned 

by incorporating Be into the host lattice although some struc-

tural deterioration should be expected. However, it is noted that 

the calculated optical values might be overestimated due to a 

spectral merging effect, which embedded the local distribution 

of Be composition in the optical spectroscopy measurement. 

 

 
 

Figure 1. (a) Transmittance spectra of the BexZn1-xO films with 

an increase in Be concentration [%] from x = 0 to 0.77, (inset of 

(a)) the curve of α2 vs photon energy (hν − Eg) for the films 

composed by x = 0 - 0.51 and (b) a comparison in band gap 

energies with the previous report with bowing parameters, b, for 

the BexZn1-xO alloys.  

 

X-ray diffraction (XRD) patterns of the BexZn1-xO thin films 

grown on (0001) Al2O3 substrate, taken in the θ-2θ geometry 

are shown in Figure 2a. All films were shown to be preferen-

tially oriented along the c-axis plane (0001) of wurtzite phase. 

In addition, the (10-10) and (10-11) growth orientations were 

also observed. There was a significant shift in the (0002) dif-

fraction peak position as Be concentration increased. This sug-

gests a structural change from the undoped ZnO structure 

(33.9o) towards a hexagonal BeO-type structure (41.1o).  From 

this shift, a decrease in c-axis lattice parameter was deduced 

from 5.23 for to 4.80 Å as shown in Figure 2b, confirming the 

lattice compression required for incorporating Be2+ into ZnO. 

Calculations based on Vegard's law confirmed the Be fraction 
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in the alloy films as x = 0.05, 0.16, 0.31, 0.41, 0.51, and 0.77.27 

This revealed that Be atoms were well-substituted into Zn sites 

and that the c-axis hexagonal structure was thus primarily main-

tained in all films. Broadening of the (0002) diffracted peak was 

also observed as Be composition gradually increased, suggest-

ing the deterioration of film crystal quality. This is also indica-

tive of a reduction of crystallite size with increasing Be content 

in the alloy films. It is known that adatom diffusion on a surface 

to islands can be kinetically restricted by strain concentration 

near step edges during island growth. Since the strain-induced 

energy barrier to adatom movement at the island edge is pro-

portional to lattice mismatch, smaller coherent 

 

 
 

Figure 2. (a) XRD θ-2θ scans of the BexZn1-xO films as a func-

tion of Be concentration [%], and abnormal peaks appearing be-

tween (10-10) and (0002) BexZn1-xO plane reflections are signi-

fied by blue-triangles. (b) The XRD (0002) peak positions in 2θ 

and c-axis lattice parameters as a function of Be content [%].  

islands can be formed in higher lattice-mismatch system.28 Sub-

stantial elastic strain generated from lattice mismatch between 

the BexZn1-xO films from lattice mismatch between the BexZn1-

xO films and the substrate would be further increased with the 

addition of more Be. This is due to the smaller atomic size of 

Be and causes smaller crystallites as the excess strain is relaxed. 

Hence, large lattice mismatch (more than 18%) at the BexZn1-

xO film/substrate interface is assumed to initiate a three-dimen-

sional (3D) grain growth to minimize the total energy configu-

ration (strain energy + surface energy). This leads to the for-

mation of smaller crystallites and also misaligned 

(tilted/twisted) domains with random orientations.29,30 As a re-

sult, these growth features with smaller grains are induced by 

increased lattice mismatch strain. Furthermore, since grain 

growth in films is driven by a reduction of total energy at grain 

boundaries, the grain boundary migration for the film grain 

growth could play a crucial role in the formation of crystalline 

BexZn1-xO films. This point will be discussed in more detail 

later. In the Be concentration range from x = 0.16 to 0.41, asym-

metrically split (0002) peaks and extra peaks between the (10-

10) and (0002) orientations, in Figure 1a, were clearly observed.  

Those two distinct peaks shift towards each other as Be concen-

tration increases and merge to form a single peak by a concen-

tration of x = 0.51. The peak then reduced in intensity and, dis-

appeared at the highest Be concentration of x = 0.77, where only 

an hexagonal (0002) peak was seen. Structural fluctuations may 

be attributed to a non-uniform distribution of Be atoms and a 

higher level of lattice stress from grain boundaries and the sub-

strate interface during film growth.20,31 In previous theoretical 

studies, such a phase separation in the BexZn1-xO alloy system 

was expected due to a large enthalpy of its formation arising 

from large mismatch between ZnO and BeO. Imbalance in dif-

fusivities between the solute (Be) and solvent (ZnO) in different 

grain growth orientations driven by the reduction in surface en-

ergy could also be the cause of variation in Be composition. 

Film surface morphology and chemical composition. 
AFM topography images (10 × 10 μm2) of the BexZn1-xO films 

grown on (0001) Al2O3 substrates are shown in Figure 3a. The 

images indicate that all film microstructures are consisted of 

grains, corresponding to a three-dimensional (3D) columnar 

growth mode. Various sizes of grains were randomly distrib-

uted on the film surfaces up to Be fraction of x = 0.51. For Be 

concentration of x = 0.77, a smaller grain size became dominant 

as shown in a 1 × 1 μm2 scan of the Be0.77Zn0.23O film (right-

bottom image in Figure 3a). The distribution of different grain 

sizes on film surface is consistent with XRD measurements, 

which indicated a coexistence of different growth orientations 

and broadening of the (0002) diffraction peak.30 The average 

grain size for the films were found to decrease from ~ 68.6nm 

for the x = 0 to ~ 27.8 nm at x = 0.31. An increase of grain size 

followed at higher values of x to ~ 76.0 nm at x = 0.77. It should 

be noted that the average grain size obtained from AFM analy-

sis differed from that obtained from XRD (using Debye-Scher-

rer formula), as depicted in Figure 3c.32 Further insight into this 

can be obtained by analysis of the AFM phase image (Figure 

3b). It was found that the average grain size appeared bigger 

due to a set of fine-grains along grain boundaries combining as 

Be concentration increased from x = 0.31 to 0.77. This is shown 

by spectral images of the 
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Figure 3. (a) AFM topography (10 × 10 μm2) images of the BexZn1-xO films for x = 0, 0.5, 0.31, 0.51, and 0.77, and the (1 × 1 μm2) 

image of the Be0.77Zn0.23O film. (b) Phase (1 × 1 μm2) images of the selected BexZn1-xO films composed by Be concentration, x = 

0.31, 0.51, and 0.77, magnified spectrum images (right-top and -bottom) for selected areas -A and -B of x = 0.51 and 0.77, respec-

tively. (c) The profile of crystallite size (based on FWHM values of the XRD (0002) diffraction peaks for the films) and average grain 

sizes (AFM) as a function of Be concentration.  

 

selected grains (A and B). It reveals that the formation of the 

bigger grain size is a consequence of coarsening the fine-grains 

in the grain boundary junctions.  

The XPS spectra of Be 1s and Zn 3p core-levels for the BexZn1-

xO films composed by different Be contents are shown in Figure 

4a. Spin-orbit splitting of Zn 3p core-level of all films at the 

binding energy (BE) of around 89 eV was found into Zn 3p1/2 

(higher BE side) and Zn 3p3/2 (lower BE side).33 The Zn 3p core-

level peak showed broadening and a shift to the higher BE re-

gion with increasing Be concentration in the films. This is at-

tributed to Zn ions in different net-charge distribution in the 

wurtzite alloy coordination, the presence of a variety of surface 

species (e.g. surface hydroxylation on polar surface: Zn-O-H), 

and the increase of number of Zn ions in defect states.34,35 These 

imply increased surface area to volume ratio on decreasing the 

crystallite size and non-stoichiometric wurtzite environment as 

Be concentration rises. As seen in Figure 4b, the XPS spectrum 

for the undoped ZnO film showed a broad feature (100 to 120 

eV) originating from screening effect of photo-excited electrons 

in surface plasmon excitation and inelastic collision processes 

(e. g. electron-electron and electron-phonon scatterings). This 

implies that the films surface possesses free-electron carriers 

due to native defects/unintentional impurities (e. g. Vo, Zni, and 

Hi) as is typical in undoped ZnO. It could also contribute to a 

surface band bending effect.8,9,36 The relative intensity of the 

plasmon peak decreased continuously, revealing both the reduc-

tion of free-carriers and deterioration of crystallinity in terms of 

the number of photo-excited electrons in relatively long-pass 

distance on the films surface. So, the plasmon effect on the 

BexZn1-xO film surfaces at high Be content in Be 1s core-level 

is negligible, allowing the Be 1s core-level deconvoluted into 

two components at BEs of 111.2±0.05 and 114.4±0.05 eV, re-

spectively (denoted in Figure 4b). Those two distinct compo-

nents are associated with metallic Be (BeM) and Be-O bond 

(BeO) states on the surface.37-39 Apparently, the peak intensity at 

BE of around 114 eV increased continuously, suggesting again 

well-incorporation of Be into the host, and is consistent with 

above XRD and optical spectroscopy measurement results. The 

highest ratio of BeM to BeO was observed at a Be concentration 

of x = 0.31. Then, a continuous decrease of the ratio was ob-

served with further addition of Be up to x = 0.77. All fitting 

parameters and the relative percentages of BeM and BeO for the 

Be 1s core level spectra found by evaluating the 

intensity region of Zn 2p, Be 1s, and O 1s core-levels for all 

BexZn1-xO films are presented in Table 1. Likewise, surface Be 

concentration was lower compared to the film bulk. A possible 

explanation is that this is caused by a surface segregation pro-

cess through the removal of surface atoms to minimize surface 

energy.34,40 

 

 
 
Figure 4. (a) Be 1s and Zn 2p XPS spectra for the ZnO and 

BexZn1-xO alloys as Be fraction, x, increases. (b) Experimental 

Be 1s core level spectra for all films are fitted into Be-O bond-

ing (BeO), metallic Be (BeM), and surface plasmon (SF) compo-

nents using a Shirley background with a linear component and 

Voigt (mixed Lorentzian-Gaussian) line shapes (solid lines). 
 

Particle pinning model and discussion. From the above 

experimental observations, we suggest a mechanism for grain 

growth of crystalline BexZn1-xO on Al2O3 substrates. It was 

found that Be concentration in the alloy films significantly af-

fects grain structure and its size. The model outlined below 
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Table 1. Parameters (binding energy, Lorentzian percentage of the Voigt line shape (L), and full width at half maximum (FWHM)) 

of Be 1s core level fitting and quantification values (%) of Be-O bonding (BeO) and metallic Be bonding (BeM), from XPS spectra 

(Al Kα; hν = 1486.6 eV) for BexZn1-xO as a function of Be concentration [%]. The quantification analysis of atomic compositions (Zn, 

Be, and O) for all films was determined from the areas of the Zn 2p, Be 1s, and O 1s.    

Sample Bonding Binding energy (eV) L (%) FWHM (eV) Relative percentage (%) 

Be 5 [%] BeO 114.2±0.03 8 2.2 6.67±0.3 

BeM 111.2±0.03 8 3.2 2.74±0.2 

Be 31 [%] BeO 114.4±0.03 8 2.3 22.95±0.5 

BeM 111.2±0.03 8 3.7 13.02±0.3 

Be 51 [%] BeO 114.2±0.03 8 2.1 34.42±0.5 

BeM 111.0±0.03 8 3.7 5.94±0.4 

Be 77 [%] BeO 114.3±0.03 8 1.8 44.68±0.3 

BeM 111.1±0.03 8 3.0 1.82±0.2 

 

describes a grain boundary drag effect by Be particles at grain 

boundaries, leading to the formation of smaller sized grain dur-

ing growth as illustrated in Figure 5a. It is common in grain 

growth that the grain size depends on migration of the grain 

boundaries arising from the difference of grain curvatures (pres-

sure; Pg) owing to chemical potential difference (Δμ) described 

by 29,41,42  

Δ𝜇 =
2𝛾

𝐷
= 𝑝g  

(1) 

where, γ, and D are interfacial energy at the boundary and mean 

grain size, respectively. The matrix grain boundary mobility is 

interrupted by pinning of solute particles, occupied at grain 

boundary areas.43 Namely, pinning particles at grain boundaries 

areas reduces the Gibbs free energy, retarding the movement of 

the matrix grain boundaries during growth. The grain boundary 

attached to pinning particles along 2πrcosθ1, where, r is the ra-

dius of particle, is illustrated in Figure 5a. The maximum pining 

pressure (Pp) of the particles can be denoted by 

𝑝p =
3𝑓

2π𝑟2
· (2π𝑟cos𝜃1𝛾)sin𝜃2 ≈

3𝑓𝛾

2𝑟
 

(2) 

where, f is volume fraction of the particles in the unit area of a 

random plane. The first term is the mean number of the particles 

intersecting the unit area of a random plane, and the second term 

is the maximum particle pinning force with a drag angle of θ1 = 

45o and a surface pulling angle of θ2 = 90o at grain boundary. 

As above the two driving pressures counterbalance each other, 

and the pinned grain size, Dmax, is approximately determined by 

𝐷max =
4𝑟

3𝑓
 

(3) 
According to this model, metallic Be particles may favor 

lower energy sites at grain boundaries rather than matrix of the 

grain, subsequently inhibiting the grain boundary mobility. As 

a result, reduction of grain size occurs as shown in Figure 5b. 

 

 
 

Figure 5. (a) Schematic diagrams for grain growth model for 

crystalline BexZn1-xO pinned by Be particles,29 and (b) pinned 

grain size (Dp) as a function of volume fraction (f) of Be pinning 

particles, for values of the Be particle radius (r) from 0.5 to 15 

nm. The region between the two blue-lines represents the 

pinned grain size range with Be particle size of 2 - 3 nm, which 

is consistent with the experimental results. 
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In a similar case, B. Ingham et al. reported that metallic Al at-

oms at grain boundaries restrict ZnO grain growth in the for-

mation of spinel crystallites as ZnAl2O3.
44 Our AFM and XPS 

results showed a mean grain size that was inversely proportional 

to the amount of metallic Be on all film surfaces. Furthermore, 

one can expect that increasing Be content in the films contrib-

uted to increasing the volume fraction of Be particles at grain 

boundaries and thus a decrease in grain size. There is, however, 

an inconsistency in crystallite size and mean grain size meas-

ured by XRD and AFM. This discrepancy can be reconciled by 

considering the change of the Be pinning pressure at the grain 

boundaries with the increase of Be pining particle size. An Ost-

wald ripening process for Be particles occurs through grain 

boundary slabs, resulting in a coarsening of the particles bigger 

and in turn decreasing the pinning pressure, Pp.
45 When the driv-

ing pressure of the grain growth is sufficient to overcome pin-

ning pressure of Be particles at grain boundary, the movement 

of grain boundary in the main grain growth restarts as part of 

the coalescence process. Interestingly, a two-step coalescence 

process in different grain boundary configurations was exhib-

ited at a Be concentration of x = 0.77. Initially, the fine-sized 

grains are coarsened to concave inward under the formation of 

an eight-junction grain boundary that minimizes interface en-

ergy between the grains. Then, a set of the coarsened fine-grains 

combines in a triple-junction boundary favoring a distinct grain 

growth direction in an abnormal grain growth mode. At the 

same time, Be particles could encounter lattice matrix grains 

due to the Be concentration gradient driving mass transport. 

Eventually, Be concentration is uniformly distributed across the 

fine grains via the grain boundary junctions and metallic Be 

states are reduced as shown in XPS result. 

The approximate size of Be pinning particles depends on the 

volume fraction of the particles and the pinned grain size as de-

picted in Figure 5b. Zener et al. first proposed the particle pin-

ing model with a random distribution of second phase particles 

at boundary intersections, i.e. the volume fraction, f 1, of the 

particles represents a random dispersion in both the planar (2D) 

and volume (3D) cases.43 In our model construction, since Be 

pinning particles are mostly placed at grain boundary areas ra-

ther than in the BexZn1-xO matrix grains, the model has been 

modified by requiring a non-random distribution of Be particles 

in a 3D system. Hillert et al. also suggested an applicable pin-

ning model in a 3D volume fraction of particles with modified 

parameters as given by 46 

�̃�max =
3.6𝑟

3𝑓0.33
 

(4) 

where, �̃�max is the pinned maximum grain size in a 3D system. 

The equation is only valid for f > 0.1 (10 %) as the proportion 

of metallic Be on the Be0.31Zn0.69O film surface was approxi-

mately 13 % as measured by XPS. As a result, the simulated 

plots (denoted by red dot-dashed line in Figure 5b) of pinned 

grain sizes with Be particle size of 2 - 3 nm are in good agree-

ment, found from AFM results. Note that in this approximation 

of pinned grain sizes including Be particles, several plausible 

interactions (e. g. Be particle drag, Be solute precipitation, and 

re-dissolution) between grain boundaries and the Be solute have 

been considered. 

Another aspect of this study is a coupling between pinned 

grain size pinned by Be particles at grain boundaries and the 

resulting surface variation on the films, plays a significant role 

in the compositional fluctuation of Be and the grain boundary 

areas. As the BexZn1-xO grain matrix is encountered by Be par-

ticles, the surface curvature of the matrix grain gives rise to the 

distribution of local Be concentration. In addition, an increased 

grain boundary area in the films promotes an increase in effec-

tive surface areas (higher surface-to-volume ratio), encouraging 

surface chemisorptions, e. g. oxygen chemisorption. These re-

sults in the formation of charge trapping/scattering centers, and 

thus potential barriers for charge transport.47,48 Therefore, the 

variation in the surface properties during grain growth is a mat-

ter of concern as it may cause substantial non-uniformity in film 

properties and make applications of BexZn1-xO quantum struc-

tures or, indeed, other heterostructures problematic. 

 

 CONCLUSIONS 

Crystalline BexZn1-xO films (0 ≤ x ≤ 0.77) have been grown on 

c-axis Al2O3 substrates by RF co-sputtering. Our experimental 

investigations clearly confirmed a band gap modulation of the 

BexZn1-xO films while maintaining a hexagonal crystal structure 

with a continuous shift in the peak position in XRD from hex-

agonal ZnO (34.31o) to hexagonal BeO (41.1o), and an optical 

band gap shift towards the deep UV regions (from 3.24 eV to 

over 4.62 eV with Be composition of x = 0 - 0.51). Grain growth 

of BexZn1-xO films on large-mismatched substrates, showed that 

the Be concentration in the films affects the distribution of 

grains in terms of orientation, size, and composition. In order to 

interpret the variation of grain growth kinetics in crystalline 

BexZn1-xO as a function of Be concentration, a modified Zener 

model that describes metallic Be particles driving a pinning ef-

fect on grain boundary mobility was employed. It is shown that 

grain boundary drag from Be pinning particles induces compo-

sitional fluctuation of Be in local areas, and smaller grain size 

formation. On the other hand, coalescence of Be pinning parti-

cles at grain boundaries, along with increased its volume frac-

tion, gives rise to a re-enhancement of grain growth driving 

force. This leads to the formation of a coarse-grained array by 

development of particular grain boundary junctions. The grain 

boundary junctions also act as a channel for uniform distribu-

tion of Be composition in crystalline BexZn1-xO ternary films. 

 

 EXPERIMENTAL SECTION 

Film growth. BexZn1-xO alloy (0 ≤ x ≤ 0.77) thin films of 

thickness ~ 200 nm were prepared on c- Al2O3 substrates in a 

partial pressure (PO2) of 2 × 10-3 Torr at a growth temperature 

of 400oC using the radio-frequency (RF: 13.56 MHz) magne-

tron co-sputtering (base pressure: 1.2 × 10-8 Torr). In order to 

change the Be concentration in the films, the RF power to the 

Be metal target (3N) was adjusted from 0 to 80 W, while the RF 

power of the ZnO ceramic target (5N) was fixed at 100 W. 

Films were prepared with almost constant thickness by control-

ling the growth time under fixed conditions. Prior to film 

growth, both ZnO and Be targets were sputtered in the vacuum 

chamber using a RF power of 50 W in 30 min to remove target 

surface contaminants. 

Characterizations. The structural and optical properties of 

the films were evaluated by X-ray diffraction (XRD; λ = 1.5418 

Å) and UV-visible spectroscopy measurements. Tapping mode 

atomic force microscopy (AFM) measurement was used to ob-

serve the surface morphologies of the films. To determine the 

surface electronic structure and chemical state of the films as a 
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function of Be composition, X-ray photoelectron spectroscopy 

(XPS) was performed in ultra-high vacuum (UHV: base pres-

sure, 3 ×10-11 mbar) using an Omicron SPHERA hemisphere 

analyzer and monochromatic Al Kα X-ray source (hν = 1486.6 

eV). Photo-excited electrons from the film surfaces were col-

lected using a takeoff angle of 90o. Surface charging during 

XPS measurements, resulting from the insulating nature of the 

samples was compensated for using a low energy electron flood 

gun (Omicron CN10). The binding energy (BE) scale was cali-

brated using the C 1s position (284.5 eV) and the overall energy 

resolution was 0.6 eV. Elemental composition ratios were ex-

tracted including the electron means free path correction and 

using Schofield cross sections.49 Peaks were fitted using a 

Shirley background and Voigt (convolved Lorentzian-Gauss-

ian) functions. 
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