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Abstract

Designing new material properties is a great endeavor for industry and science. The dielectric
properties are of particular current interest since materials with high dielectric constants are
in demand for transistors, capacitors, etc. In this context, there is a modern trend to exploit
defect engineering in oxide ceramics, delivering unprecedentedly high dielectric performance.
On the other hand, demonstrations of similar high dielectric performance in more reliable
crystalline films are rare. Herein, we report such breakthrough via functionalization of donor-
acceptor dipoles by compositional tuning in (Ga, Cu) co-doped ZnO films. As a result, in
samples with optimized composition, the dielectric constant reaches ~200 as measured at 1
kHz at room temperature (comparing with e.g. ~25 in HfO, known as the prime dielectric

material) and the optical transmittance in the visible wavelength reaches 80 %. Moreover, by



analyzing massive impedance spectroscopy data, we have discriminated prominent
relaxation mechanisms in correlation with the dipole properties in our samples, that enables
a consistent explanation of the dielectric constant as a function of frequency. The atomistic
nature of the dipoles was revealed by applying systematic x-ray spectroscopy analysis. Indeed,
prominent peak shifts of the Cu2p3/2 signatures were correlated with the appearance of the
Gay, — Cuy, dipole configurations in (Ga, Cu) co-doped ZnO films. Notably, we observed
similar trends for the dielectric properties, while synthesizing our samples by different
methods, specifically using pulsed laser deposition and ion implantation, indicating general

character of the phenomena.



Introduction

Dielectric material with a high dielectric constant (k) and low dielectric loss throughout a wide
frequency range is one of the key components for the device size scale-down in
nanoelectronics [1], as well as in the flexible and stretchable electronics (FSE) [2]. For the
new generation nanoscale Si-based CMOS with 1-2 nm SiO, gate thickness, the electron
tunneling from the gate into the gate electrode is unacceptably large for the device operation
[1]. Thus, SiO; has to be replaced by the new high-k materials, and the development of such
materials with k ~ 100 -2000 will be one of the key enabling factors in next generation nano-
electronics [1]. In its turn, thin film transistor (TFT) is the key component for FSE. There are
many advantages of using high-k materials for TFTs, e.g. (i) increasing the capacitance which
leads to high saturated drain-source current (lps) while reducing the operating voltage; and
(ii) enhancing the field-effect mobility of the TFTs [2]. Additionally, for transparent TFTs, the
high-k materials must exhibit excellent transmittance under visible light. Moreover, some
dielectrics even exhibiting high-k may confront some problems, such as unfavorable bandgap
offset, thermal instability, and incompatibility with the fabrication processes [3-5]. For
example, antimony oxide single crystals (down to 1.8 nm thick) prepared by a substrate-
buffer-controlled chemical vapor deposition strategy exhibited spectacular high k~100 [6];
however, the substrate-sensitive manufacturing method hinders its large-scale and practical
application. In practice, HfO; (k = 25) gate dielectric was firstly and continually adopted in FET
structures by Intel due to its advantages, such as thermal stability, kinetic stability, and good
transparency, corresponding to an “equivalent oxide thickness” of 0.9 nm [7-9]. However, its

relatively low dielectric constant may limit next generation applications.



A novel defect engineering approach to enhance the dielectric constant and maintain the low
dielectric loss was proposed and demonstrated experimentally in ceramic oxides (for example
rutile TiO2 [10] and ZnO [11]). This approach involves the acceptor and donor co-doping of
oxides. If only donors are introduced, hopping of electrons between donor levels lead to large
dielectric constant, but dielectric loss is large [11]. Hu et al [10] proposed that the large
dielectric constant was associated with the formation of electron-pinned defect dipoles which
comprised of the donor and acceptor dopants. In response to the external electric field,
electrons from the donors hop while the acceptor binds the electron locally within the defect
complex, thus leading to the low dielectric loss. Huang et al [11] studied in detail the dielectric
properties of the ceramic samples, the electronic structure and phonon structure around the
dopants using x-ray photoelectron spectroscopy (XPS) and Raman spectroscopy respectively
and theoretical simulation. The results offered concrete evidence that the large dielectric
constant was associated with the correlated barrier hopping between nearby defect

complexes comprising of intrinsic defect and the dopants.

k-enhancement with this co-doping methodology has been widely studied in many other
ceramic oxide systems with different dopants (for example, [10] [11] [12-14]). However, this
methodology has not been successfully applied to polycrystalline thin films, which are of
technology relevance to the TFTs. ZnO is a wide band gap semiconductor transparent in
optical wavelength, which is widely used for transparent TFT application. Ga, as group-ll|
element, is a well-recognized donor dopant for ZnO [15]. Copper Cu is possible candidate for
acceptor doping [15], whereas the p-type conductivity was confirmed by Hall and Seeback

measurements [16].



In the present work, transparent Cu-Ga co-doped ZnO films were fabricated by pulsed laser
deposition (PLD). High-k enhancement was observed by optimizing the relative Cu-Ga doping
composition. Frequency dependent dielectric properties and relaxation mechanisms were
studied in detail. Two processes were identified, namely the correlated barrier hopping (CBH)
and small polaron tunneling (SPT). Simulation study was performed using a micro-
polarization model helping to understand the origin of the high-k nature. X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) studies were performed to study
the electronic structures around the dopants revealing the formation of the defect dipoles.
Very importantly, we unveiled that similar high-k tailoring trends can be realized by both the
high-throughput large-area and area selective fabrication methods (PLD and ion implantation,

respectively), fulfilling the criteria for practical applications.

Experimental procedure

Zn0O-based films were fabricated on c-plane sapphire substrates via PLD from ceramic targets
having different concentrations of Ga and Cu dopants. During the deposition process, the
chamber’s base pressure was controlled at 5x10* Pa. The substrates’ temperature was set at
600 °C. All films were deposited at the oxygen partial pressures of 5 Pa. The KrF excimer laser
(wavelength: 248 nm, pulse energy: 300 mJ, frequency: 2 Hz) was applied to ablate the
ceramic targets for creating plasma plume. As a result, (Ga, Cu) ZnO films, with a range of
compositions were synthesized and the compositions have been confirmed by X-ray
photoelectron spectroscopy. Cu-Ga co-doped ZnO films were fabricated with systematically
varying the Cu and Ga doping ratios, wherein, films with Ga=0.5 wt% and Cu=8 wt% exhibits
the highest dielectric constants among the studied Ga-Cu compositions. Notably, in this paper,

for clarity, we will present the data for only one Cu and Ga co-doping composition made by



PLD — Gap.sCusZngi 50 —as it showed the maximum dielectric performance. For reference, the
data for corresponding purely Cu and Ga doped ZnO thin films, CusZns,0 and Gag.sZnggs0
respectively, are shown as well. The deposition time was adjusted to compare samples with
the same thickness, while varying the composition. Importantly, a set of additional samples
was fabricated by a combination of the PLD and ion implantation. Specifically, CugZns20 PLD
sample was implanted with 250 keV Ga* ions with 5 different doses: D1 =1 x 10** cm™2, D2
=5x10"cm™2,D3=1%x10®cm™2, D4 =5 x 10" cm™2, D5 =1 x 10 cm™2, labeling
these samples D1-D5 in the rest of the paper. Importantly, the implants were performed along

7° of the c-axis direction.

To enable the electrical measurements, the films were deposited on the bottom electrode.
The bottom electrode was ZnO film doped with 1 wt% Ga, making it highly n-type conductive
[17]. For the Ga-implanted films, an Al film deposited by thermal evaporation was used as the
bottom electrode. Then, Al contacts were deposited via thermal evaporation and used as the
top electrodes. A precision impedance analyzer (E4990A, Keysight Ltd., USA) was used to
acquire the impedance spectroscopy data. The data analysis was performed in terms of the
complex formalisms, for the permittivity €* (¢* = &' — j&'") and for the modulus M* (M* =
M' — jM'). Notably, the permittivity and the modulus are interrelated: £* = (M*)™ 1.
Initially, the dielectric loss spectroscopy (&' vs f) was measured at the frequency (f) range
of 20-107 Hz at room temperature. Further, the spectroscopic data were collected as a
function of temperature in the range of 160-370 K while keeping the sample in a cryostat. The
sample was cooled down by cold sample holder connected to the liquid nitrogen tank and

then heated electrically up to 370 K.



Structural characterization was performed by X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM) and X-ray Photoelectron Spectroscopy (XPS). In particular, XRD was
performed using the Cu-Ka radiation (Bruker D8 Advance) and was adopted to investigate
the crystalline quality. The microstructure was examined by a Supra 55 (Carl Zeiss) scanning
electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS, X-MaxN).
The transmittance measurements were conducted using a UV-Vis spectrophotometer
(Lambda 750, PerkinElmer). The XPS was performed using a Thermo Theta Probe instrument
with monochromatic Al Ka radiation (hv=1486.6 eV) operated at 15 kV and 15 mA. High
resolution spectra were collected at a step size of 0.05 eV for core/Auger peaks. An area of
about 1 x 1 mm? was gently cleaned with a 1 kV Ar*ion beam delivering a current of 1 pA for
10 s. Notably, in order to make quantitative conclusion from the XPS data the Cls spectra
were recorded as a calibration for the Cu2p signal, while investigating the corresponding
shifts in CusZng;0 and Gap.sCusZngisO films. For SIMS measurements, the IONTOF TOF-SIMS
V spectrometer was used. The morphology of the films was tested using atomic force
microscopy (AFM, Multimode V, Veeco) in tapping mode. Representative illustrations of the
XRD, SEM, AFM, SIMS, and optical transmission measurements are included in the

Supplementary Materials.

The X-ray Absorption Fine Structure (XAFS) technique, and specifically the X-ray absorption
near edge structure (XANES) as well as the Extended X-ray Absorption Fine Structure (EXAFS)
measurements, were used to collect element-specific local structure information around the
host and dopant cations. Both XANES and EXAFS data were acquired at the XAFS/XRF
beamline at the Synchrotron-light for Experimental Science and Applications in the Middle

East (SESAME, storage ring running at 2.5 GeV), Allan, Jordan. Measurements were performed



at room temperature. Multiple-scanned spectra of each sample were recorded to get
sufficiently high signal to noise ratio. XANES data analysis/processing such as normalization,
merging etc. was performed by Athena program of Demeter software package by following
the standard procedures. The structural parameters were derived using the Artemis software
package to fit the EXAFS data to the best theoretical model calculated by FEFF6 program to
extract the theoretical backscattering paths, amplitudes and phase shift of the fitting models.
For simulating the data for each spectrum, a theoretical model was designed by adding shells
around the central excited atom and least-square iterating the fitting parameters, namely the
Eo, the radial distances (R) and the o2 (A2?) termed as Debye—Waller factor (DWF). The
coordination number (N) could be iterated too, but due to their strong correlation with o2
(A?), the coordination numbers were kept fixed at the preset values generally known from the
symmetry. Concerning the amplitude reduction factor (S3), it was found from a “standard”
(data from a sample with a well-known structure) and applied to a set of unknowns as a

scaling factor.
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Fig. 1 Dielectric properties as a function of frequency. a Room temperature measurement
of three samples: Gap.sCugesZn0, CugZngxO and GapsCusgZneisO. b The dielectric loss as a
function of frequency for GaopsCusZnge1 50 as measured at different temperatures with the
interval of 30 K and the enlarged portion of the spectra corresponding to L part. ¢ The
simulation for the dielectric loss at 370 K in GagsCusZnoe150. The fitting components include
the P1 component, the electrode (E) component and the Lorentizan resonance (L) component.
The inset shows the Arrhenius plot of P1 for the temperature range studied. d Calculated L
component at 280 K, as derived via the harmonic oscillator model.

The dielectric properties measured at room temperature in the frequency range from 20 to
107 Hz of Gao.sZngs.s0, CusZng20 and GaosCusZne: sO films are presented in Fig. 1a. At 1 kHz,
the dielectric constant/loss for the singly doped CusZng;0O and Gaog.sZnggsO films are 16/12
and 4/920, respectively. The high dielectric loss in GapsZnggsO is probably due to the
delocalized free electrons provided by the Ga shallow donors [18]. For the Ga-Cu co-doped
GaosCusZno: 5O film, the dielectric constant is 204 at 1 kHz and is well above ~100 for a wide
frequency range from 20 to 10° Hz. The dielectric loss is relatively low (~0.27) at 1 kHz and

still remains below 0.35 even at higher frequency of 1 MHz. Thus, the dielectric constant



enhancement in the Gap.sCusZng1.s0O film can be attributed to the simultaneous incorporation
of Ga donor and Cu acceptor. Due to the compensation process, relevant donor-like and
acceptor-like defects, such as Gay, and Cuz,, may potentially form defect complexes which
are polarizable if applying external electric field, i.e. acting as “dipoles”. In this way, for the
Gao.sCusZnog1 50 film, its dielectric constant increases to 204 and the loss still remains low
~0.27 as referred to 1 kHz. As for the dielectric loss, a relaxation peak in the range of 10*-10°
Hz (P1) and an additional sharp Lorentzian peak in the range from 108-107 Hz (L) are observed

in Fig. 1(a).

Temperature dependent (160-370 K) dielectric loss vs frequency spectra of the
Gao.sCugZng1 50 film are shown in Fig. 1b. As seen from Fig. 1b, the P1 relaxation peak shifts
to higher frequencies with increasing temperature, which is typical in thermal activation

process. In accordance with the Debye model, the dielectric constant is given as [19]:

£'(W) = &0 + (&5 — €x0)/[1 + (1)1 7%] (1)

where j is the plural unit, &, and &, are respectively the permittivity at static and the light
frequency, w is the angular frequency, w = 2rf, t is the mean relaxation time. «a is an
empirical constant between 0 and 1 indicating the dispersion of the relaxation time,

whereas a = 0 refers to the classic Debye model having a constant relaxation time.

Notably, the sharp Lorentzian peak L is observed in the dielectric loss spectra in the frequency
range of 10%-107 Hz for both Gaop.sZnse.s0O and Gao.sCusZne: sO samples (Fig. 1(a)). The peak
position of L does not follow the typical trend as of the thermal relaxation process (i.e. high
frequency shift with decreasing temperature in Fig. 1b). In addition, its Lorentzian shape is

also different from the broad dispersive peak observed in the thermal relaxation process. A

10



similar Lorentzian peak in the dielectric loss spectrum was also observed in Sr3CoFe24041
sample and it was associated with an electronic harmonic oscillator model [20]. In the
oscillation process, the resonance frequency decreases as the temperature increases and its
corresponding dielectric response is dominated by the resonance behavior rather than the
relaxation behavior [19, 20]. The frequency-dependent dielectric constant associated with

the harmonic oscillation model is given by:

2
@p

e (w)=1+ (2)

(wE-w?)+jwy

wy, is the plasma frequency of the material, w, is the characteristic resonance frequency of
the oscillator in the absence of damping, and y is the ratio of the damping coefficient to the
inertia mass of the oscillator. Thus, considering the dielectric loss contribution from the
relaxation and the oscillator and also the background contribution, the equation for the

frequency-dependent dielectric loss becomes:

— aq1m
(wt)1—21 cos(—; ) wiwy

tand = 6y + agw® + a ,
0 0 L+ (wt)t-21 sm(%) (wg—w2)2+w2]/2+w§(w5—w2)

(3)

where §, is a constant, a, and a, are the correction coefficients. The detailed deduction
process is presented in the Supplementary Material (section IV). The frequency-dependent
dielectric loss data measured at different temperatures were fitted by Eq. (3). Fig. 1c shows a
typical fitted curve to the data measured at 370 K, containing the relaxation component P1,
the electrode component E, the oscillation component L, as well and their corresponding
resultant superposition. As seen from Fig. 1c, the experimental spectrum is well described by

the resultant fitted curve. The fitted parameters of &y, ao, ag, ay, @y, t, wp, wg and y

11



obtained from the iterating procedures at different temperatures are shown in

supplementary (see Table S2 in Supplementary materials).

In Table S2, the relaxation time t for P1 decreases with increasing temperature and the
relaxation frequency of P1 shifts to higher position correspondingly, implying a higher freeze-
out probability at lower temperature. The activation energy of the thermal relaxation process

was found to be 52.40 meV by the Arrhenius plot fitting (see the inset in Fig. 1c).

To characterize the dielectric response mechanism of the oscillation process, the damping
ratio { is defined as the ratio of the damping coefficient in the oscillation system to the critical
damping coefficient (without damping), i.e. { =y /(2w,). For { = 0, only resonance-type
dielectric response occurs without damping force. While { increases, the dielectric response
would transfer from the resonance-dominated (¢ < 1) to the relaxation-dominated (¢ > 1)
and the dielectric loss will broaden accordingly. Calculated from the fitted y and w, values
tabulated in Table S2, { increases with increasing temperature from 0.020 at 160 K to 0.041
at 370 K. These low values of { (< 1) indicates the resonance-dominated nature of the peak.
It would be interesting to study the contribution of the harmonic oscillator to the dielectric
constant and loss. Dielectric constant and loss at different frequencies were calculated by
the harmonic oscillator model (eqs S6-S8) with the fitted parameters w,, w, and y at the
temperature of 280 K (see Fig. 1d). The modelled and experimental Lorentzian dielectric loss
peaks coincide at ~3-4 MHz. The modelled dielectric constant is smaller than 3 throughout
the whole frequency range, indicating that the oscillator process cannot contribute to the

experimentally observed high permittivity.
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Fig. 2 Data and analysis of the imaginary part of the electric modulus (M”’) in Gao.sCusZng; 50
film at different temperatures as a function of frequency. a Data in the range of 160-370 K
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temperature increases. b The simulation and fittings to the data measured at 160 K. The
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M_,w¥® has not been presented. ¢ The Arrhenius plot for P1 and P2.
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The complex electric modulus M* = M’ — jM"" is defined as the inverse of the complex
permittivity €* and is typically used to explore the dielectric relaxation with a broad
distribution of relaxation times [21]. To further explore the relaxation behavior, the
frequency-dependent spectra of the imaginary part of electric modulus (M” vs f) were taken
at different temperatures (shown in Fig.2(a)). Two broad peaks are observed, namely in the
frequency ranges of 103-10* Hz and 10°-10° Hz. The one at 103-10* Hz will be demonstrated
in the upcoming paragraph having the similar characteristic frequency as P1, and the other

one is labbled as P2. Both peaks shift to high frequencies with increasing temperature.

To simulate the data the general formula of electric modulus M* was used: [21]

M (w) = Moy (1 — [° 22 qr) (4)

0 1+jwt

where M, = 1/¢ is the high-frequency limit of M*, and p(t) is the distribution function of
the relaxation time 7. For ZnO, p(t) follows the empirical Cole-Davidson (CD) distribution

[22]:

sin(npB) [ T
Pcp = Tt Tcp—T
0, fort > 7p

B
] Jfort < t¢p

(5)

where 0 < f < 1, fooo pcp(t)dT = 1 and tpis the temperature dependent characteristic
relaxation time. M''(w) is thus shown to be:

M"(w) = M, (cos8)Psin(B6) (6)

where 6 = arctan(wt.p). Adding the background term M,w¢, Eq. (6) containing multiple

relaxation processes becomes:

14



M"(w) = M,w® + Y%, M;[cos(arctan(wt;))]P sin[B; arctan(wT;)] (7)

where M; and M, are equivalent to 1/¢; and 1/¢, indicating the light-frequency limit of M,
a,is the exponent, f; is the range from 0 to 1 indicating the dispersion of relaxation time, ;

is the characteristic relaxation time.

The M” vs f data taken at each of the temperatures were fitted by Eq. 7. One of the typical
results (data at 160 K) is shown in Fig. 2b, which contains the contributions from P1, P2 and
their resultant superposition in good agreement with the experimental data. The fitted
parameters M,, e, My, t4, 51, M,, T, and B3, for different temperatures are tabulated in Table

S3 (see Supplementary Materials-V).

As shown in Table S3, the relaxation times t; and 7, decrease while their relaxation
frequencies (1/7) increases with increasing temperature. Arrhenius fitting on the log f vs 1/T
yielded good fitting; and the fitted activation energies were 47.13 meV and 40.08 meV for P1
and P2, respectively (see Fig. 2c). For P1, its characteristic frequency is 3.24 x 10* Hz, close
to that of the relaxation identified in Fig. 1c (1.30 x 10* Hz), indicating these two relaxations
are likely identical. Concerning the P2 relaxation, it will be shown and discuss later that it is

not only simply thermally activation but rather related to electron tunneling process.
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Frequency dependent ac conductivity of the Ga-doped, Cu-doped and Ga-Cu co-doped ZnO
samples was measured to reveal the relaxation mechanisms, for which their data were shown
in Fig 3a (GaosCusgZng1s0 and CusgZng;O samples) and its insert (GaosZngesO). The ac

conductivity is given by the universal dielectric response law [23]:

G(f) = Oq4c + GOfSl (8)

where g, is the dc conductivity, gy is a constant, f is the frequency of the driving electrical
field, and 0 < s < 1 is the frequency exponent and. In the log-log plot like Fig. 3a, the ac
conductivity decreases linearly with the frequency in a certain frequency range and saturates
at g4, at low frequency with o,. > o,f°. g4, and a,f° are dependent on the band
conduction and relaxation, respectively. g,;. depends on the electron concentration and
mobility, and thus it is sensitive to donors and compensating defects. For instance, in the
Gao.sZngg 50 film, g4, exhibits the maximum absolute value (logo;.=-3.8) because of electrons
introduced by the donor dopant Ga and the absence of Cu acceptor. ag,f® term is associated
to the relaxation processes involving the motions of electrons and ions, hopping and
tunneling between equilibrium sites [24]. In a wide frequency range from 10 to 107 Hz,
different relaxation processes dominate in different frequency ranges and result in the
different values of s [24]. As shown in Fig. 3a, the linear fitting of the CugZng;0 and Gap.5ZNngg 50
data resulted in different s values in different frequency ranges. For Gap.sCugZno1 5O film with
high k-value, linear fitting with Eq. (8) yields two s-values, namely 0.93 and 0.29 in the
frequency ranges of 10>~10° Hz and 10°~108 Hz, respectively. It is known that $>0.90 is
characteristic for the correlated barrier hopping (CBH) process and s<0.7 is characteristic for

the small polaron tunneling (SPT) mechanism [24]. Therefore, the present result implies that

17



in the high-k Gao5CusZno150, the CBH process and SPT process dominate in the frequency
ranges of 102-10° Hz and 10°-10°8 Hz, respectively. As shown in Fig. 2, the electrical modulus
study revealed two relaxation processes P1 and P2, which dominated at frequencies range
lower than 10° Hz and above 10° Hz, respectively. Thus, it is plausible to correlate the

processes P1 and P2 to the CBH and the SPT processes, respectively.

In the CBH model, electrons are thermally activated to hop over the correlated potential
barrier between two neighboring sites with a separation R (as shown in the insert in Fig. 3b).
Assuming the electronic configuration exhibits the energy level Wr, at the Ec- Wm, where Ec
is the conduction band minimum. A is the asymmetric energy difference induced in two
neighboring configurations due to the applied electric field. Furthermore, columbic potentials
of two adjacent sites would overlap and then result in lowering the barrier from W, to W,
promoting the electron hopping. Assuming that at least one electron occupies the
configurations, the electron would hop over the barrier between these two equilibrium sites

with thermal activation [25-27]. It is given:

e?

W =Wy - (9)

mEEQR

6kgT
Wm—kpTIn(1/f7o)

s=1-— (10)

where 1, is the relaxation time, kj is the Boltzmann constant.

A polaron would be formed if an electron trapped at a defects site causing the local lattice
distortion results in lowering of total energy (inclusive of electronic and distortion), and the
electron is trapped in the potential well resulted from the carrier-induced atomic

displacement. Assuming that the polarons are localized and not overlapping [28], electron
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hopping from the localized polaron state to the neighboring vacant defect site is unlikely but
tunneling may happen. Therefore, the frequency exponent of s correlated with the SPT is

limited by the probability of tunneling, being lower than that for the CBH. For SPT it is given

[27, 29],
- 4 (11)
S T T /o) -Way/ (kgT)
w
f = foexp(—2kR) exp(— kTI;) (12)

where 1, is the characteristic relaxation time, equal to 1/f,, kg is the Boltzmann constant,
Wy is the effective tunneling barrier, R is tunneling distance and k (k = 2m/A) is the localized

electron wave vector.

The ac conductivity spectrum of GapsCusZng150 was well fitted by the CBH and SPT models in
the frequency ranges from 200 Hz to 10° Hz and from 10° Hz to 10° Hz, respectively (Figure
3b), and the corresponding fitting parameters are tabulated in Table S4 (see Supplementary
Material-V). For the CBH model fitting, the fitting values of W,,, and 7, for P1 are 1.35 eV and
3.52x107 s. In the CBH model, the relaxation process is involved with an electron hopping
between two nearby equilibrium sites of energy level Ec-Wm, with a separation R, which would
led to a dipole moment p=eR [24]. The effective hopping distance R between the two
neighboring sites could be calculated by Eq. (9), yielding 0.55 nm. For the SPT model, the best
fit of Wy is 43.4 meV, consistently with the values deduced from the Arrhenius fitting in the
inset in Fig. 2b. Notably, from Table S4, 7, = 1/f, = 3.47 X 10712 5. In the SPT model, the
localized electron could transport to the neighboring site via tunneling, leading to a dipole.
From the Eq. (12) and the P2 Arrhenius plot fitting in the inset in Fig. 2b, the intercept

fintercept could be defined as
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fintercept = fOeXp(_ZkR) (13)

where k = 21/ is the localized electron wave vector. Substituting the values of fiutercept
and f into the Eq. (13), the ratio of the tunneling distance to electron’s wavelength (R /A1) is
0.82. It would be interesting to estimate the tunneling distance R, if the approximate value
of A can be known. In analogy to the infinite potential well model, the highly localized
electron’s wavelength is equal to two times the lattice constant. Given that for the ZnO
wurzite structure having the lattice constants of a=b=0.323 nm and ¢=0.516 nm, A is
approximated as in the range of 0.64-1.03 nm. Therefore, the tunneling distance could be
estimated to be R~0.52 — 0.84 nm. All-in-all, the electrons hopping or tunneling between
two neighboring sites acting as a dipole under external electrical field explains the large

dielectric constant in the Gao.sCusZngi1.50 sample over a wide frequency range.

To simulate the static dielectric constant, Lorentz, Onsager and Kirkwood consecutively
proposed different models to correlate the dielectric matrix and external electric field. Eq.
(513) (see Supplementary Material-VI) shows that the static dielectric constant is restricted
to the dipoles concentration when the hopping and tunneling distance is calculated and the
dipole moment p is known. The dipole’s concentration is restricted to these electrons and
equilibrium sites. Accounting that Cu atoms are far more abundant comparing to Ga atoms,
we may assume that the Ga content restricts the effective dipole concentration (N,) in
Gao.sCugZng150. More specifically, in the fits, the Ny for P1 and P2 were best fitted with N,, =
9.35 x 1018 cm™3 and N, = 6.18 x 10'° cm™3, respectively, as shown in Fig. 3c. Note that

Ga concentration was nearly 1 X 102° cm™3

, implying that only a portion of the Ga-dopant is
engaged into the dipoles. The critical limiting parameter may be the separation between the

neighboring defects or complexes; meaning that for separations above the critical value, the
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electron hopping or tunneling cannot occur. Further, based on Eqg. (S13), the & static
dielectric constant for P1 and P2 are estimated to be 21.49 and 193.45, respectively. To
estimate the dielectric frequency dependence, Debye assume the relaxation times for all the
dipoles are identical. However, practically, due to the local distortion and electronic statues
differences, the overall relaxation time would display a broad distribution function p(7),
rather than an identical value. The frequency-dependent dielectric constant from 20 Hz to 10’
Hz could be computed via the integration on the relaxation time distribution of Cole-Davidson
via Eq. (S15), as presented in Fig. 3c. As shown in Fig. 3c, the fitting curve coincides well with
the experimental data exhibiting good frequency stability in the frequency range below 10°
Hz. At the low frequency range, lower than 102 Hz, a minor deviation may be due to the
electrode polarization. At 1 kHz, the calculated experimental dielectric constant is 199 which
is in excellent agreement with the experimental value of 204. However, the fitting curve
significantly deviates from the experimental data for the frequencies higher than 10° Hz. To
explore the deviation, the fitting versus experimental data difference (A¢) is plotted as a

function of frequency in the inset of Fig. 3c. Importantly, the trend is well fitted by the

exponential decay factor of exp(— fi), where f;, = 1.62 x 10° Hz. As shown in Fig. 3b, SPT
D

is the dominant relaxation process at high frequencies >10° Hz. Theoretically, the tunneling

: : = () :
distance is frequency dependent (R = . [In (WTO) kBT]) [24] , decreasing from 0.90 nm to

0.52 nm at nearly 10° Hz, which is approaching the limitation of R value-lattice constant
(c=0.52 nm), as shown in Fig. S6. Thus, the probability of the electron transition to neighboring
defect site would exponentially decrease as the tunneling distance decrease with the
frequency increasing. Further, the defect dipole cannot form in this case and the dipole

concertation would also exponentially decrease, resulting in the deviation from the
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simulation. To sum up, the enhanced dielectric performance is associated with P1 and P2

relaxations in correlation with the CBH and SPT mechanismes.
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XPS and XAS studies were performed to characterize the local electronic and structural
changes caused by the dopants. Fig. 4a shows the Cu2p spectra for the CusZns,0 and
Gao.sCugZng1 50 films. In GaosCusZnoisO, two peaks located at 932.65 eV and 952.45 eV
correspond to the 2p3/2 and 2p1/2 electrons of Cu in Cu(l)-O bond indicating that the Cu
dopants are acceptors as expected [30]. However, in the CusZng,0 film, the 2p3/2 and 2p1/2
signals locate at 933.55 eV and 953.40 eV, implying there is a shift as compared to the
corresponding signatures in GaogsCugZnoe150. In the Cu(ll)-O bond, the corresponding signals
of 2p core levels mainly locate at about 933~935 eV and 953~955 eV [31]. In accordance with
literature, for Cu(ll), the main 2p core level’s signal is accompanied with satellite peaks at ~ 9
eV higher than the binding energies [31]. In CusZnq,0, no satellite peaks are found indicating
that Cu exists as Cu(l). Thus, the binding energy shift in Fig. 4a cannot be attributed to the Cu
valence state differences. Importantly, all peaks were calibrated to the standard carbon
signatures (see in Fig. S7 in Supplementary Materials-VIl), confirming that the shift in Fig. 4(a)
are not attributed to the instrumental artifact either. Therefore, we conclude that it is Ga
doping that induces the binding energy shifts for Cu-positions in Fig. 4a. In OCuZns
tetrahedron of CusZns;0, Cu* ion and another three Zn?* ions sit at the tetrahedral vertex and
bond with the central oxygen. Accounting for the electronegativity of Cu* (1.90) and Zn?*
(1.65), the central oxygen atom prefers to bond with Cu* ion in the bond structure of Cu*-O-
Zn?* leading to high asymmetry in the relative oxygen position. In OCuGaZn; tetrahedron of
GaosCugZne1s0, Gay, and Cuy, may engage into a dipole configuration Gay, — Cuy, .
Importantly, the electronegativity of Ga3* ions (1.81) is higher than that of Zn?* ions (1.65),
nearly approaching that of Cu* ions (1.90). So that, the spatial asymmetry of oxygen in Cu*-O-

Zn** would be lowered as Ga3* ion substitutes the Zn?* forming the Cu*-0-Ga3* configuration.
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Thus, the longer Cu-0 bond length in the GaosCusgZngs 50 film leads to lower binding energy

as compared to that in the CugZng;0 sample, as seen in Fig. 4a.

To explore the co-doping effect more precisely, the XANES and EXAFS measurements were
applied to analyze the local structural change around the metal ions. Fig. 4b compares the
XANES spectra at the Cu K-edge of CusZns20 and Gap.sCugZng1 5O samples including reference
samples, specifically Cu foil and CuO powder. A clear change is observed in the Cu K-edge
XANES features resulting in the shift of ~0.7eV while comparing Gao.sCugZno1.50 and CusZng;0
samples. Correlating with the XPS data. The observed XANES features of GaosCugZng150 and
CusgZngy0 samples are different from that of Cu foil showing absence of Cu metal clustering in
these samples. It should be noted that the Cu K-edge XANES features of the samples do not
match with that of CuO standard manifesting that Cu is not present in a separate CuO phase

in these samples either [32, 33].

Moreover, the signature of Gay, — Cuy, is revealed by the Zn K-edge, specifically using
EXAFS to investigate the microscopic arrangements around the cations, which may contain
either undistorted or orientationally disordered ZnO4 tetrahedral. Indeed, Fourier transforms
(both experimental data and fits) of the Zn K-edge spectra of all the samples are shown in Fig.
4c and the best-fitted parameters are listed in Table S5 (see Supplementary Material-VIIl). For
the Zn K-edge, the fits were performed in R-space in the 1-3.5 A range. The single scattering
involving the oxygen atoms of the 15t shell, the zinc atoms of the 2"? shell and oxygen atoms
of the 3" shell were included in the fitting procedure. The peak at 1.5 A is ascribed to the first
shell of oxygen atoms related to the position of the Zn—0 bonding distance, and the second
peak contains contribution of Zn—Zn (second shell) and Zn—0O (third shell). Noticeable and

systematic changes were observed and shown in Table S5 in Supplementary Materials-VIIl. In
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particular, there is a prominent increase in Zn-Cu radial distances in GaopsCusZng1.50. The
increased 2" shell Zn-Cu radial distances with reduced DWF in the GapsCusZns1sO sample,
i.e., when Cu atoms replace Zn atoms, suggests the presence of Ga in close proximity of Cu in
the formation of Ga-Cu complexes, i.e. Gay,, — Cuz, consistently with the rest of the data in

Figs.1-4..
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In order to prove the general character of the observed phenomena, we have tested
alternative fabrication methods, in particular by implanting Ga into CusZns,0 film to check
the dielectric constant variation trends. Different doses of Ga were implanted into CugZng;0
to realize the acceptor-donor defect complex similar to that in GagsCusZne1sO PLD sample
highlighted in Figs. 1-4. Fig. 5 shows the dielectric properties of such Ga implanted CusZng;0
thin films. Comparing the 1 kHz data for all implanted samples in Fig. 5a, the optimal dielectric

properties were observed in sample D3, i.e. implanted with Ga of 1 x 10> cm ™2

,in particular
featuring the dielectric constant of 88 and the loss of 0.21, respectively. Moreover, the
frequency-dependent measurements of D3 (see Fig. 5b) shows that the dielectric constant
remains relatively high in a wide range of frequencies. The trend of degrading properties in
D4 and D5 is probably due to generation of bigger number of radiations induced defects while
in D1 and D2 the Ga concentration was likely insufficient. Indeed, the SIMS measurement
confirmed ~10%° cm™3 at the maximum of the Ga depth profile in D3 (see Fig. S4b in

Supplementary Materials-Ill) [34]. According to the AFM images of CusZng,;0 (see Fig. S5 in

Supplementary Materials-1ll) before and after the implantation, the surface roughness has
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not raised significantly, indicating that the implants did not deteriorate the surface
morphology. Thus, we observed similar k-enhancements in the PLD grown Cu-Ga co-doped
ZnO films and in the films co-doped by ion implantation, implying that this high-k dielectric
tailoring could be realized by both the high-throughput large-area and area selective
fabrication methods. Note that, ion implantation is a well-developed technology for forming

micro- and nano-structures for semiconductor chips.
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Conclusion

In this study, a new approach to optimize the dielectric properties by acceptor-donor co-
doping has been demonstrated in (Gax, Cuy) ZnixyO films fabricated with pulse laser
deposition (PLD) or, alternatively, exchanging the co-doping step by the ion implantation. In
either case, the structural and chemical analysis revealed no secondary phases or
inhomogeneity’s with the accuracy of the measurements. Importantly, for the fully PLD
processed films, upon testing a range of concentrations, the optimal composition of
GaopsCusZnoisO has resulted into the dielectric constant and dielectric loss of 204 and 0.27,
respectively, as measured at 1kHz at room temperature. Moreover, by analyzing the
impedance spectroscopy data, we have discriminated two prominent relaxation mechanisms
in Gap.sCusZngi1 50 labelled P1 and P2. The in-depth ac conductivity analysis suggested two
mechanism to explains these relaxations: the correlated barrier hopping and small polaron
tunneling. Considering options for the dipole polarization for P1 and P2 as well as accounting
for the Cole-Davidson relaxation time distribution and the static dielectric constant
speculated from the Kirkwood’s polarization theory, we simulated the frequency-dependent
dielectric constant obtaining consistent fits with the experimental data. The atomistic nature
of these dipoles was confirmed by applying systematic x-ray spectroscopy analysis.
Spectacularly, prominent peak shifts of the Cu2p3/2 signatures were correlated with the local
chemical environment of Cuz, in Gao.sCusZng1s0, specifically indicating the existence of the
Gaz, — Cuy, dipole configurations. The corresponding increase in the 2" shell radial
distances of the Zn K-edge in the GaosCusZno1 50 sample was consistent to the hypothesis of
Zn atoms being replaced by Cu atoms while adding Ga; thus, positioning Ga in a close

proximity of Cu in the form of Ga;,, — Cu,, dipole. Notably, similar evolution of the dielectric
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properties was observed in samples synthesized by ion implantation potentially enhancing

the industrial applicability of the high dielectric constant (Gay, Cuy) Zn1xyO films.
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