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films. Infrared reflectance simulations identify a highly Temperature (K)

conductive ZnO interface layer (thicknesses in the range of

~10—29 nm for annealing temperatures >800 °C). The highly degenerate interface layers with temperature-independent carrier
concentration and mobility significantly influence the electronic and optical properties of the BZO films. A parallel conduction
model is employed to determine the carrier concentration and conductivity of the bulk and interface regions. The density-of-
states-averaged effective mass of the conduction electrons for the interfaces is calculated to be in the range of 0.31m, and 0.67m;,.
A conductivity as high as 1.4 X 10* S-cm™ is attained, corresponding to the carrier concentration ny, = 2.16 X 10*° cm™ at the
interface layers, and comparable to the highest conductivities achieved in highly doped ZnO. The origin of such a nanoscale
degenerate interface layer is attributed to the counter-diffusion of Be and Zn, rendering a high accumulation of Zn interstitials
and a giant reduction of charge-compensating defects. These observations provide a broad understanding of the thermodynamics
and phase transformations in Be,Zn, ,O alloys for the application of highly conductive and transparent oxide-based devices and
fabrication of their alloy nanostructures.
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1. INTRODUCTION

Recent progress in the advancement of oxide-based optoelec-
tronics has been accomplished through improved control of
oxide film growth and allowing the fabrication of artificial
heterostructures,"” the effective control of ionic polarity and

Wide direct band gap zinc oxide (ZnO)-based materials have
promising properties such as: large exciton binding energy
(260 meV); unintentional n-type conductivity; high trans-
parency in the near-ultraviolet and visible ranges; and the high
natural abundance.'>'* These materials provide opportunities
for the fabrication of optoelectronic devices, e.g., laser diodes

intentional/unintentional doplng, (LDs), light emitting diodes (LEDs), high electron mobility

% and band gap engineering

of these materials.°"® The surface and interface regions of
oxides give rise to exotic and interesting physical and chemical
phenomena such as band bending, Fermi-level pinning, surface
reconstruction, and highly accumulated charge carriers at oxide
~'> These are primarily associated with the
distribution of a number of neutral or charged point defects/
impurities, the removal of surface atoms, and structural defects
such as threading dislocations or planar defects/grain
boundaries.

. 9
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transistors (HEMTs), UV sensors, and their nanoscale
structures in device ::1pplications.l’15_18 However, there are
persistent issues in ZnO materials including: difficulties of p-
type doping due to unintentional/extrinsic n-type hydrogen
impurities’ and the position of the charge neutrality level
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(CNL), ie., the energy at which defect states change from
donor-type to acceptor-type with reference to the Fermi level,
being above the conduction band minimum;'® thermal
instability at high temperature (above 600 °C); and the
distribution of thermally created defects such as interstitial Zn
(Zn;), Zn vacancy (Vy,), interstitial oxygen (O;), and oxygen
vacancy (V).>**' The formation of such intrinsic defects,
which create states in the band gap of ZnO, strongly depends
on the experimental conditions, namely, thermodynamic
equilibrium.

Band gap engineering of ZnO is profoundly important to the
design of quantum structures in respect to electron confine-
ment for the enhancement of optoelectronic performance."**
Limitations of band gap modulation for Mg, Zn, O (Mg
fraction: x < 0.33) and Cd,Zn,_,O alloys (Cd fraction: x <
0.07—0.69) have been reported due to the structural difference
between hexagonal ZnO and cubic MgO/ Cd0.5% As a result,
Be,Zn,_,O ternary alloys have been considered as an
alternative since both ZnO and BeO possess wurtzite (WZ)
crystal structures.”> However, structural fluctuation, e.g.,, phase
separation, occurs due to large differences in atomic size
between Zn (3.06 A) and Be (2.80 A) and their large chemical
difference;** differences in formation enthalpies;25 and
substantial strain caused by highly mismatched underlying
substrates, e.g,, Si and A1203.26_ 8 The phase stabilization of
Be,Zn,_,O alloys is the subject of experimental and theoretical
studies to date aiming to achieve homogeneous Be,Zn, O
alloys. Hence, understanding the thermodynamics of Be and
following phase transitions in the alloy system is essential to
control solid-state reactions and the resulting physical and
chemical properties.

In the present study, we explore the effect of thermal
treatment on an inhomogeneous Be,Zn,_,O (BZO) film grown
on Al,05(0001) at annealing temperatures up to 950 °C.
Thermal annealing induces significant recrystallization via strain
relaxation and atomic redistribution of the multiphase
crystalline films. This results in considerable microsegregation
of BeO and ZnO phases within the film combined with the
formation of a crystalline ZnO interface layer. X-ray photo-
electron spectroscopy (XPS) along with infrared (IR)
reflectance measurements and simulations clearly show the
out-diffusion of Be atoms and precipitation of lattice point
defects in the BZO films with increasing annealing temperature
(T,). Highly conductive layers emerge at the BZO/ALO,
interface for T, > 800 °C. As a consequence, carrier
concentration, conductivity, and density-of-state averaged
effective masses of the degenerate interfaces are separately
determined by applying a two-layer model for the high-
temperature annealed BZO films. High accumulation of Be
(Zn) at the surface (interface) is addressed by the migration of
cations during high-temperature annealing based on a counter-
diffusion mechanism to elucidate the formation of the highly
degenerate interface layer in the alloy film.

1

2. RESULTS AND DISCUSSION

2.1. Recrystallization and Atomic Distribution in BZO
Films. Significant recrystallization of the as-grown multiphase
BZO film on an AL,O;(0001) substrate was observed, showing
a visible structural transition at T, > 700 °C [see Figures S1
and S2 in the Supporting Information]. The Be composition of
~6% of the as-grown alloy film was determined from XRD
measurements by using Vegard’s law.”® The phase separation
and structural fluctuation in the multiphase alloy film were

interpreted by changes in the local composition of Be caused by
thermal instabilitz and lattice strain in this highly mismatched
heterostructure.”**® Therefore, we attribute the recrystalliza-
tion of the multiphase crystalline film to the redistribution of Be
and strain relaxation following annealing,

Transmission electron microscopy (TEM) measurements
were performed in order to understand the microstructural
properties of the recrystallized BZO film at T, = 950 °C. Figure
la shows cross-sectional TEM images of an annealed BZO film.

<
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=
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Figure 1. (a) Cross-sectional TEM image of the annealed BZO film on
an Al,0,(0001) substrate (T, = 950 °C). The annealed film is formed
of (i) surface nanoparticles (NPs) [the top inset], (i) the main film,
and (iii) the intermixing layer. The insets are high resolution TEM
images of the NP and Fast-Fourier transform (FFT) associated with
the red-square area in the HRTEM image. (b) HRTEM image along
the <1120>-zone axis of the BZO/Al,O; interface region. The selected
red-squares I, II, and III represent the main film, intermixing layer, and
substrate, respectively. The corresponding FFTs of the red-square
areas I and II indicate WZ and face-centered cubic (FCC) structures.
The extracted lattice constants are shown in the images I and IL

The total thickness of the film was found to be 152 + 8 nm.
The recrystallized film consists of three distinct regions: (i)
nanoparticles (NPs) at the surface [the top inset], (ii) the main
film, and (iii) the intermixing layer. The crystallization of the
NPs is WZ phase BeO with the calculated lattice constants, a =
263 A and ¢ = 427 A The T, dependent size and
distribution of the nanodroplets/NPs at the surface of the
annealed films were also observed in AFM (Figure S3 in the
Supporting Information). A detailed mechanism for the
formation and behavior of the NPs at the surface of the
annealed BZO films has been presented in our previous
study.>
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Figure 2. (a) Cross-sectional STEM image of the BZO film annealed at T, = 950 °C. The image is presented by merging bright-field (gray) and
annular dark-field (green) images. (b) Energy dispersive X-ray spectroscopy (EDS) line scan across the annealed BZO film. The EDS line profiles for
the composed elements (Be, O, Zn, and Al) across the sample correspond to the orange vertical solid line in (a).
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Figure 3. (a) Normalized XPS spectra of Zn 3s and Be 1s core-levels. (b) The relative ratio (%) of surface Be concentration to Zn [Be/(Zn + Be)]
for the as-grown and annealed BZO films (T, = 600, 800, and 950 °C). (c) Valence band (VB) photoemission spectra for the surface of the annealed
films. The values of £ indicate the separation of the VB maximum and surface Fermi level (E). (d) A diagram of E; under a change of the band gap
energy for the BZO films annealed at T, = 600, 800, and 950 °C. The values of AE denote the separation of the optical band gap (E,) to Ey for the

annealed films.

Figure 1b shows the high resolution transmission electron
microscopy (HRTEM) image along the <1120>-zone axis for
the interface region of the annealed film at T, = 950 °C. The
structural properties of the three different regions, namely,

BZO film, intermixing layer, and substrate were examined

18760

separately by selecting the red-square areas I, II, and III,
respectively. The associated Fast-Fourier transform (FFT) of
the red-square I shows typical spots representative of WZ
structure. The lattice constants of the film were determined to
be a = 3.25 A and ¢ = 5.19 A by extracting the plane spacing of
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0001 and T100. These are almost identical to that of bulk ZnO
(a=325Aand c=5.20 A) [see the upper-right FFT image I in
Figure 1b].>" This is indicative of a low Be composition or even
no Be in the annealed BZO film (T, = 950 °C) near the BZO/
Al,O; interface.

Crystallization of a new interfacial layer (<10 nm thick) was
found at the BZO/ALO; interface region as denoted by the
red-square II of Figure 1b. The corresponding FFT pattern
displays a face centered cubic (FCC) structure with interaxial
angles between the planes as shown in the bottom-right image
II of Figure 1b. The obtained lattice constant, a = 8.00 A s
close to that of ZnAl,O,, a = 8.086 A.>*** Hence, the formation
of the layer is believed to be caused by an interfacial solid-state
reaction of ZnO and Al,O; at high annealing temperatures.
This results in the crystallization of spinel ZnAl,O, or Zn-
deficient phase Zn,ALO, at the interface depending on the
degree of the atomic diffusion of Zn and O into ALQ;, ie,,
(Zn0), + (AL, 04),,. Furthermore, the orientation relationship
between the annealed BZO film, thermally crystallized
ZnAlL,O, and AL,O; were determined to be present with

[0001]320” [lll]ZnA1204” [0001]1\1203 and

(101075201 [112] 21,0, [1120] 1,0,

Figure 2a displays a cross-sectional scanning transmission
electron microscopy (STEM) image of the annealed BZO film
(T, = 950 °C). The STEM image is created by merging the
bright-field (phase contrast in gray color) and annular dark-field
(Z-contrast in green color) images to obtain clear visualization
of the spatial distribution of elements. The contrast in the
bright field image is correlated to the mass—thickness and
diffraction, while the intensity, I, of the Z-contrast dark field
imaging by elastically scattered incoherent electrons is propor-
tional to atomic number, Z, according to I & Z% where a is a
parameter (@ < 2).>* Hence, the STEM image enables the
examination of atomic distribution and chemical composition
in the main film and intermixing layer. The vivid contrast
between the surface and near interface region was observed in
the image [Figure 2a]. This is due to a higher accumulation of
lighter Be atoms (larger Zn atoms) at the surface (interface)
relative to Zn (Be). Moreover, the density of partially
distributed darker spots in the dark field image increases
toward the surface of the film, implying an increase in the
number of Be and/or BeO clusters closer to the surface. The
intensity for the interfacial layer (based on the bright-field
STEM) is darker than that of the substrate region (Al,O,)
which is caused by the intermixing of ZnO and Al,O; and the
resulting spinel ZnAlL,O, or Zn,ALO, as mentioned earlier.

To further resolve the chemical compositions in the sample,
energy dispersive X-ray spectroscopy (EDS) measurements
were performed as shown in Figure 2b. The EDS line profiles
for each element (Be, O, Zn, and Al) across the specimen
correspond to the orange vertical line in Figure 2a. Note that
the signal intensity of Be and light atoms is generally
underestimated in EDS as the detector is equipped with a Be
window.*® Apart from the limits of the concentration analysis
for lighter elements in the sample within the EDS character-
istics, an upward gradient in the intensity of Zn was clearly
found moving toward the interface, denoted by the red arrow in
Figure 2b. This is indicative of an increase in the atomic
concentration of Zn toward the interface, which corroborates
the locally brighter region in the film close to the interface,
relative to the surface and substrate areas, in the Z-contrast
STEM image [Figure 2a). The atomic intermixing of Zn, Al

and O as a result of ZnO diffusion to the top surface of Al,O,
substrate was also verified from the EDS profiles of the
interface region.

2.2, Surface Chemical Composition and VB Photo-
emission. Monochromatic XPS measurements were per-
formed to investigate the variation of Be composition and
electronic structure as a function of T, for the surface of the
BZO films. Figure 3a shows the normalized XPS spectra of Zn
3s and Be 1s core-levels for the as-grown and annealed BZO
films at T, = 600, 800, and 950 °C. The Be 1s peak located at a
BE of 114.25 + 0.15 eV is attributed to a chemical bonding of
the Be—O state (metallic Be states, BE ~ 111 eV).** This
results from the incorporation of Be atoms at Zn sites forming a
Be,Zn, O alloy for the as-grown film. Moreover, the Be 1s
peak intensity gradually increased with respect to Zn 3s with
increasing T, suggesting segregation of Be to the surface and
the subsequent formation of BeO phases as observed in the
TEM results. By comparing the relative XPS core-level
intensities of Zn 3s and Be 1s, it was also observed that the
Be composition to Zn (Be/(Zn + Be)) at the surfaces of the
ternary films was increased from 29.4% to 51.3% with
increasing Ty, up to 950 °C, as shown in Figure 3b. This Be
enrichment could be caused by two factors during the thermal
treatment process: (i) atomic replacement of interstitially
distributed Be atoms onto Zn sites and (ii) out-diffusion of Be
atoms toward the surface region.

Utilizing the optical measurements of the BZO films, the
absorption edges were obtained by extrapolation of the linear
portion to horizontal background of the absorption coefficient
(a*) spectra (shown elsewhere).*® These results show a
continuous decrease of the optical band gap energy with
increasing T, as illustrated in Figure 3d. Therefore, it is
believed that the increased Be composition at the film surface is
primarily associated with thermally induced out-diffusion of Be
atoms. This also supports the surface segregation of Be and the
droplet/NP formation, which was observed in the TEM and
AFM results.

Figure 3c displays the XPS spectra of valence band (VB)
photoemission as a function of T, for the BZO films. The
position of the surface Fermi level (Eg) in the films was
determined by extrapolating a linear fit to the sharp edge of the
VB spectra. Since the external electrons supplied by a charge
neutralizer cause a shift in the near VB region, E of the as-
grown film is discounted. These data indicate that the VB edges
of the BZO films shifted toward the higher BE regions with
respect to Eg as T increased, corresponding to an upward shift
of E. Considering the band gap energy (Eg) change from 3.46
eVat T, = 600 °C to 3.39 eV at T, = 950 °C, E; for the BZO
films moves toward the conduction band minimum (CBM) as
AE (E, — Eg) decreases [Figure 3d]. This is suggestive of
thermally induced excess donors near the surface together with
the reduction of the band gap energy in the films as T, is
increased.

2.3. IR Reflectance Measurement and Simulation
Models. IR reflectance measurements were carried out to
determine the film thicknesses, IR-active BZO phonon modes,
and electron plasma frequencies (assigned to free carrier
excitations). According to an irreducible representation of
lattice vibration modes for WZ BZO (space group: C,) at the
center (I'-point) of the Brillouin zone, IR active A; and E,
phonon branches are polarized along the z-direction and xy-
plane, respectively.*®>” Both branches are composed of
pronounced transverse optical (TO) and longitudinal optical
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Figure 4. (a) Experimental IR reflectivity spectra (black circle) plotted with the simulated spectra (green and red solid lines). The insets represent
schematic diagrams of three-phase model for the as-grown, and 700 °C, and four-phase model for T, = 800 and 950 °C. (b) Variation of the phonon
mode frequencies, E;(TO) and (LO), of the BZO film bulk (closed circle) and interface (open circle) layers as a function of T,. (c) Three impurity

modes of the BZO films annealed at T, = 950 °C.

(LO) phonon modes, due to the macroscopic electric field
associated with the LO phonons in WZ structure.*®*® On the
basis of the above anisotropic dielectric response of the BZO
films, s-polarized light has been used to attain E L ¢, where E is
the electric field of incident light, obtained parallel to the
surface. The s-polarized reflectance spectra of the BZO films
(the as-grown and annealed, T, = 600 °C) were simulated
using the classical Drude model (ep) for carrier response and
the modified expression, which involves the factorized model
(e) for the host lattice response and a model function (epy)
describing IR-active impurity,*®

€ = (e, + €p) X €1m,j
2, _ 2 2
— ¢(c0) H o+ 10Y 6, ~ @ro,i B w,
2 . 2 .
0"t oy — oo, o(w + zyp)
iwdy . — dw,
, i
x [T+ — >
; w” + znyMD] D\
(1)
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where €(), w, ®(TO,i), ®(LO,i), y(TO,i), and y(LO,i) are
the high frequency dielectric constant, frequency of the incident
radiation, frequencies and damping factors of the ith TO and
LO phonons, respectively. @, and ¥, are the resonance plasma
frequency and broadening parameter, respectively. @(IM,),
y(IM)), 6(IM;), and 8y(IM;) are denoted as the frequency and
broadening parameter of impurity modes and the LO-TO
splitting value and broadening parameter. Additionally, the
annealed BZO films at T, > 700 °C indicate high
conductivities by room-temperature (RT) Hall effect measure-
ments. The LO-phonon-plasmon (LPP) coupling effect was
considered when @

P
modes. This was implemented using the factorized LPP model,

was in the range of or close to the LO

LPP
e=¢€" Xey

i
2 L~ ~
€1LPP(OO) H,‘ (wZ + lw}/Lpp,i - wLPP,iZ)

wH,‘ (0) + IYP) Hi (a)2 + l'Cl)}/TO,i - Cl)TO,iZ)

X €n;

)
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Table 1. Best-Fit Parameters Used in the IR Simulations for the BZO Films, where T, € (), E; (TO), E, (LO), @, and d are
Annealing Temperature, High Frequency Dielectric Constant, E; Transverse Optical Phonon Frequency, E; Longitudinal
Optical Phonon Frequency, the Plasma Frequency, and Layer Thickness, Respectively

T, (°C) BZO sample € (o0) E, (TO) (meV) E, (LO) (meV) @, (meV) d (nm)
as-grown film layer 3.55 £ 0.05 592 £ 0.5 78.5 £ 0.04 212 + 8
600 film layer 3.55 + 0.05 57.0 £ 0.3 77.5 + 0.05 16 + 12 209 + 6
700 film layer 3.62 + 0.02 543 + 0.1 76.1 + 0.0S 42+8 208 + 8
800 film bulk layer 3.62 + 0.02 532 £ 0.1 75.9 + 0.0 68 + 6 192 + 4
interface layer 3.85 + 0.05 SL.S £ 0.8 737 £2 295+ 5 10+£2
900 film bulk layer 3.66 + 0.03 522 £ 0.1 75.3 = 0.05 86 + 4 139+ 2
interface layer 3.92 + 0.05 512 + 0.9 73.5+3 320 + 4 20+ 1
950 film bulk layer 3.80 + 0.02 S1.8 £ 0.1 74.8 + 0.03 9S+6 114 £ 3
interface layer 3.96 + 0.05 S1.0 £ 0.8 731 +2 336 £ 5 29+2
250
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Figure S. (a) Thickness (d) variation on the total, film bulk, and interface with increasing T, (presented in Table 1). (b) Plots of plasma frequencies
(wp) for the film bulk and interface layers and carrier concentration (ny) as a function of T,. (c) Temperature dependent ny; and mobility () for
the BZO films annealed at T, = 600, 800, and 950 °C. The inset in (c) shows corrected film bulk carrier concentration (n) versus inverse

temperature for the BZO films annealed at T, = 800 and 950 °C.

Here, @ pp; and 7 pp, are the eigenfrequencies and broadening
parameters of free carriers and lattice phonon modes (the LPP
modes). The screened frequency of the lower (i = 1) and
higher (i = 2) LPP modes are given by

Wypp; =

1 ,
{E[wmz + o, + (-1)-
12
\/(a)LOZ + a)pz)2 - 4a)P2wT02]} 3)

The reflectance spectra of the as-grown and annealed
samples at T, < 700 °C were modeled taking a three-layer
stratified medium as vacuum/film/substrate. In contrast, the
samples annealed at T, > 800 °C were modeled assuming a
four-layer stratified medium by dividing the film into a bulk and
an interface layer. The experimental data and simulation
together with schematics of the sample layers are shown in

18763

Figure 4a. The factorized model was used for the simulation of
the Al,Oj substrate, where the dielectric constants and phonon
modes are used as input parameters. The effect of thermally
nucleated NPs at the surface was accounted for by taking their
incoherent optical response in the IR reflectance simulation.
The extracted parameters are given in Table 1.

Figure 4b shows plots of the phonon energy of E;(TO) and
(LO) modes for the BZO films as a function of T,. The result
shows that both the E;(TO) and (LO) bulk phonon energies
gradually red-shifted to lower phonon energies with increasing
Ty. As a consequence of the Be substitution in the host ZnO
lattice, higher lattice vibration energies (phonon energies) were
seen compared to that of undoped ZnO [see Figure 4a]. This is
due to the smaller reduced mass and stronger bonding of Be—
O compared to Zn—O in the WZ lattice. This corroborates the
decrease of the lattice phonon energies attributed from the out-
diffusion of Be from the BZO bulk during the annealing

dx.doi.org/10.1021/am5043388 | ACS Appl. Mater. Interfaces 2014, 6, 18758—18768
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process. The phonon energies of the interface layers for T, >
800 °C are also close to those of the undoped ZnO [E,(TO) =
50.8 meV and E;(LO) = 72.7 meV].** This implies a lower Be
concentration at the interface compared to the bulk region.

As mentioned above, three additional impurity modes were
observed at IM, = 82.6 meV, IM, = 98 meV, and IM; = 106
meV [Figure 4c]. No specific origin of these impurity modes
has been reported to date. The second term in eq 1 describes
the perturbation to host lattice phonon modes arising from the
local potential of impurities. Hence, within this model, these
modes could be attributed to local multiphonon modes
associated with BeO segregation and intrinsic lattice
defects.*"** The polarity splitting parameters (broadening
constants) of these impurity modes increased (decreased)
with T, suggesting an increase in local segregation of BeO and
defect density within the annealed BZO films.

2.4. Temperature Dependent Carrier Concentration
and the Double-Charge Layer Approximation. The IR
reflectance simulation results are summarized in Table 1 and
show that the thickness of the layers within the BZO films
varies as a function of T,. These results indicate that the total
and bulk thicknesses significantly decrease when T,, > 800 °C,
while the interface layer thickness increases. This effect is
shown in Figure Sa and could be due to thermally dissociated
Zn—0 bonds or an increase in density of textured grains. In our
previous work, the effect of thermal treatment on the thickness
variation in BZO films with different Be concentrations was
investigated.>® A high dissociation ratio in undoped ZnO films
was observed as T, above 800 °C, accompanied by a sudden
decrase in the film thickness. Hence, the thickness reduction in
the BZO films is mainly attributed to thermally induced lattice
dissociation of the Zn—O bond during the thermal annealing
process.

In order to account for the distribution of carriers within the
films, the plasma frequency of each layer is plotted as a function
of T, in Figure 5b. A monotonic increase in the plasma
frequency was observed in both layers with the increase of T).
As the plasma frequency is proportional to the carrier
concentration, a higher concentration was expected for higher
T, according to eq S. This is consistent with the results of RT
Hall effect measurements shown in Figure Sb. It is worthy of
note that there is a large difference between the plasma
frequency of the film bulk and interface layers for T,, > 800 °C,
and it reveals that the interface layer could be degenerate.
Hence, variable temperature Hall effect measurements were
performed in the range of 5—300 K for the BZO films annealed
at T, = 600, 800, and 950 °C, as illustrated in Figure Sc. The
annealed BZO film (T, = 600 °C) with no interface layer
showed an anomalous temperature dependent carrier concen-
tration with a mobility below 10 cm?V™'s™" across the entire
temperature range. This unusual behavior could result from
defect, grain boundary, or alloy scattering due to disorder in the
phase-segregated alloy, observed in the XRD and AFM results.
In contrast, the annealed BZO films at T, = 800 and 950 °C
showed temperature-independent Hall carrier concentration
(ny) and mobility (py) values, supporting the existence of a
degenerate layer at the BZO/substrate interface. By considering
the classical freeze-out of carriers in the nondegenerate bulk
region, the majority of carriers at low temperatures must come
from the interface region. Hence, the sheet carrier density (n},,)
and mobility (yy,) in the interface layers were obtained by a
linear extrapolation of the Hall data to 0 K. The interface carrier
concentration, ny,, was calculated by nj,./d, where d is the

thickness of the interface layer obtained from the IR reflectance
simulations. The carrier concentration of the interface of the
annealed BZO films at T, = 800 and 950 °C were determined
to be ny, = 7.54 X 10" and 2.16 X 10*° cm™ and py,, = 43.80
and 39.05 cm®V~'s7!, respectively. The interface conductivities
(61t = pneiry,) Were calculated to be oy, = 5.3 X 10> and 1.4 X
10> S-em™}, respectively. The carrier concentration and
conductivity of double-layer films have been calculated by a
parallel conduction model,*®

2
_ (ﬂHnH + /’llntnlnt)

g = — 2
ﬂH Ny + ﬂInt Mint (4)

where ny is the carrier concentration of the film bulk region.
The corrected RT bulk carrier concentration of the films with
T, = 800 and 950 °C were found to be nz = 1.70 X 10'® and
506 X 10" cm™, respectively. By comparing the carrier
concentrations and conductivities of the interfaces with those of
the bulk, it is apparent that the interface values are much
higher. Furthermore, the carrier concentrations in the interfaces
(the bulk) are above (below) the Mott-transition level (n ~ 6 X
10" cm™) of undoped ZnO.**

2.5. Discussion. The highly conductive layer, found at the
BZO/AL,0; interface, formed after high-temperature thermal
treatment, T, > 800 °C, imposes degenerate semiconducting
characteristics on all the BZO films. By using the physical
quantities obtained from the analyses above, the density-of-
states-averaged effective mass of conduction electrons, m;, was
calculated using,*®

m* — nIn’ce2
av

wpze(O)e(oo) (s)
where e is electronic charge, €(0) is the permittivity of free
space, and €(o0) is the high frequency dielectric constant.
Values of €(o0) in the range of 3.85—3.96, obtained from the
IR reflectance simulations, were used for the film interfaces with
T, = 800 and 950 °C. The e(oo) and m¥ vary with carrier
concentration in the interfaces. The m¥ of the interface layers
were determined to be 0.31m, and 0.67m, for carrier
concentrations of sy, = 7.54 X 10" and 2.16 X 10 cm™,
respectively. This is reasonable as the Fermi level position
increases with carrier concentration. Variation of the average
effective mass with carrier concentration has been found
previously in highly doped ZnO and doped MgZn, O
alloys.45’46 Such a high carrier concentration at the interface,
above the Mott-transition level, causes a strong band-filling
effect (Burstein—Moss shift), along with the correlated band
gap renormalization as a result of many-body effects.*”**
Hence, the degenerate interface layer is important in deriving
the physical properties of both BZO films and ZnO-based

materials.

Here, we discuss possible atomic diffusion and phase
transformation for the metastable BZO film with respect to
T, to explain the formation of the multilayer structure and
degenerate interface layer.>>***° The diffusion and segregation
of Be were observed throughout the film with the resulting
formation of secondary phase BeO NPs at the surface and grain
boundaries. The phase separation phenomenon is caused when
annealing temperatures exceed the solubility limit of Be into
host ZnO as a phase miscibility gap, as observed in our previous
study.”® The driving force for such segregation processes is
minimization of the total free energy (e.g, surface energy,
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Figure 6. (a) Schematics of the atomic diffusion mechanism in the inner BZO film and the formation of surface BeO NPs and BZO/ALO,
intermixing during solid-state reactions by thermal annealing. The Be flux (J;,) is greater than the Zn flux (J,) and thus the vacancy flux (Jy) toward
the interface region. The bottom images represent the recrystallized surface associated with Be (blue sphere) diffusion, while Zn (red sphere) diffuses
to the interface region of the film. (b) Schematic representation of the band lineup at the BZO film/Zn;—Zn0O/ZnAl,0,/ALO; heterostructure.

interfacial energy, elastic energy, etc.) of the metastable alloy
system as Be atoms migrate from the bulk to the surface
region 255152

The high-temperature annealing (T, > 800 °C) for the BZO
films sufficiently leads to the outward diffusion of Be together
with the dissociation of ZnO bonds. It is worth noting that the
vapor pressure of Be is much lower than that of Zn, meaning
that Be is less likely to evaporate from the surface. On this basis,
at an early stage of the annealing processes, the depletion of Zn
atoms at the surface and grain boundaries preferentially occurs
as a result of evaporation, and in turn the enrichment of Be.
This gives rise to a supersaturation condition for the nucleation
of the secondary phase with a number of dilute atoms around
the surface and even grain boundary regions, which are
preferential pathways for atomic transport. The diffused/
segregated Be atoms can be predominantly oxidized into the
thermodynamically more stable BeO rather than ZnO as the
free energy for the formation of the BeO [Ef.o = Epeo — (Epe +
Eo) = —5.839 eV at 0 K] is much lower than that of ZnO [E5,
=Ez.0 — (Ezn + Eg) = —3.438 eV at 0 K], obtained by density
functional theory calculations (Table S1 in the Supporting
Information). Therefore, the diffused/segregated Be atoms
react with thermally diffused oxygen to form energetically
favorable BeO at the surface and at grain boundaries. This
enhances further nucleation and growth to minimize their free
energies with T,. This results in the distribution of the
secondary phase BeO NPs at the surface and grain boundaries
as presented in the STEM image. In other words, it is hard to
recrystallize ZnO near Be-rich regions for thermally dissociated
Zn atoms because Be acts as an effective oxygen trap to release
the free energies. Furthermore, the nucleated/grown secondary
phase BeO NPs placed at the pathways of mass transport could
passivate the sublimation of residual Zn atoms from the film.
This phenomenon, in conjunction with thermally induced
thickness reduction, causes the observed excess of Zn
interstitials in the annealed films.

Concurrently, the induced outward diffusion of Be atoms
creates vacancies, e.g, V., near the interface, resulting in a
vacancy flux, Jy = Jg. — Jzn, where Jp. and J, are diffusion fluxes
of Be and Zn.>>** This gives rise to the inward migration of Zn
atoms toward the interface to minimize the chemical potential

gradient.ss’56 As a result, a Zn concentration gradient from the
surface toward the interface is observed from the Z-contrast
STEM and EDS measurements (Figure 2a,b). In the high-
temperature recrystallization processes, such inward diffusing
Zn atoms effectively compensate for atomic vacancy sites, both
V. and V.. This defect compensation with high T,
corresponds to an improvement of the crystalline quality of
the film and a notable decrease in the associated deep level
emission of the isolated V,, and their clusters (observed in
XRD and photoluminescence—Figures S1 and S5 in the
Supporting Information). However, in the simultaneous
occurrence of the atomic diffusion and following recrystalliza-
tion, no significant correlation between the distribution of O
and the cation density gradient was found in the high-
temperature annealed film. This is seen in the almost constant
EDS intensity of O throughout the film, and hence, diffusion
proceeds predominantly by counter-diffusion of Be and Zn with
a constant distribution of oxygen most likely.>> Consequently,
such cation counter-diffusion of Be and Zn (competition and
repulsion) primarily and separately contributes to the formation
of the Be-rich surface and Zn-rich interface in the high-
temperature annealed alloy film. The diffusion of Zn and O
(either in the form of ZnO or Zn and O ions) into AL, Os, as a
unilateral atomic transfer, was also observed in the reaction
interface, forming spinel ZnAl,O, and Zn-deficient phase
Zn,ALO,.%

On the basis of the above diffusion processes at high T}, an
accumulation of Zn is formed, which creates a Zn-rich ZnO
(Zn;—ZnO) interface region within the film. Several groups
have reported that Zn; acts as a source of donors due to its
shallow defect states (~31—37 meV) below the CBM, while V
defects create deep level states in the band gap of ZnO.>**** In
spite of many studies claiming that interstitial hydrogen behaves
as a shallow donor in n-type ZnO, we assert that this is not the
case in our samples. This is because the samples have been
annealed at T, > 600 °C, where hydrogen atoms rapidly out-
diffuse from the sample.>*® Hence, we believe that the interface
conductivity is primarily associated with the distribution of Zn;.
Due to the high accumulation of such shallow donor-like
defects, the defect bands are expected to merge with the
conduction band, leading to band gap renormalization and a
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highly conductive interface layer in the high-temperature
annealed alloy films as schematically illustrated in Figure
6b.*® The Fermi level is located above the CBM as a result of
downward band bending associated with the accumulation of
electrons.” The band lineup presented in Figure 6b is an
idealistic representation, as the effects of local Be composition
and charged dislocations'” in the Fermi energy have been
disregarded and the bulk considered to be most likely ZnO.
The Fermi level position for the highest conductive interface
layer is calculated to be 266 meV above the CBM (see Figure
S4 in the Supporting Information). The achieved conductivity
of 1.4 X 10* S-cm™" for the degenerate interface layer is close to
the highest values achieved in Al/Ga doped ZnO films for
similar carrier concentrations.él’62 However, a simultaneous
increase in the concentration of negatively charged compensat-
ing defects, especially V,,, should occur due to lowering of their
formation energies as the Fermi level gets closer to the CNL in
ZnO-based materials.'”*® For the Fermi energies above this
level, the formation of the p-type defects such as V, becomes
energetically favorable, based on the amphoteric defect
model.**% In recent studies,**® to prevent such self-
compensation, the suppression of formation of acceptor-like
defects has been proposed by intentional doping to form
dopant-defect complexes, e.g, Gag,-Vz, maintaining high
carrier concentration and mobility in heavily doped ZnO. In
the cation counter-diffusion processes, sufficiently driven by
high temperature annealing, the inward difftused Zn atoms
within the isolated film region significantly reduce the
negatively charged compensating defects during recrystalliza-
tion, and subsequently, the new Zn arrivals become positively
charged interstitials. This also leads to securing a high
conductivity in the interface region of the annealed BZO
film. The ratio of Be concentration to Zn and the reaction time
will be other important parameters to control the accumulation
of donor-like defects.** Controlling the distribution of defects
through atomic counter-diftusion processes in Be,Zn,_,O alloys
as well as other oxides will be essential and promising in future
applications such as nanoscale transparent conductive tran-
sistors and in the fabrication of core—shell alloy nanostructures
such as quantum wells in nanowires and hollow nanotubes/
nanoparticles.

3. CONCLUSIONS

We have demonstrated the effect of thermal treatment on
multiphase crystalline BZO films. Thermal treatment (T, =
600—950 °C) leads to recrystallization of the metastable alloy
along with atomic redistribution and strain relaxation.
Thermally induced lattice dissociation and out-diffusion of Be
results in a pronounced microstructural segregation and
precipitation of donor-like defects such as Zn;. These
observations are accompanied by a decrease in the band gap
energy and lattice phonon energy of the BZO films. For T, >
800 °C, highly conductive layers with thicknesses in the range
of 10—29 nm are generated at the near-interface region of the
BZO film/Al,O; substrate. The plasma frequency of the
interfaces range from 295 to 336 meV, corresponding to carrier
concentrations from sy, = 7.54 X 10" to 2.16 X 10*° cm™. The
interface region with such high carrier concentrations show
degenerate characteristics with high conductivities in the range
of oy, = 5.3 X 10°—1.4 X 10°> S-cm™". IR reflectance simulations
and a parallel conduction model enable determination of the
average effective mass of the conduction electrons in the
interface layers which ranges from 0.31m, to 0.67m,. Hence,

the degenerate interface layers are found to significantly
influence the electronic and optical properties of the BZO
films. Such nanoscale interface conductivities achieved in the
high-temperature annealed BZO films are comparable to the
highest values obtained in doped ZnO. A cation counter-
diffusion mechanism is proposed to interpret the high
accumulation of donor-like defects and the subsequent
formation of the degenerate interface layer within the annealed
alloy films. This study extensively contributes to the under-
standing for the thermodynamics of defect engineering of
metastable Be, Zn,_ O alloys, and opens up a new era for wide
band gap oxide-based alloy applications.

4. EXPERIMENTAL SECTION

The BZO ternary film was grown on an Al,0;(0001) substrate at S00
°C, in a partial pressure (P,) of 2 X 10> mbar (base pressure: 1.6 X
107® mbar) by radio frequency (RF) magnetron co-sputtering. The as-
grown film was thermally treated at various temperatures between 600
and 950 °C for 60 min with N, gas flowing. All annealing temperatures
were set up with a ramping rate of 20 °C/min.

Structural changes for the as-grown and thermally annealed films
were characterized by high-resolution X-ray diffraction using a
Panalytical X'Pert Pro MRD equipped with an incident beam hybrid
monochromator giving pure Cu K, radiation (HRXRD: 1 = 1.5406
A). Surface morphology was studied with tapping-mode AFM
measurements. A PerkinElmer Lambda 25 UV/vis spectrometer was
used to determine the optical band gap energy of the as-grown and
annealed BZO films. XPS measurements were performed in ultrahigh
vacaum (UHV; base pressure = 3 X 107" mbar) using an Omicron
SPHERA hemispherical analyzer and a monochromatic Al K, X-ray
source (hv = 1486.6 eV). Photoelectrons emitted from the film
surfaces were collected at normal emission. During the XPS
measurements, the surface charging effects were compensated using
a low energy electron flood gun (Omicron CN10). The overall energy
resolution was 0.47 eV, and the BE scale was calibrated using the
adventitious C 1s peak (BE = 284.5 V). The transmission function of
the analyzer was calibrated using Ag, Au, and Cu foils. The XPS
spectra were fitted using a Shirley background and Voigt function.
Also, compositional ratios for each element (Zn, O, Be, and C) in the
ternary films were determined, correcting for the electron mean free
path and using Scofield cross sections.”” Far- and mid-IR reflectance
measurements at an incident angle of 11° relative to the film surface
normal were recorded using a Bruker Vertex 70v Fourier-transform
infrared (FTIR) spectrometer. Because of the optical anisotropy of the
polar crystal, s-polarized far-IR and mid-IR reflectance spectra for the
films were obtained by polyethylene (50—600 cm™) and ZnSe (460—
8000 cm™") polarizers. The reflectance spectra were simulated utilizing
a stratified medium consisting of 3 layers (4 layers) for as-grown and
annealed, T, < 700 °C (annealed, T, = 800—950 °C), samples with
coherent interference. The electrical properties of the films were
characterized by performing variable temperature (5—300 K) Hall-
effect measurements in the Van der Pauw configuration. Indium solder
was used to make ohmic contacts to all of the etched corners of the 5
X § mm? samples. Field emission transmission electron microscopy
(FETEM, a Tecnai G* F30 S-Twin), equipped with energy dispersive
spectroscopy (EDX, EDAX Genesis), was used with an acceleration
voltage of 300 kV to characterize the microstructural properties, and
elemental profiling of the annealed BZO sample at T, = 950 °C was
performed. In order to examine the defect distribution in the BZO
films as a function of T,, variable temperature (T = 12—300 K)
photoluminescence measurements were carried out using a He—Cd
laser (4 = 325 nm). An integrated long-pass optical filter with a cutoff
wavelength of 420 nm was used to increase the dynamic range of deep-
level-associated emissions in the samples.
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