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Preface

Thin films play a key role in modern science and technology, combining fundamental research

and industrial applications. Their diverse structural, optical, and electronic properties make them

essential components in various fields, such as optoelectronics, sensors, and energy conversion.

Rapid advances in thin film synthesis methods combined with novel characterization techniques have

significantly expanded their potential applications and opened up new avenues for innovation.

This Special Issue, “Advances in Synthesis, Characterization, and Application of Thin Films,”

features 10 carefully selected original research papers, with a primary focus on advancing the

synthesis of various materials in the form of thin films.

We are confident that the articles in this Special Issue will inspire researchers to delve deeper into

the science of thin films, contributing further innovation and opportunities for collaboration across

disciplines. This collection exhibits the potential of thin film in shaping future scientific and industrial

areas.

As Guest Editors of this Special Issue, we wish to express our gratitude to the contributing

authors and peer reviewers. We also gratefully acknowledge MDPI’s editorial team for their efforts

in making this Special Issue a success.

Miłosz Grodzicki, Damian Wojcieszak, and Michał Mazur

Guest Editors
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Holder Design on 3-Inch High-Quality Polycrystalline
Diamond Thin Film Growth in a 2.45 GHz Resonant
Cavity MPCVD

Shuai Wu 1, Kesheng Guo 2,*, Jie Bai 3, Jiafeng Li 2, Jingming Zhu 2, Lei Liu 3, Lei Huang 2, Chuandong Zhang 3

and Qiang Wang 1,3,*
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Abstract: In this study, three different substrate holder shapes—trapezoidal, circular frustum, and
adjustable cyclic—were designed and optimized to enhance the quality of polycrystalline diamond
films grown using microwave plasma chemical vapor deposition (MPCVD). Simulation results
indicate that altering the shape of the substrate holder leads to a uniform distribution of the electric
field on the surface, significantly suppressing the formation of secondary plasma. This design ensures
a more even distribution of the temperature field and plasma environment on the substrate holder,
resulting in a heart-shaped distribution. Polycrystalline diamond films were synthesized under
these three different substrate holder conditions, and their morphology and crystal quality were
characterized using optical microscopy, Raman spectroscopy, and high-resolution X-ray diffraction.
Under conditions of 5 kW power and 90 Torr pressure, the adjustable cyclic substrate holder produced
high-quality 3-inch diamond films with low stress and narrow Raman full width at half maximum
(FWHM). The results confirm the reliability of the simulations and the effectiveness of the adjustable
cyclic substrate holder. This approach provides a viable method for scaling up the size and improving
the quality of polycrystalline diamond films for future applications.

Keywords: 2.45 GHz; MPCVD; polycrystalline diamond thin film; design of substrate holder;
numerical simulation

1. Introduction

The development of wide-bandgap semiconductor materials such as SiC [1], GaN [2],
and AlN [3] has revolutionized various fields, including microelectromechanical systems,
aerospace materials, information sensing, acoustic filters, and quantum technology [4,5].
These materials are favored because of their high breakdown electric fields, electron mo-
bility, and excellent environmental stability. However, operating at higher power levels
presents significant challenges owing to heat-dissipation issues, which limit performance
and compromise device reliability. Effective thermal management is essential for address-
ing this challenge. Diamond has emerged as a highly promising material for thermal
management because of its extremely high thermal conductivity (2000 W/mK), high radia-
tion hardness, and excellent chemical stability [6]. Integrating diamond with wide-bandgap
semiconductors can enhance heat dissipation, thereby increasing the area-dissipation den-
sity and reducing the working-channel temperature. This integration offers a viable solution
to improve the performance and reliability of devices operating at high power levels [7].

Various chemical vapor deposition (CVD) techniques have been employed to de-
posit large-area, high-quality polycrystalline diamond films. These high-quality films are
generally characterized by a low residual stress, fewer defect peaks, absence of impurity

Crystals 2024, 14, 821. https://doi.org/10.3390/cryst14090821 https://www.mdpi.com/journal/crystals1
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phases, and high crystallinity. This process typically involves the reaction of a mixture
of gases (e.g., CH4 and H2) on a substrate, resulting in the formation of polycrystalline
diamond films [8,9]. Currently, MPCVD is the most refined method for producing synthetic
diamonds. A mixture of gases (hydrogen and carbon source gases) is introduced, and the
microwaves generated by the microwave source are transmitted through a rectangular
waveguide. After passing through a mode converter, the microwaves are coupled to the
resonant cavity. A microwave resonator creates a strong and uniform standing-wave elec-
tric field that ionizes gases to form a plasma ball [10]. The substrate is placed beneath the
plasma ball for the diamond film growth. This electrode-free process eliminates potential
contamination sources, enabling the deposition of high-quality polycrystalline diamond
films on the substrate. The resonant cavity in MPCVD equipment is characterized by
microwave resonance. When microwaves of the resonant frequency are input into the
cavity, resonance occurs, creating a high-intensity electric field. This electric field can be
adjusted by modifying the size and shape of the cavity to achieve an optimal electric field
distribution and generate a plasma ball at a specific location. However, this requires high
precision in cavity machining because the presence of plasma also affects the resonant
cavity. Therefore, to optimize the design of the resonant cavity, it is necessary to simulate
the electric field and calculate the plasma distribution [11,12].

The process of growing high-quality polycrystalline diamond thin films is influenced
by numerous parameters, including substrate selection [13], microwave power [14], cham-
ber pressure [15], gas composition [16], chamber temperature [17], plasma ball density [18],
and substrate support [19]. Additionally, the cavity size and frequency of MPCVD equip-
ment play significant roles. Currently, the MPCVD frequencies used are 915 MHz and
2.45 GHz. When comparing microwaves of two different frequencies, the 915 MHz fre-
quency has a longer wavelength, resulting in a larger plasma ball. Consequently, the
required microwave power is higher, leading to a larger diameter of deposited diamond
film. However, MPCVD equipment operating at 915 MHz demands higher power, making
the structure and details of the equipment more complex and posing significant challenges
for maintaining vacuum conditions [20,21]. This, in turn, increases the requirements for
equipment development, manufacturing technology, and cost. On the other hand, MPCVD
operating at 2.45 GHz can achieve high plasma density and deposition rates and has been
widely adopted. In general, when microwaves are coupled to a resonant cavity, two reso-
nance modes exist: transverse electric (TE) and transverse magnetic (TM). The inner metal
walls of the cavity enforce a zero-tangential component on the electric field, causing it to be
perpendicular to the inner wall surface. In the TE mode, there are no strong electric field
regions in contact with the metal, meaning the plasma cannot contact the substrate surface.
Therefore, the TM mode is commonly used, with TM0mn being the most prevalent (where
0 indicates an axially symmetric surface electric field structure, and m and n represent the
number of axial and radial electric field maxima in the resonant cavity, respectively). More-
over, the substrate holder within the cavity plays a crucial role in the effective utilization of
microwave energy [22–24]. To ensure maximum energy utilization, a substrate holder is
added to the reaction zone to focus the electric field above the substrate, thereby avoiding
the formation of secondary electric fields. In 2017, An et al. [25] observed that reducing
the substrate support size radially and increasing it axially resulted in an uneven plasma
distribution. They discovered that altering the height of the movable substrate could
achieve uniform plasma and power density. In 2022, a T-shaped substrate was developed,
introducing a gap at the edge that created a strong additional electric field, enhancing the
edge temperature uniformity and improving the quality of the deposited polycrystalline di-
amond films. Zhao et al. [26] simulated and introduced a hole in the center of the substrate
stage and found that it suppressed nitrogen gas in the cavity without significantly affecting
the plasma, although the electron density decreased by 40%. Sedov et al. [19] designed
three different geometric shapes for substrate platforms using electric field simulations
and manufactured two-inch polycrystalline diamond thin films through simulation testing.
However, these platforms exhibited strong edge effects.
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In this study, a butterfly-shaped resonant cavity was employed within a frequency-
domain transient solution mode, coupled with multiple physical fields. Various substrate
holder designs were proposed to investigate their impact on the microwave electric field,
plasma environment, and the quality of diamond films. Numerical simulations and experi-
mental tests were conducted to identify the optimal substrate holder for the deposition of
high-quality diamond.

2. Simulation and Experiment

2.1. Simulation Modeling

Figure 1a shows a schematic of the butterfly resonant cavity MPCVD used in the
experiment. Using quartz as the dielectric window, this setup can be classified as a quartz-
ring MPCVD, which is a non-cylindrical plasma device. Microwaves are input from below,
coupled into the stainless-steel reaction chamber through a quartz window, and focused
above the substrate stage to form a strong electric field. At the bottom of the cavity, there
is a single substrate holder with a width of 220 mm for placement of the substrate. The
remaining dimensions are shown in Figure 1a. The electric field distribution in Figure 1b
shows a strong secondary electric field near the top of the cavity. At high power, this can
lead to the formation of secondary plasma, resulting in capability loss.

Figure 1. (a) Schematic diagram of a 2.45 GHz butterfly resonant cavity MPCVD and (b) electric field
distribution without plasma generation at an input power of 1.5 kW.

To address the issue of secondary plasma formation and achieve high-quality polycrys-
talline diamond films, we designed three different substrate holders to suppress secondary
plasma. In addition, we developed a substrate platform that ensures a highly uniform
plasma field distribution. Figure 2 shows a schematic diagram of the three substrate holders,
all made of Mo. These holders were designed to tune microwaves, adjust electric fields,
and optimize plasma and temperature distribution.

Figure 2. The three designed substrate holders display (a) trapezoidal, (b) circular frustum, and
(c) adjustable cyclic shapes in the red box.

To simulate the experimental process, a finite element analysis method was used to
study the electric field and plasma electron density distribution inside the cavity. During
the simulation, we used a microwave power of 1000 W, working pressure of 40 Torr,

3
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and microwave frequency of 2.45 GHz. The plasma model approximates the Boltzmann
equation by using a fluid equation. The rate of change in the electron density can be
described by Equation (1):

∂

∂t
(ne) = Re +∇·Γe (1)

In the formula, Γe is the electron flux, and Re is the electron source.
The definition of electron flux Γe is as follows:

Γe = μeneE +∇(Dene) (2)

The electronic source Re is defined as

Re =
M

∑
j=1

xjkjNnne (3)

where xj is the molar fraction of the target substance for reaction j, kj is the rate constant for
reaction j, and Nn is the total number density of neutral particles.

The rate of change of electron energy density is

∂

∂t
(nε) = Rε +∇·Γε + E·Γe (4)

where nε is the electron energy density, and Rε is the loss or increase in ability caused by
inelastic collisions. Γε is defined as the electron energy flux:

Γε = μεnεE +∇(Dεnε) (5)

The microwave electric field distribution of the MPCVD device is solved by
Maxwell’s equation:

∇ × μ−1
r (∇ × E) − k2

0

(
εr − jσ

ωε0

)
E = 0 (6)

In the formula, E is the electric field, ω and k0 are the angular frequency and wavenum-
ber of microwaves, ε0 is the vacuum dielectric constant, μr, εr, and σ are the relative mag-
netic permeability, relative dielectric constant, and conductivity of the material, respectively,
and j is the imaginary unit. In the non-discharged gas region, εr = 1, σ = 0; in the quartz
glass region, εr = 3.78, σ = 0; and for the discharged gas region, the conductivity is given by
the following formula:

σ =
neq2

me(ν e + jω)
(7)

In the formula, q and me are the charge and mass of electrons, respectively, ne is the
electron density, and νe is the electron neutral particle collision frequency of the plasma.

During the diamond deposition process, the introduction of a small amount of methane
does not have a significant impact. Therefore, only the discharge process of H2 is considered.
The hydrogen plasma reaction was studied based on the work of K. Hassouni [27]. Our
model includes only e, H2, H, H (n = 2), H (n = 3), H+, and H+

2 . In the calculations, the gas
temperature is set to be equal to the ion temperature. The following are some important H2
plasma reactions:

e + H2 → 2e + H+
2 (R1)

e + H → e + H∗ (R2)

e + H2 → e + 2H (R3)

4
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e + H2 → e + H2 (R4)

H+
2 + H → H+ + H2 (R5)

H∗∗ → H + hv (R6)

The electronic energy loss Rε is obtained by summing up the collision energy losses of
all reactions:

Rε =
p

∑
j=1

xjkjNnneΔεj (8)

In the equation, Δεj is the energy loss of reaction j. The reaction rate was calculated
using reaction collision cross-section data and the electron energy distribution function:

kj = γ
∫ ∞

0
εσk(ε) f (ε)dε (9)

Among them , γ =
√

2q/m , σk(ε) is the collision cross-section, and f (ε) is the
electron energy distribution function (EEDF).

In addition, the simulation of MPCVD equipment must also consider the impact of
gas temperature, assuming the effects of convection are negligible:

∇·(−k∇Tg
)
= Q (10)

In the equation, k represents the thermal conductivity of the gas, Tg is the gas tempera-
ture, and Q denotes the heat source of the gas. In the MPCVD device, the average free path
of electrons is very short, and the ability of electrons to absorb from microwaves is trans-
ferred to the gas in a short period of time, causing the gas temperature to rise. Therefore,
when calculating, the heat source Q can be approximated as the power density Qh.

2.2. Experimental Details

Polycrystalline diamond thin films were deposited on a 3-inch monocrystalline silicon
(100) substrate. Before diamond deposition, the Si substrate was immersed in a nanodia-
mond suspension and sonicated for 30 min to enhance the diamond nucleation capability.
After drying, the substrates were prepared for diamond growth. The processed silicon sub-
strate was then placed on three differently designed deposition supports in alignment with
the simulated configurations. The growth conditions were set as follows: microwave power
of 5 kW, pressure of 90 Torr, and H2/CH4 flow rates of 300 and 9 sccm, respectively. By
comparing the properties of the grown polycrystalline diamond films with the simulation
results, the optimal substrate support for achieving high-quality polycrystalline diamond
films was identified.

An infrared thermometer was used to measure the temperatures of the substrate
support and Si during the deposition process through a window at the top of the cav-
ity. High-resolution field-emission scanning electron microscopy (FE-SEM; Verios 5 UC,
Thermo Fisher, Brno, Czech Republic) was used to examine the surface morphology of the
polycrystalline diamond films. Additionally, a confocal laser Raman microscope (Renishaw
in Via Qontor, argon ion laser, London, UK, 514.5 nm, 50 mW, spectral resolution ≤ 1 cm−1)
was utilized to analyze the structural information of defects and deposits within the poly-
crystalline diamond films.

3. Results and Discussion

3.1. Influence of the Substrate Holder on the Electric Field in the Cavity

First, through simulation, we calculated the electric field distribution inside the cavity
for different substrate holders. Studying the influence of electric fields before plasma
generation is crucial. As shown in Figure 3a, two strong electric field regions appear in the
cavity: one at the top of substrate holder I and the other at the top of the cavity. In this

5
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scenario, the electric field strength is very low and has a wide distribution range, which is
extremely unfavorable for plasma generation. The presence of two electric fields within
the cavity causes energy loss, resulting in an ineffective utilization of the input power for
diamond deposition.

Figure 3. Electric field distribution diagram (V/m) of the MPCVD device with complete TM011 and
TM021 modes, (a) no substrate holder II, (b) trapezoidal, (c) circular frustum, and (d) adjustable
cyclic shape.

To enhance electric field utilization and reduce energy loss, Li et al. [28] added a
splitter at the top of the cavity to shield the electric field focusing at the top, retaining
only the strong electric field above the substrate stage inside the cavity. However, this
design does not allow real-time adjustment of the substrate stage position, resulting in
poor coordination. To address this issue, Zhang et al. [29] designed a cylindrical cavity
by inverting it by 180◦, which shields the electric field area above and concentrates the
strong electric fields below the cavity for substrate placement. By optimizing the cavity
parameters, they achieved a single high-density plasma sphere; however, this design only
allowed the preparation of two-inch high-quality polycrystalline diamond films.

Compared with traditional cylindrical cavities, the butterfly resonant cavity in this
study can generate a larger electric field and plasma size, which is beneficial for the
large-scale and high-quality deposition of diamonds. To suppress the secondary electric
fields, we propose three different substrate holders; their electric field distributions are
shown in Figure 3. Previous studies have shown that placing a sample in a pocket-like
substrate holder can protect the edges of the sample but results in an uneven electric
field distribution [19]. Another study [30] suggested that increasing the height of the
pocket substrate holder can improve the electric field, thereby enhancing the quality of
the polycrystalline diamond films. Conversely, taller substrate holders demonstrate better
electric field uniformity. In this study, we propose a trapezoidal substrate holder as shown
in Figure 3b. The dimensions are 122 mm at the bottom, 5 mm in height, and 78 mm at the
top with chamfered edges. A significant increase in the electric field intensity was observed,
reaching 3.4 × 104 V/m. The electric field at the upper bottom of the trapezoidal holder
weakened, and the strongest lateral electric field intensity was observed at the top of the
cavity. Additionally, a strong edge effect was generated at the lower end of the original
substrate holder, causing damage to the holder and resulting in electric field energy loss.

6
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To address these issues, we propose a second type of substrate holder, II, designed as
a circular frustum with a bottom diameter of 100 mm, an upper diameter of 90 mm, and a
height of 5 mm, featuring chamfered edges. As shown in Figure 3c, this design reduces the
edge effect observed at the lower end of the initial substrate holder, achieving an electric
field intensity on the circular frustum of up to 4.4 × 104 V/m. Despite this improvement,
the design exhibits an uneven electric field and lacks the ability to move vertically, which
is crucial for adjusting the geometric shape of the resonant cavity and achieving optimal
coordination. To enhance the design further, a lifting cylinder was added to the middle of
the substrate holder. Figure 3d illustrates this improved design, which includes a circular
platform with an upper diameter of 88 mm, a lower diameter of 100 mm, and a height
of 5 mm. The movable cylinder, with a diameter of 78 mm, can be adjusted within an
8 mm range. This adjustment capability allowed for the coordination of the electric field
during the growth process, resulting in a uniform electric field with a maximum intensity
of 1.5 × 105 V/m.

3.2. Influence of the Substrate Holder on Plasma Electron Density in the Cavity

To better understand the influence of the substrate structure on the preparation of
high-quality polycrystalline diamond films, it is essential to calculate not only the electric
field distribution within the cavity but also the plasma electron density distribution. The
principle of the resonant cavity involves focusing the electric field to excite the precursor
gases, thereby forming a plasma [31]. In addition, the presence of plasma affects the
electric field distribution, making the simulation of the plasma electron density distribution
crucial [32]. A finite element method was employed to simulate plasma behavior in the
butterfly cavity. To obtain reliable results, a simulation time of 2 s was selected for the
plasma model calculations. This duration ensured the convergence of the model, providing
accurate and consistent plasma electron density distribution data. The results of these
simulations are essential for optimizing the substrate holder design, ultimately leading to
the production of high-quality polycrystalline diamond films.

Figure 4 shows the plasma electron density distribution maps (1/m3) for four different
substrate holders. During operation of the MPCVD cavity, the electric field generates a
secondary plasma electron located at the top of the cavity. This secondary plasma electron
produces a shielding effect that weakens the plasma electrons above the substrate, hindering
the high-quality deposition of polycrystalline diamond films [33]. The plasma electron
density distribution is crucial in MPCVD because it directly affects the uniformity and
rate of the deposition process. Figure 4a shows the plasma electron density distribution
without the substrate holder II. A high-density plasma region is generated at the center
of the substrate holder, with a maximum of 7.41 × 1017 m−3, and the density decreases
outward from the center. Under these conditions, the deposition rate at the center of the
substrate was high, whereas that at the edges it was low, resulting in inconsistent and
uneven diamond growth rates. Additionally, the heating temperature of the substrate
inside the cavity is entirely from the plasma electrons and is too low for the optimal growth
of polycrystalline diamonds. Figure 4b shows the plasma electron density distribution of
the trapezoidal substrate holder II. The plasma electron density on the substrate holder
decreases significantly, but a smaller plasma region is generated below the substrate
holder. The secondary plasma electron density at the top of the cavity increases, which is
unfavorable for the growth of polycrystalline diamond [34]. Figure 4c shows the plasma
electron density distribution with the circular frustum substrate holder II. The high-density
plasma region on the substrate holder extends to the left and right, changing the shape
of the plasma sphere from circular to elliptical. This alteration may result in a more
uniform deposition of polycrystalline diamond. However, it cannot be adjusted during the
diamond growth process and requires further optimization. Figure 4d illustrates the plasma
distribution with the adjustable cyclic-shaped substrate holder II. This holder retains the
advantages shown in Figure 4c and exhibits a uniform and high-density area, facilitating
the uniform deposition of polycrystalline diamond.
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Figure 4. MPCVD equipment plasma electron density distribution map (1/m3): (a) without substrate
II, (b) trapezoidal, (c) circular frustum, and (d) adjustable cyclic shape.

3.3. Influence of the Substrate Holder on the Temperature of the Gas in the Cavity

Figure 5 shows the gas temperature distribution for different substrate holders. By
comparing it with Figure 4, it is evident that gas temperature distribution correlates with
plasma electron density distribution. As shown in Figure 5a, in the absence of substrate
support II, a hat-shaped high-temperature zone will form in the plasma region. When
the trapezoidal substrate holders are added, the high-temperature region becomes more
dispersed, as seen in Figure 5b. In Figure 5c, the high-temperature region is slightly lower
and spreads more towards the edges of the substrate holder. Figure 5d shows the broadest
high-temperature region, indicating that the substrate holder design can maximize the
area exposed to high temperatures, thereby improving the uniformity of diamond film
deposition.

 

Figure 5. Temperature (K) distribution of plasma gas in MPCVD equipment: (a) without substrate II,
(b) trapezoidal, (c) circular frustum, and (d) adjustable cyclic shape.
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Figure 6 illustrates the number density distribution of H species along the central axis
of the chamber under three different substrate holder configurations. The x-axis represents
the height from the substrate surface. The figure reveals that the trend of the distribution
curve varies with different substrate holders. Without a substrate holder, the number
density generally increases with height. When a trapezoidal substrate holder is used, the
H species number density is higher near the substrate surface and gradually decreases
with increasing distance. In contrast, with the adjustable cyclic-shaped substrate holder, a
uniform distribution of H species is observed within 10 mm from the substrate surface, and
the overall trend shows a gradual decrease beyond this point. This uniform distribution
supports the reliability of the proposed substrate holder design for producing high-quality
diamond films.

Figure 6. The number density distribution curve of substance H along the axis direction of the cavity.

3.4. Experimental Verification of Simulation Results

The actual MPCVD growth process is complex and requires experimental verification
for an accurate simulation. Based on the simulation results, we manufactured three types
of substrate holder II and placed them in a cavity for experimental testing. As shown in
Figure 7, the actual plasmonic spheres generated using different substrate holders exhibited
varying coverage and shapes. Figure 7a illustrates the trapezoidal substrate holder, in which
the plasmonic sphere appears as a slightly curved elliptical shape with incomplete coverage.
It is mainly concentrated in the center of the cavity with weak edges. Figure 7b shows
the circular frustum substrate holder, where the plasma shape becomes more uniform,
covering almost the entire top and bottom, and the brightness is more consistent. Figure 7c
shows the adjustable cyclic shape, where the plasma appears flat and completely covers
the substrate holder. These observations indicate that different substrate holders affect the
plasma distribution and shape. Thus, optimization of the substrate holders can achieve
improved plasma distribution and deposition effects. Additionally, it can be seen that the
experimental plasma distribution results are largely consistent with the simulations.
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Figure 7. Plasma distribution diagram of the MPCVD device in a hydrogen atmosphere experiment:
(a) trapezoidal, (b) circular frost, and (c) adjustable cyclic shape. (d) An actual image of polycrystalline
diamond growth under an adjustable cyclic-shaped substrate holder. (e) Three inches of high-quality
polycrystalline diamond growth under an adjustable cyclic-shaped substrate holder.

To verify the influence of the substrate holders, we used three types to analyze poly-
crystalline diamond films grown under identical parameters for four hours. The growth
process using an adjustable cyclic substrate holder is illustrated in Figure 7d. The substrate
holder turned bright red with plasma heating. Figure 7e shows the polycrystalline dia-
mond thin film deposited in an adjustable cyclic-shaped substrate holder, which appears
uniformly black. For comparison, we examined polycrystalline diamond films prepared
using two other methods. Figure 8 shows the SEM images of these films. Figure 8a shows
the results obtained using the trapezoidal substrate holder. The surface is not fully covered
with polycrystalline diamond, displaying a graphite phase and 10-μm-sized polygonal
diamond particles. Figure 8b shows complete coverage with a relatively small amount of
graphite phase and a consistent structure within the region. Figure 8c shows that nearly
full coverage of the surface was achieved. The polycrystalline diamond particles exhibited
a uniform quadrilateral morphology with a lower growth rate than that shown in Figure 8b.
This finding is consistent with those of other studies, suggesting that an excessively fast
growth rate can reduce quality. The particle size distribution histograms indicate that the
average particle sizes for the trapezoidal substrate holder, circular frustum, and adjustable
cyclic shape are 4.24 μm, 4.49 μm, and 4.33 μm, respectively. The circular frustum exhibits
the fastest growth rate and largest average size, while the adjustable cyclic shape results in
the most uniform particle size distribution, leading to the highest-quality diamond growth.
Consequently, we chose to deposit high-quality polycrystalline diamond films using the
adjustable cyclic-shaped substrate holder [35].
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Figure 8. (a–c) The surface morphologies of polycrystalline diamond prepared on three different
substrate supports and (d–f) the corresponding particle size distribution maps (The dashed line
represents the Gaussian function fitted to obtain the normal distribution curve).

Temperature is also critical for polycrystalline diamond growth. We used infrared
temperature measurements to monitor substrate growth through a viewing window at the
top of the chamber. As shown in Figure 9, the center of the trapezoidal substrate holder
has the highest temperature of 1136 K, while the lowest temperature at the edges is 935 K.
This significant temperature difference leads to different diamond growth rates. Rapid
changes in pressure and power can lead to silicon rupture. These results are consistent with
the simulation results shown in Figure 5b, indicating that an inhomogeneous temperature
field distribution is detrimental to the growth of polycrystalline diamond. In contrast,
the temperature difference of the adjustable ring substrate holder is very small, which is
consistent with the results in Figure 5d. Therefore, this study demonstrates the feasibility of
the adjustable cyclic substrate holder and suggests a feasible route for growing large-scale
high-quality polycrystalline diamond films.

 

Figure 9. Temperature from the center of the substrate silicon wafer to the outside during growth of
different substrate holders.
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Additionally, to evaluate the quality of polycrystalline diamond produced by the three
different substrate holders, Raman spectroscopy was conducted, as shown in Figure 10.
The residual stress in the diamond films can be calculated based on the shift in the Raman
peak using the following equation:

σ = m(ν − ν0) (11)

Figure 10. Raman spectra (a–c) and XRD diffraction patterns (d) of polycrystalline diamond prepared
on different substrate supports.

In this equation, m is −0.567 GPa/cm−1, ν0 is the wavenumber of natural, stress-free
diamond (1332 cm−1), and ν is the measured wavenumber of the diamond. Therefore, the
residual stress in all samples predominantly manifests as compressive stress. Specifically,
the trapezoidal sample exhibits a residual stress of 2.268 GPa, the circular frustum sample
shows a stress of 1.701 GPa, and the adjustable cyclic-shaped sample presents a stress of
0.567 GPa. Additionally, the FWHM of the characteristic Raman peak, which is a critical
parameter for assessing diamond quality, is 12.6 cm−1, 8.4 cm−1, and 4.1 cm−1, respectively,
for these samples. In the XRD patterns, only the (111) and (220) diffraction peaks are
observed, with the (400) peak displaying the highest intensity, as shown in Figure 10d.
Notably, the adjustable cyclic-shaped substrate holder exhibits the lowest FWHM at 0.27◦,
indicating the highest crystal quality. This indicates that the shape of the substrate holder
significantly impacts the quality of the diamond. Among the tested designs, the diamond
produced using the adjustable cyclic-shaped substrate holder exhibited the highest quality.

Owing to the etching effect of hydrogen plasma on the graphite sp2 phase, polycrys-
talline diamond can undergo high-quality growth [21]. In comparison, the trapezoidal
substrate holder resulted in a larger graphite phase. The conical substrate holder also
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contained some graphite phase. This is due to the rapid growth of diamond, which leads to
the deposition of graphite that is not completely etched away. Overall, using an adjustable
circular substrate holder ensures a uniform distribution of the electric field, plasma electron
density, and temperature, making it feasible to grow high-quality three-inch polycrystalline
diamond. The experimental results are consistent with the simulation results, validating
the reliability of the simulation method used in this study.

4. Conclusions

This study investigates the impact of three distinct substrate holder shapes—trapezoidal,
circular frustum, and adjustable cyclic—on the quality of polycrystalline diamond films.
Using a frequency-domain transient solver, simulations were conducted to model the
electric field and plasma distribution for each holder shape. Changes in the holder shape
resulted in corresponding variations in the electric field and plasma distribution within the
chamber. The trapezoidal shape enhanced secondary plasma formation, but the plasma
ball did not fully cover the surface. The circular frustum shape reduced secondary plasma,
minimizing energy loss and achieving the highest growth rate. However, it also introduced
a graphite phase, which diminished the quality of the polycrystalline diamond films. To
overcome these challenges, an adjustable cyclic substrate holder was proposed. This design
suppressed secondary plasma, and the gas temperature distribution above the substrate
evolved from a sombrero shape to a more uniform profile, improving the uniformity of
temperature and hydrogen species density. Infrared temperature measurements showed
that the trapezoidal holder exhibited a significant temperature gradient from the center
to the edge, which hindered uniform growth. In contrast, the adjustable cyclic shape
demonstrated the smallest temperature variation across the substrate surface, leading to
more uniform growth. The polycrystalline diamond films deposited using the adjustable
cyclic holder exhibited the lowest residual stress (0.567 GPa) and the narrowest FWHM of
4.1 cm−1, predominantly oriented along the (111) crystal plane. The experimental results
validated the simulation findings and confirmed the effectiveness of the adjustable cyclic
substrate holder. This design offers a viable approach to enhancing the performance of exist-
ing MPCVD systems, facilitating the production of high-quality, large-area polycrystalline
diamond films.
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Abstract: Hematite (α-Fe2O3) is one of the most promising and widely used semiconductors for
application in photoelectrochemical (PEC) water splitting, owing to its moderate bandgap in the
visible spectrum and earth abundance. However, α-Fe2O3 is limited by short hole-diffusion lengths.
Ultrathin α-Fe2O3 films are often used to limit the distance required for hole transport, therefore
mitigating the impact of this property. The development of highly controllable and scalable ultra-
thin film deposition techniques is therefore crucial to the application of α-Fe2O3. Here, a plasma-
enhanced atomic layer deposition (PEALD) process for the deposition of homogenous, conformal,
and thickness-controlled α-Fe2O3 thin films (<100 nm) is developed. A readily available iron precur-
sor, dimethyl(aminomethyl)ferrocene, was used in tandem with an O2 plasma co-reactant at relatively
low reactor temperatures, ranging from 200 to 300 ◦C. Optimisation of deposition protocols was
performed using the thin film growth per cycle and the duration of each cycle as optimisation metrics.
Linear growth rates (constant growth per cycle) were measured for the optimised protocol, even at
high cycle counts (up to 1200), confirming that all deposition is ‘true’ atomic layer deposition (ALD).
Photoelectrochemical water splitting performance was measured under solar simulated irradiation
for pristine α-Fe2O3 deposited onto FTO, and with a α-Fe2O3-coated TiO2 nanorod photoanode.

Keywords: hematite; atomic layer deposition; plasma; ferrocene

1. Introduction

Atomic layer deposition (ALD) is a highly precise and controlled gas phase method for
the deposition of thin films onto a range of substrates, first developed independently within
groups in the Soviet Union (1960s) and in Finland (1974) [1–3]. It has since been applied
across a range of semiconductor-based technology that requires ultrathin, controlled, and
conformal coatings [4]. One such use is in photoelectrochemical (PEC) devices, which can
employ ALD to fabricate heterojunctions [5], protective layers [6], and blocking layers [7].
PEC devices are typically highly nanostructured with complex morphologies, making
ALD perfectly suited for the deposition of conformal layers onto these high-aspect-ratio
arrangements without losing or filling-in the desired architecture.

The conventional method of ALD, also known as thermal ALD, uses elevated substrate
temperatures and simple oxidants (e.g., H2O, H2O2, O2 and O3) to drive surface reactions
in each half-cycle [1,8]. However, these common oxidants are often not suitable co-reactants
for efficient deposition on less reactive precursor compounds, significantly restricting the
viable precursor options. An alternative method that is more effective on less reactive
precursors is plasma-enhanced ALD (PEALD) [9,10], which utilises a strongly oxidising
plasma (commonly O2 or N2 plasmas) as the co-reactant in the second half-cycle, providing
access to lower substrate/deposition temperatures, faster reactions, shorter purge times,
and a shorter initial nucleation delay before linear growth rates [9]. However, limitations
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of PEALD make its use situational and make it require stringent optimisation and charac-
terisation protocols, including lower thin film uniformity, plasma-induced damage to the
growing film or underlayers, and undesired surface reactions and defect formation [11–13].

ALD of α-Fe2O3 has been given significantly less attention compared to the alternative
common metal oxide materials due to its low growth rates, low precursor volatilities
and reactivities, and narrow temperature windows for ALD growth [14–18]. A range of
Fe2O3 precursors have been studied and reported, including Fe(thd)3 [19], Fe2(OtBu)6 [20],
bis(2,4-methylpentadienyl)iron [21], FeCl3 [22], Fe(acac)3 [23], and Fe(btmsa) [24], using
either H2O, H2O2, O2, or O3 as a co-reactant, and sharing similar optimal deposition
conditions [19,25–28].

While precursors such as FeCl3 are hampered by corrosion issues in the ALD cham-
ber [22], precursors such as ferrocene [29] have received attention because of the combined
features of its low cost, high level of availability, high air moisture, and thermal stability,
making it an ideal candidate for scale-up [19,27]. However, even Ferrocene-based precur-
sors require long deposition durations due to poor reactivity, often using O3 oxidant as
the most reactive co-reactant commonly used in thermal ALD. It therefore makes sense to
instead use highly reactive oxygen plasma as the oxidant (i.e., PEALD). Despite this, to the
best of the authors’ knowledge, only two studies have been published using PEALD to
deposit α-Fe2O3. Detavernier et al. [30] used a tertiary butyl ferrocene precursor with O2
plasma to produce crystalline, pure α-Fe2O3 films within the temperature range 250–400 ◦C.
Jeong et al. [31] compared thermal ALD and PEALD for the deposition of α-Fe2O3 from
bis(N,N’-dibutylacetamidinato)iron(II) precursor, revealing that PEALD-grown α-Fe2O3
possessed lower surface roughness and better crystallinity than the equivalent film grown
by thermal ALD. Given the advantages of PEALD for overcoming limitations within α-
Fe2O3 ALD, it is surprising that no additional literature exists on similar α-Fe2O3 PEALD
processes.

Hematite (α-Fe2O3) possesses high stability under a large pH range, non-toxicity, high
natural abundance, low cost, and narrow bandgap of 2.0–2.2 eV, allowing absorption of
most of the visible light spectrum (up to 620 nm) [32]. This combination of properties has
made it one of the most promising and best-researched materials for use in PEC water
splitting, however, its application in energy storage devices such as batteries [33–36] and su-
percapacitors [37–39], sensors that detect the presence of certain gases or chemicals [40–45],
and PEC solar cells has also been explored [46–48]. The predominant limitation of α-Fe2O3
is its short hole-diffusion lengths, restricting its use to ultra-thin films or highly nanostruc-
tured morphologies such as nanowires to minimise diffusion distances [49–51]. A TiO2
underlayer is known to improve the PEC performance of α-Fe2O3 on FTO substrate as α-
Fe2O3 and FTO have a significant lattice mismatch, resulting in a poor interface for electron
transport [50]. In fact, a study by Grätzel et al. used an O3 co-reactant in a thermal ALD
process to conformally coat TiO2 nanorods with a α-Fe2O3 overlayer, which significantly
enhanced the PEC performance of the electrode relative to both films individually [52].
Here we have developed for the first time a viable PEALD process for the fabrication of
hematite thin films using a widely commercially available precursor system. This study
represents our initial research in this area.

2. Results

Dimethyl(aminomethyl)ferrocene (DMAMFc) has been previously reported by Grätzel
et al. [52] as a precursor in an ALD process using ozone (O3) oxidant as the co-reactant. It
was therefore deemed a promising option for application within a PEALD regime. Due to
the differing technique and instruments, it was important to optimise the complete process
for PEALD, and not simply the second, plasma half-cycle parameters.

Thermogravimetric analysis (TGA) was performed on DMAMFc to reveal its volatil-
isation behaviour and suitability for ALD (Figure 1). A single and relatively fast mass
loss event was measured, showing clean volatilisation (reaching ~0% wt%) initiating at
108.2 ◦C (temperature after 1% mass loss) and completing at 217.7 ◦C. The absence of any
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signs of decomposition reveals the high thermal stability of the DMAMFc precursor, a vital
property for ALD precursors to ensure no decomposition (CVD) processes occur during
precursor pulse half-cycles. Indeed, possession of both suitable volatility and high thermal
stability indicates the promise of DMAMFc precursor towards ALD.

Figure 1. Thermogravimetric analysis of DMAMFc, measured under an Ar flow between 30 and
520 ◦C at a constant ramp rate of 5 ◦C min−1, with volatilisation onset marked with a red dashed line.

2.1. PEALD Process Development

All optimisation figures herein have used a ‘standard deposition procedure’ developed
throughout the work as the most optimised parameters. Unless otherwise stated, all
figures will vary only according to the discussed parameters from this procedure. The
standard deposition procedure was: 90 ◦C pot temperature, 240 ◦C chamber temperature,
{0.5/3.0/5.0 s} × 3 vapour boost/precursor-pulse/purge sequence in the precursor pulse
half-cycle, 5 s plasma pulse (100 W), and 10 s plasma purge. Preliminary depositions
were ineffective and yielded negligible Fe2O3 thicknesses due to the slow rate of precursor
uptake. In order to effect precursor transfer, a vapour boost protocol was introduced,
specifically, the pressure within the precursor pot was increased by a short (<1 s) nitrogen
pulse immediately before exposure to the vacuum, resulting in a more forceful initial
response and increased agitation of the liquid precursor, and therefore the vapour formation
and uptake.

Growth per cycle (GPC) values (obtained by measurement of the final thickness
of a grown film with a known number of cycles) from no boost to 1 s boost sequences
(Figure 2a) reveal the significant enhancement in performance provided, and that the
DMAMFc PEALD process is likely primarily limited by the precursor extraction from the
pot into the chamber.

The GPC begins to plateau after 0.5 s, an indication that precursor uptake has passed
the threshold where it is the limiting factor for deposition, and the process is now limited
by the reaction rate at the sample surface. A duration of 0.5 s was therefore chosen to
maximise uptake and minimise cycle duration.

Precursor pulse lengths from 0.5 to 5 s, all with a 0.5 s boost, were trialled, yielding
an apparent GPC saturation regime from 2 s onward, a classic indication of self-limiting
ALD growth (blue trace and inset, Figure 2b). However, the GPC value at the plateau
(~0.29 Å) was significantly lower than expected for an ALD process with complete surface
saturation in each cycle. Considering boosts were essential for extraction of the precursor,
multiple pulses, each with its own boost, were trialled within the same precursor half-cycle,
effectively refreshing the pot to the boost pressure after each individual pulse (black trace,
Figure 2b). Using the multi-pulse half-cycles, the GPC increased significantly for the same
total precursor pulse lengths and continued a relatively linear increase as total pulse length
increased further, even reaching total pulse lengths of 30 s (10 consecutive 0.5 s boosts + 3 s
pulse) without a plateau.
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Figure 2. Optimisation of DMAMFc PEALD pulse sequence process, comparing measured growth
rate to (a) DMAMFc delivery boost pulse, and (b) DMAMFc delivery pulse for a single boost pulse
before plasma step (blue, zoomed on inset), and multiple boost pulse sequences before the plasma
step (black). All depositions completed with the defined ‘standard protocol’ except for the single
varied parameter.

These data clearly show that the precursor is unusually difficult to volatilise, reaching
a point after initial exposure to the vacuum where no, or significantly limited, volatilisation
occurs, despite the continuation of the vacuum environment. While it is conventional
to increase pulse duration until saturated ALD growth is seen, 30 s total pulse lengths
consumed large quantities of precursor and required long deposition periods of 110 s
per cycle. It was therefore concluded that a higher pulse duration was impractical for
employment in both a research and commercial environment.

A linear increase in GPC with increasing pot temperature was seen (Figure 3a), sug-
gesting that the rate of monolayer deposition within the DMAMFc deposition was limited
by the amount of precursor pulsed into the chamber. Temperatures above 120 ◦C were not
tested as a previous report using this precursor identified a reduction in photoactivity of
the resulting film with pot temperatures at 120 ◦C and higher [52]. The temperature of the
reaction chamber was optimised to reside within the self-limiting growth ALD window.
After trialling six points between 200 and 300 ◦C, the GPC plateaus at 240 and 260 ◦C before
decreasing at 280 and 300 ◦C, likely due to desorption from the sample surface (Figure 3b).

Figure 3. Optimisation of DMAMFc PEALD temperatures, comparing measured growth rate with (a)
pot temperature, and (b) chamber temperature. All depositions completed with the defined ‘standard
protocol’ except for the single varied parameter.

There are no signs of CVD contribution, therefore the precursor can be used at all these
temperatures. The optimal temperature was chosen to be 240 ◦C, despite its 0.007 Å cycle−1
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lower GPC than 260 ◦C (0.525 compared to 0.532 Å cycle−1, respectively). Lower tempera-
ture processes are preferred due to the reduced energy requirement and greater flexibility
in choice of substrate and co-reactant, hence the marginal GPC difference does not justify
the increased temperature.

Oxygen plasma was produced using an RF generator, with power ranging from 0 W
(resulting in only an O2 gas pulse) to 200 W (Figure 4a). For 0 W, no O2 plasma will be
produced, and the negligible GPC (0.0065 Å) revealed that O2 does not act as an oxidant
to functionalise the surface during co-reactant half-cycles, confirming that all deposits
within this study have been solely PEALD, and not a combination of PEALD and thermal
ALD. The GPC shows a positive correlation with plasma power from 50 to 150 W, as
increased power generated more O2 plasma and therefore more of the surface can be
functionalised. However, instead of plateauing as plasma power increased further (tending
towards complete surface functionalisation), the GPC decreased significantly at 200 W. It
is likely that the growing Fe2O3 layers were sensitive to excessive O2 plasma exposure,
resulting in damage or removal of the surface upon the plasma pulse half cycle. In support
of this, a similar trend was identified for the plasma pulse duration parameter (Figure 4b).
A GPC of zero with no plasma pulse confirmed that no CVD occurred, followed by a
positive correlation of increasing GPC with plasma pulse duration up to a 7 s pulse period,
after which a detrimental effect was, again, observed. This is not a new observation, with
similar having been reported previously for a range of different materials [53,54].

Figure 4. Optimisation of DMAMFc PEALD plasma parameters, comparing measured growth rate
with (a) plasma power, and (b) plasma pulse length. All depositions completed with the defined ‘stan-
dard protocol’ except for the single varied parameter. (c) Comparison of pulse/purge/pulse/purge
protocols for pulsed vs. flow plasma gas input, and (d) measured growth from pulsed vs. flow
plasma gas protocols, with and without RF pulse.

All deposition processes used thus far have been in a pulsed plasma gas regime,
meaning that the plasma gas in the co-reactant half-cycle is pulsed into the chamber
simultaneously with the RF power on/off (Figure 4c). Alternatively, the plasma gas can be
flowed continuously into the chamber throughout the entire ALD cycle window, and only
the RF generator will be pulsed in the co-reactant half-cycle (i.e., O2 gas flow is constant,
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but O2 plasma is only generated during this second half-cycle). When the Fe2O3 GPC from
each process is compared, it appears that the flow regime is more effective (Figure 4d).

However, when the same regimes were trialled without the RF pulse (i.e., expecting
zero deposition as no O2 plasma was generated), the flow regime still had a significant
GPC value (0.105 Å cycle−1). This indicates that CVD processes were occurring, likely due
to the reaction between O2 and the DMAMFc precursor at the elevated temperature during
precursor pulsing. The flow regime was therefore deemed unsuitable for this process.

The GPC of a series of ALD processes with varying pulse sequences, pot temperatures,
and chamber temperatures were recorded (Table 1, Figure 5). For practical application, a
high GPC is not useful if each cycle is excessive in duration. A new efficiency parameter
(η) was therefore introduced to account for this, calculated by dividing the GPC by the
duration of each full ALD cycle, as in Equation (1):

η = GPC ()/tcycle (s) (1)

where η is the deposition efficiency and tcycle is the duration of one full ALD cycle. Processes
1–4 were all single-pulse sequences, and all possessed lower efficiencies than all 3× (and
even 5×) multi-pulse sequences, once again confirming the effectiveness of employing
multiple boost/pulse sequences within the same half-cycle, despite the time it adds to the
cycle. While 5× and 10× boost/pulse sequences yield the highest GPC values (processes 8
and 10, respectively), the increase is not enough to mitigate the resulting extended cycle
durations, evidenced by the lower η values. A half-cycle of 3× boost/pulse sequences
is therefore considered the optimal parameter out of this dataset. Process 9 is clearly
optimal for deposition, showcasing the greatest GPC and efficiency; however, as previously
discussed, a precursor pot temperature of 120 ◦C is known to decrease the photoactivity
of the resulting Fe2O3 film [52]. Consequently, processes 6 and 7 emerge as the optimal
conditions. Process 7 consumed more precursor while only exhibiting a marginal increase in
GPC and η, thus process 6 was concluded to be the most optimal among parameters tested.

Table 1. PEALD processes with varying pulse sequences and temperatures, all using 100 W RF
generator power, a 5 s plasma gas and RF pulse, and a 10 s purge.

Process
Number

Sequence/s
(Boost/Pulse) ×

n

Temp/◦C
(Pot/Chamber)

GPC/Å cycle−1 η/10−3 Å s−1

1 (0.5/1.0) × 1 60/240 0.13 4.16
2 (2.0/5.0) × 1 60/240 0.24 6.46
3 (0.5/3.0) × 1 90/240 0.29 8.60
4 (0.5/3.0) × 1 90/300 0.29 8.72
5 (0.5/1.0) × 3 90/240 0.43 9.75
6 (0.5/3.0) × 3 90/240 0.53 10.40
7 (1.0/3.0) × 3 90/240 0.54 10.42
8 (0.5/3.0) × 5 90/240 0.62 9.17
9 (0.5/3.0) × 3 120/240 0.73 14.49
10 (0.5/3.0) × 10 120/240 0.78 7.05

The linearity of growth rate seen in both total film thickness and GPC trends (Figure 6),
using the optimised parameters from process 6, reveal the high degree of control this
process has for the deposition of Fe2O3. An approximately decreasing GPC with increasing
cycles suggests it may become more difficult to grow the film as thickness increases,
however, the drop is negligible for the number of cycles being investigated. These trends
are indicative of a pure ALD process, without any CVD contribution. The process is
therefore an effective method for depositing ultrathin (<100 nm) Fe2O3 films, and can now
be applied to PEC systems to study its photoactivity and performance, both alone and in a
simple heterojunction.
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Figure 5. Growth rates and corresponding deposition efficiencies (η) for a series of PEALD processes.

Figure 6. Growth rate and total film thickness measurements for films deposited by PEALD using
process 6 across a range of total cycle numbers.

2.2. Thin Film Physical Characterisation

All initial deposition processes were initially performed using silica wafers as a thin
film substrate. However, for PEC application, deposition onto a transparent conducting
oxide (TCO) substrate was required. FTO-coated (TEC-15) glass slides were therefore
used as the substrate. Selected samples were annealed at 500 ◦C for 4 h after deposition,
which resulted in a change of colour from dark brown to orange/red (Figure 7), indicating
formation of crystalline α-Fe2O3 only after annealing. An annealing temperature of 500 ◦C
was used in other studies and was chosen here as it is below the glass transition temperature
of TEC-15 (564 ◦C) [55].

Figure 7. Appearance (from left to right) of: initial FTO-coated glass substrate, as-deposited 60 nm
thin films, annealed 60 nm thin film (note that the silver area at the top is silver paint and not part of
the sample).

Grazing incidence XRD (GIXRD) was employed on an annealed Fe2O3 thin film
(500 ◦C for 4 h) and a pristine FTO-coated glass substrate control with an incidence angle
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(ω) of 5◦. Spectra were obtained within the 20–90◦ (Figure 8a) and the 30–40◦ (Figure 8b)
2θ ranges—the latter also performed on an as-deposited (unannealed) Fe2O3 thin film. In
the resulting spectra, a clear and unambiguous peak at 35.6◦ (matching the position of the
expected (110) α-Fe2O3 peak) was present for the annealed Fe2O3 thin film, but was absent
for both the FTO and, interestingly, unannealed Fe2O3. As-deposited Fe2O3 must therefore
be amorphous, only becoming crystalline after annealing at 500 ◦C. Amorphous materials
can possess improved conductivity in bulk, compared to their crystalline counterparts,
and would be particularly effective as an outermost layer (which is complementary to
the use of ALD as the conformal coating tool) in an electrode due to the higher surface
energy of amorphous materials, therefore increasing the electrocatalytic activities. However,
the study of the amorphous thin film is beyond the scope of this preliminary work, and
therefore all samples herein have been annealed at 500 ◦C for 4 h and will therefore be
denoted as α-Fe2O3.

Figure 8. Grazing incidence X-ray diffraction patterns for pristine FTO (red), (blue) as-deposited
Fe2O3 on FTO, and annealed Fe2O3 on FTO (black), measured at an X-ray incidence angle of 5◦ for
~12 h within a 2θ range of (a) 20–90◦ and (b) 30–40◦. Insets show zoomed views of the peak of interest
with XRD patterns overlayed. Peaks associated with FTO are marked with a black dot.

SEM cross-sectional images coupled with EDX were used to identify a 60 nm α-Fe2O3
layer on a pristine FTO-coated glass substrate (Figure 9). It is difficult to confirm the
thickness of the α-Fe2O3 due to the poor resolution at such high magnifications, and the
lack of distinction between the conformal α-Fe2O3 coating and the FTO layer, however, it
was approximated to be 75 nm. It could therefore be concluded that the α-Fe2O3 growth is
more favored on FTO than silica (i.e., there is more surface coverage as the surface is closer
to saturation in each individual precursor pulse half-cycle). EDX data defined a clear, flat,
and uniform Fe layer on top of the Sn (FTO) layer.

To demonstrate the conformal deposition and layering potential of the PEALD process,
a 30 nm- and 60 nm-α-Fe2O3 thin film was deposited onto a previously studied [5,56,57]
photoanode consisting of TiO2 nanorods grown onto FTO substrate (herein denoted as
TiO2/Fe2O3-30 nm and TiO2/Fe2O3-60 nm, respectively). Similar TiO2 nanorods have
previously shown enhanced PEC performance after α-Fe2O3 ALD coating [52].

Top-down SEM images of the TiO2 (Figure 10a) and TiO2/Fe2O3-60 nm (Figure 10b)
show a seemingly successful conformal coating onto the nanorod morphologies. The
roughness of the tips of the TiO2 nanorods vanishes after the α-Fe2O3 coating, resulting
in a far smoother morphology. The diameter of the nanorods does not appear to change
significantly after coating (~70–100 nm), suggesting that the growth rate measured on
the silica substrate may be greater compared to a TiO2 surface, although the nature of
smoothing rough edges and measuring on nanorods makes it difficult to accurately measure
and/or confirm this. For clarity, both heterojunction samples will continue to be referred to
as TiO2/Fe2O3-30 nm and TiO2/Fe2O3-60 nm herein.
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Figure 9. (a) FE-SEM cross-section image of 60 nm-α-Fe2O3 deposited onto FTO-coated glass substrate
(approximate α-Fe2O3 layer indicated in red). EDX data for 60 nm-α-Fe2O3 deposited onto FTO-
coated glass substrate: (b) electron image overlayed with Fe series from EDX analysis (teal), (c) Fe
map across electron image, and (d) Sn map across the electron image.

Figure 10. FE-SEM surface images of (a) TiO2-nanorods, and (b) TiO2/Fe2O3-60nm, deposited onto
FTO-coated glass substrate.

The highly directional nature of plasma often results in a significant decrease in the
conformality of a PEALD coating compared to thermal ALD [9]. Given the high aspect-
ratio of the TiO2 nanorod structure, it was necessary to study the depth of the Fe2O3
coating on the nanorods via EDX of thin film cross-sections (Figure 11). Qualitative analysis
of Figure 11a,c reveals a clear decrease in the abundance of Fe further down the length
of the nanorod structures. Interestingly, the thicker Fe2O3 coating (TiO2/Fe2O3-60 nm,
Figure 11c) shows greater relative Fe abundance near the lower region of the nanostructures,
revealing that Fe2O3 must be deposited across the entire structure, but without complete
coverage further down the rod length. This suggests that longer precursor pulse half
cycles could provide greater conformality by ensuring complete monolayer coverage of the
lower nanorod regions. However, as discussed previously, it is impractical to increase the
deposition durations further.

UV/Vis spectroscopy revealed a sharp absorption onset at 415 nm for the as-deposited
TiO2 film (Figure 12a), corresponding to a 3.01 eV bandgap evaluated using the corre-
sponding Tauc plot (Figure 12b), and the values matched those of the expected rutile
polymorph. Interestingly, α-Fe2O3 showed no characteristic absorbance onset, however
absorbance does appear to flatten at >600 nm, which matches the expected bandgap. It
is likely that the film was too thin for clear absorption onset peaks, particularly when
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considering the low absorption coefficient of α-Fe2O3 (requiring a 375 nm thickness to
absorb 95% of 550 nm incident light) [50]. The absorption spectra from the TiO2/Fe2O3
heterojunction contained two distinct absorption peaks at 595 nm and 405 nm, representing
bandgaps of 3.08 and 2.09 eV, respectively. The 2.09 eV peak is within the expected range
for α-Fe2O3 (1.9–2.2 eV) [58], and the 3.08 eV peak is between values for anatase (3.2 eV)
and rutile (3.0 eV) TiO2. The presence of two TiO2 phases is unexpected, as it is known from
a previous study [56] that the TiO2 nanorods are purely rutile when deposited onto FTO.

Figure 11. (a) FE-SEM cross-section image of TiO2/Fe2O3-30 nm, (b) electron image of TiO2/Fe2O3-
30 nm overlayed with Fe (blue) and Ti (orange) series from EDX analysis, (c) FE-SEM cross-section
image of TiO2/Fe2O3-60 nm, and (d) electron image of TiO2/Fe2O3-60 nm overlayed with Fe (blue)
and Ti (orange) series from EDX analysis.

Figure 12. (a) Optical absorption spectra for: (black) TiO2, (red) α-Fe2O3, (blue) TiO2/Fe2O3. (b) Tauc
plots for each sample with extrapolated indirect bandgaps as annotated. All thin films were deposited
onto FTO-coated glass.

Standard reflection-XRD of TiO2 and TiO2/Fe2O3-60 nm was performed to further
study the TiO2 phases present, and the possibility of rutile conversion to anatase during
the ALD process. XRD patterns (Figure 13) contained only rutile peaks for TiO2 environ-
ments, which contrasts the bandgap measured via Tauc analysis (rutile bandgap expected:
~3.00 eV, measured: 3.08 eV). It is therefore likely that the slight widening is a result of
either: (i) long-term (24 h) exposure to the vacuum environment at 240 ◦C with regular
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oxygen plasma pulses has caused a widening of the bandgap [56], or (ii) the uncertainty
associated with the Tauc analysis is ≥0.08 eV. Potential a-Fe2O3 peaks are visible in the
TiO2/Fe2O3 pattern (red highlight), however, the similar sizes relative to the background
noise, and the overlap of 2θ positions with rutile and FTO peaks, limit the certainty of
identification.

Figure 13. X-ray diffraction pattern for the pristine TiO2 nanorod and TiO2/Fe2O3-60 nm samples,
both grown onto FTO-coated glass substrate. Peak locations corresponding to rutile TiO2 and a-Fe2O3

are highlighted in blue and red, respectively, and FTO is marked with a black dot.

2.3. Thin Film Photoelectrochemical Characterisation

PEC analysis on a pristine TiO2 nanorod thin film, 30 nm α-Fe2O3, and the TiO2/Fe2O3
heterojunction with 30 nm (Figure 14a,b) and 60 nm (Figure 14c,d) α-Fe2O3 thicknesses
was performed under both front and rear illumination. A summary of the photocurrent
densities for each photoanode at 1.23 V vs. RHE is provided in Table 2. Like many metal
oxide electrodes, the pristine TiO2 nanorod electrode showed greater performance under
rear illumination than front—an indication that charge carrier transport within the material
may be relatively slow with respect to the timescale for recombination.

Photocurrents for α-Fe2O3 were negligible from both front and rear illumination,
likely due to the ultrathin layer resulting in no appreciable photon absorption, particularly
relevant for α-Fe2O3 which possesses a relatively small absorption coefficient [50]. As
expected, given this and the possible detrimental band alignment, the TiO2/Fe2O3-30 nm
thin film showed poorer photocurrents than pristine TiO2, most noticeably for front-side
(α-Fe2O3 first) illumination. In fact, the relative difference between front- and rear-side
performance for TiO2/Fe2O3-30 nm (2.8 vs. 20 μA cm−2) was far greater than for TiO2
(24 vs. 40 μA cm−2) (Figure 14a,b). Interestingly, the TiO2/Fe2O3-60 nm heterojunction
had a front-side performance worse than TiO2 (13 vs. 24 μA cm−2), albeit still significantly
higher than that for TiO2/Fe2O3-30 nm, while the rear-side photocurrent density was over
double (85 vs. 40 μA cm−2) (Figure 14c,d). The addition of the α-Fe2O3 layer is therefore
detrimental under front illumination for both thicknesses but can improve performance
when illuminated from the rear for thicker (60 nm) coatings.

A cathodic baseline current is observed within all photocurrent density scans (Figure 14),
with varying onsets for each sample, indicating that a reduction reaction becomes thermo-
dynamically favourable at potentials more negative than the onset potential. The baseline
shift is reproduceable with repeat experiments, and there is no oxidation reaction seen at
high anodic potentials, hence it cannot be attributed to experimental error such as electrolyte
contact with the silver paint or copper tape used to connect the electrode to the potentiostat.
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It is therefore concluded that the reduction reaction must be either self-reduction, which
will impact the stability of the thin film(s), or reduction of a species within the solution, for
example, oxygen. The onset potential (vs. RHE) of the cathodic baseline for all samples is in
the order: TiO2 (0.29 V) < TiO2/Fe2O3 (0.69 V) < Fe2O3-30 nm (0.9V), and the thickness of
the Fe2O3 layer in the heterojunction does not impact the onset.

Figure 14. Linear sweep voltammograms under one sun-chopped AM 1.5 (a,c) front, (b,d) rear
illumination for (black) TiO2, (red) 30 nm α-Fe2O3, ((a,b); blue) TiO2/Fe2O3-30nm, ((c,d); blue
TiO2/Fe2O3-60 nm). Insets contain zoomed-in views ignoring the cathodic current density baseline
shift. All measurements performed in 1 M KOH (pH 13.7) with a 15 mV s−1 scan rate.

Table 2. Photocurrent densities at 1.23 V vs. RHE for photoanodes measured in Figure 14.

jphoto/μA cm−2

Illumination Side TiO2 30 nm α-Fe2O3 TiO2/Fe2O3-30 nm TiO2/Fe2O3-60 nm

Front 24 0.46 2.8 13
Rear 40 0.43 20 85

IPCE measurements for TiO2 and TiO2/Fe2O3-60 nm (the highest performing hetero-
junction) thin films were carried out to further investigate the photoelectronic impact of the
α-Fe2O3 coating (Figure 15). TiO2 possessed the expected trend given its large bandgap,
the IPCE only significantly increasing above zero at <420 nm (2.95 eV) incident photon
wavelength and peaking at 360 nm (3.44 eV). Over this range, the IPCE of the TiO2/Fe2O3-
60 nm-layered film was enhanced significantly, increasing from 8.5% to 43.5% at 360 nm.
While this could be partly due to increased photon absorption, the α-Fe2O3 layer was
significantly thinner than TiO2, so considering that the wavelength was within the bandgap
of TiO2, the addition of α-Fe2O3 was not expected to significantly increase the total 360 nm
photon absorption of the electrode. The increased performance must therefore be linked to
improved charge separation due to the heterojunction formation, and therefore the band
alignment must, in fact, become preferential (type-II heterojunction) for electron-hole sepa-
ration upon semiconductor contact [59,60]. The narrower bandgap of α-Fe2O3 (measured
as ~2.09 eV, Figure 12) results in IPCE above zero for incident wavelengths greater than
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the 420 nm cut-off seen in TiO2. Interestingly, despite measuring the ~2.09 eV (593 nm)
bandgap, the IPCE of TiO2/Fe2O3-60nm remained above zero up to ~620 nm (2.0 eV), the
lower limit of the accepted α-Fe2O3 bandgap range.

Figure 15. Incident photon-electron conversion efficiencies measured at 1.23 V vs. RHE under one
sun AM 1.5 rear illumination for (i) as-deposited TiO2, and (ii) TiO2/Fe2O3-60 nm. All measurements
carried out 1 M KOH (pH 13.7).

3. Conclusions

An effective deposition protocol for conformal, thickness-controlled α-Fe2O3 thin
films was developed using PEALD, for which there are only two other reported processes.
Pure ALD growth was confirmed by a constant GPC and linearly increasing film thickness
with an increasing number of growth cycles, and an optimised deposition protocol was
determined from several possible processes by comparison with the respective GPC and
time efficiency values. Due to the poor uptake of the precursor, a vapour boost protocol was
introduced and repeated within a single precursor pulse half-cycle to ensure sufficient GPC
for film growth on a practical timescale, although, even with this addition, the deposition
periods were high, which prevented film-thickness growth beyond 60 nm. Poor uptake
is a common property of ferrocene-based precursors, hence it is of interest to expand
and adapt this deposition protocol to a bespoke α-Fe2O3 precursor, tailor-made for this
PEALD process (i.e., possessing greater volatility than commercially available ferrocene-
based structures, improving uptake and reducing required pot temperatures), which is
particularly relevant for PEALD compared to thermal ALD due to the greater flexibility in
molecular precursor design afforded by the high-reactivity oxygen plasma co-reactant.

To confirm the conformality of the thin film deposition, a coating of α-Fe2O3 was
deposited onto a photoanode consisting of TiO2 nanorods. The resulting film did not show
complete uniform and conformal deposition down the entire length of the nanorod, with
decreasing Fe abundance towards the lower region of the nanorod structure. Photoelec-
trochemical water splitting measurements were performed on annealed α-Fe2O3, as well
as the α-Fe2O3-coated TiO2 nanorods and as-deposited TiO2 nanorods for performance
comparisons, revealing that the thickest (60 nm) α-Fe2O3 coating was the only electrode to
compete with the performance of as-deposited TiO2, possessing ca. half the photocurrent
density at 1.23 V vs. RHE from the front-side illumination, but ca. double that from the
rear-side illumination. Despite focusing on the annealed films here, the as-deposited Fe2O3
was found to be amorphous and would be of interest for further study in PEC application
as a heterojunction. Overall, this study represents our initial results from the development
of thin films of hematite using a PEALD process. Future work in this area should focus
on the development of Fe2O3 films at lower temperatures on softer substrates, and will be
reported elsewhere.
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4. Experimental

Precursor thermal characterisation was performed using thermogravimetric analysis
(TGA, PerkinElmer TGA 4000), heating the compound of interest between 50 and 520 ◦C
at a constant ramp rate of 5 ◦C min−1 under a 20 mL min−1 argon flow. For isothermal
measurements, the precursor was heated to 90 ◦C, held for 8 min, then heated to 95 ◦C
at a constant ramp rate of 5 ◦C min−1, and repeated until the final temperature had
been reached.

All depositions were performed on a Beneq TFS-200 reactor using a direct, capacitively
coupled plasma configuration. Dimethylaminomethyl ferrocene (DMAMFc, Alfa Aesar,
>98%) was used without further purification. DMAMFc was kept in a HS300 stainless steel
container and heated to 60, 90, or 120 ◦C. To avoid condensation of the precursor, ultrapure
nitrogen (N2) was used as a carrier gas and purging gas. O2 and N2 were used in the plasma
system and maintained at 50 sccm and 200 sccm, respectively, throughout the deposition.
The process was trialled in both pulsed and flow plasma gas regimes. A 13.56 MHz RF
power source (CESAR 133, Advanced Energy) and impedance matching network (Navio,
Advanced Energy) system were used to generate O2 plasma. The process was systematically
examined to optimise the precursor pulse and purging times. Depositions were completed
using applied plasma powers ranging from 0 to 200 W, and a chamber temperature range
of 75–325 ◦C.

Growth of α-Fe2O3 was primarily investigated by depositing it onto 150 mm Si (100)
wafers. Resulting film thicknesses were measured using spectroscopic ellipsometry (Stokes
LSE-USB ellipsometer), and crystallinity was measured by grazing incidence X-ray diffrac-
tion (GIXRD, STOE STADI P Bragg-Brentano geometry, CuK incident X-rays) at incidence
angles of 0.5–5◦. Absorption spectra were collected on samples deposited onto ultrasonic
and plasma-cleaned, fluorine-doped tin oxide (FTO, AGC type U TCO glass)-coated glass,
using a Cary 5000 UV-Vis-NIR spectrophotometer equipped with an integrating sphere
and a centre mount sample holder to account for scattering and reflection contribution.
High resolution images of the thin films were obtained by field emission scanning electron
microscopy (FESEM, JEOL JSM-7900F), and elemental analysis was performed by energy
dispersive X-ray spectroscopy (EDX, Oxford Instruments AZtec 170 mm2 Ultim Max).

The TiO2 nanocrystal array was grown on FTO-coated glass substrate by a hydrother-
mal synthesis reaction previously reported by Zhang et al. [34]. Briefly, an FTO-coated
glass substrate was ultrasonically cleaned for 30 min in a 1:1 solution of ethanol and ace-
tone, and placed inside a 100 mL Teflon-lined stainless-steel autoclave with the conductive
FTO-coated side facing upwards. A solution containing 0.7 g of titanium(IV) butoxide in
a 50 mL mixture of 1:1 concentrated hydrochloric acid (37%) and de-ionised water was
stirred for 30 min and pipetted onto the FTO-coated substrate. The autoclave was sealed
and heated in an oven at 180 ◦C for 3 h.

Electrochemical data were recorded with an Autolab electrochemical workstation
(PGSTAT100) connected to a three-electrode electrochemical cell containing a platinum
wire counter electrode (CE), 3 M Ag/AgCl reference electrode (RE), and thin film sample
working electrode (WE). Simulated sunlight was generated from a 300 W Xenon lamp
(Microsolar300 Beijing Perfectlight Technology Co. Ltd., AM 1.5 G, 100 mW cm−2) and
employed to provide chopped light (5 s on, 5 s off) incidents on the WE to demonstrate
photocurrents and dark background currents across a potential range scanned with a scan
rate of 15 mV s−1. All measurements were performed in 1 M KOH (pH 13.7) electrolyte.
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Abstract: Mg-Zn co-doped GaN films were deposited by radio-frequency magnetron sputtering in
an N2-Ar2 environment at room temperature, using a target prepared with Mg-Zn co-doped GaN
powders. X-ray diffraction patterns showed broad peaks with an average crystal size of 13.65 nm and
lattice constants for a hexagonal structure of a = 3.1 Å and c = 5.1 Å. Scanning electron microscopy
micrographs and atomic force microscopy images demonstrated homogeneity in the deposition
of the films and good surface morphology with a mean roughness of 1.1 nm. Energy-dispersive
spectroscopy and X-ray photoelectron spectroscopy characterizations showed the presence of gallium
and nitrogen as elemental contributions as well as of zinc and magnesium as co-doping elements.
Profilometry showed a value of 260.2 nm in thickness in the Mg-Zn co-doped GaN films. Finally,
photoluminescence demonstrated fundamental energy emission located at 2.8 eV (430.5 nm), which
might be related to the incorporation of magnesium and zinc atoms.

Keywords: co-doped; GaN; film; radio-frequency magnetron sputtering

1. Introduction

Nowadays, the global shortage of semiconductors has impacted different industries,
such as electrotechnology, automotive, and biomedicine [1]. Currently, one of the main
semiconductors is GaN, which belongs to the III-Nitride family. This semiconductor is
very widely used due to its wide band gap of 3.4 eV for a wurtzite structure or 3.2 eV for a
zincblende crystalline structure [2,3]. GaN has applications in solar cells, LED screens, LED
technology, high-electron-mobility transistors (HEMTs), microwave devices, photocatalysis,
and laser diodes [2–7].The doping and co-doping of GaN have attracted the interest of
researchers due to the fact that these techniques can vary in their structural, optical, and
electrical properties. Some works have investigated the process of obtaining GaN co-doped
with different doping elements.

Liu et al. presented the obtaining of Si-Ti co-doped GaN films via sputtering with
a zinc oxide (ZnO) buffer layer on amorphous glass substrates, where the n-type films
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had a resistivity of 2.6 × 10−1 Ω-cm [8]. Sun et al. fabricated Sm-Eu co-doped GaN
films using co-implantation of ions into a c-plane, and after conducting an annealing
process, they studied the structural, morphological, and magnetic characteristics of the
films [9]. Jeong et al. grew Mg-Mn co-doped films with low Mg and Mn. concentrations
using plasma-enhanced molecular beam epitaxy (PEMBE), and the samples showed n-
type conductivity and ferromagnetism at room temperature [10]. Kim et al. grew Mg-Si
co-doped GaN films using metalorganic chemical vapor deposition (MOCVD), and high
p-type conductivity was obtained, besides competitive adsorption between Mg and Si
during the growth [11]. In another work, Kim et al. showed the doping characteristics
of Mg-Zn co-doped GaN films grown using metalorganic chemical vapor deposition
(MOCVD), where a p-type conductivity with a hole concentration of 8.5 × 1017 cm−3 was
obtained. It is important to mention that in this last work, only electric characteristics were
studied [12]. Naito et al. presented the epitaxial growth of In-Mg co-doped GaN with a
hole concentration of 6.2 × 1018 cm−3 without structural degradation via pulsed sputtering
deposition (PSD) [13].

In a previous work, our research team synthesized Mg-Zn co-doped GaN powders
via nitridation of the Ga-Mg-Zn metallic liquid solution at 1000 ◦C for two hours. In
that research study, the metallic liquid solution was homogenized above the melting
temperatures of the Mg and Zn to supersaturate the liquid metal solution, and a nitridation
process was subsequently performed [14]. In another previous work, Mg-doped GaN
powders and Zn-doped GaN powders were used as raw materials to prepare targets in
the laboratory. Afterwards, a tableting process was used to prepare the targets, which
underwent a sintering process. Once the targets were obtained, they were used for growth
via radio-frequency magnetron sputtering of Mg-doped GaN films and Zn-doped GaN
films in a N2 environment. The films were characterized by different structural, optical,
and electrical techniques [15].

The aim of this work is to obtain and conduct a structural analysis of Mg-Zn co-doped
GaN films deposited by radio-frequency magnetron sputtering in an N2-Ar2 environment
using targets prepared with Mg-Zn co-doped GaN powders. In this study, the growth
environment in N2-Ar2 plasma is expected to improve the crystalline quality of the Mg-Zn
co-doped GaN films, and these Mg-Zn co-doped GaN films could have application in
SARS-CoV-2 biosensors due to the fact that GaN is biocompatible and non-toxic with
the functionalization of peptides [16]. The structural properties of the Mg-Zn co-doped
GaN films were characterized via X-ray diffraction patterns (XRD); besides this, their
surface morphology and topography were measured by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). On the other hand, the elemental contributions
were characterized using energy-dispersive spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS). To measure the thickness of the films, profilometry was used, and to
measure the energy emission of the Mg-Zn co-doped GaN films, the photoluminescence
(PL) technique was used.

2. Experimental

2.1. Preparation of the Raw Material to Prepare the Mg-Zn Co-Doped GaN Target

To obtain the Mg-Zn co-doped GaN powders, or raw material to prepare the Mg-Zn
co-doped GaN target, the following method was used: A simple process was carried out at
atmospheric pressure (1010 hPa). Ultra-high-purity metallic gallium from Sigma-Aldrich
(St. Louis, MI, USA) (1.3 g), ultra-high-purity metallic zinc (7.8 mg), and ultra-high-purity
metallic magnesium from Sigma-Aldrich (5.2 mg) were used as reagents, and ultra-high-
purity ammonia was used as a source of nitrogen atoms. The reagents were placed in a
high-alumina boat, which was placed on a hot plate at 200 ◦C for manual stirring for two
hours to mix the liquid materials. Later, the boat along with the reagents were placed inside
a CVD furnace (chemical vapor deposition), which was purged three times with a flow of
ultra-high-purity nitrogen at 50 sccm to eliminate oxygen and other residual contaminants.
After, nitrogen flowed at 100 sccm as a carrier gas, and the system was programmed at
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440 ◦C for 40 min in a nitrogen environment to supersaturate the zinc, 20 ◦C above its
melting temperature. Immediately after, the CVD system was reprogrammed, now at
670 ◦C for 40 min in a nitrogen flow at 100 sccm; this is also 20 ◦C above the melting
temperature of magnesium. With this process the supersaturation of the Ga-Mg-Zn liquid
metal solution was achieved. Afterward, the temperature was raised to 900 ◦C for 40 min,
where the nitrogen flow was closed and a flow of ammonia (NH3) was opened at 100 sccm
to prepare the nitridation process, during which the temperature was raised to 1000 ◦C
for two hours in a NH3 environment. Once this process was completed, the temperature
was lowered to 400 ◦C, the ammonia flow was closed, and the nitrogen flow was opened
again at 100 sccm until until it reached room temperature. At the end of this process, the
boat with the raw material was extracted from the CVD system and was prepared for
grinding [14].

2.2. Preparation of the Mg-Zn Co-Doped GaN Target for Film Deposition

Once the Mg-Zn co-doped GaN powders were synthesized, the tableting process
began to obtain the targets for the deposition of the films via radio-frequency magnetron
sputtering. The general procedure for the preparation of the targets is described as follows:
A very fine grinding of the Mg-Zn co-doped GaN powders was conducted using an
agate mortar to homogenize the size of the powder before compaction. After the finer
grinding was carried out, the Mg-Zn co-doped GaN powders were lubricated using 0.5 mL
of ultra-high-purity ethanol. The target mold was then placed in a 25-ton Blackhawk
SP25B press. The Mg-Zn co-doped GaN powders were placed inside the target mold
and pressed at approximately 10 tons per cm2. Once the powders were compacted, the
Mg-Zn co-doped GaN target was extracted; then, the Mg-Zn co-doped GaN target was
individually sintered at 900 ◦C for one hour inside a CVD furnace in a flow of NH3 at
100 sccm. Afterwards, the CVD furnace was programmed to decrease its temperature to
400 ◦C; at this temperature, the NH3 flow was closed, and a nitrogen flow was opened at
100 sccm. Then, the temperature continued to decrease until reaching room temperature
in a nitrogen flow at 100 sccm. When room temperature was reached, the CVD system
was purged, and the vacuum was subsequently broken. After the target was extracted
and its hardness tested, the procedure was carried out again, from grinding, tableting, and
sintering. If the target had the necessary hardness for deposition by sputtering, the process
of obtaining the Mg-Zn co-doped GaN target was complete [15].

2.3. Deposition of the Mg-Zn Co-Doped GaN Films in a N2-Ar2 Environment

The Mg-Zn co-doped GaN film was deposited by radio-frequency magnetron sputter-
ing in a N2-Ar2 environment on silicon substrates (100) at room temperature (atmosphere)
using targets prepared with Mg-Zn GaN powders, which were synthesized as mentioned
in our previous work (Gastellóu et al.) [14]. Therefore, using the process in reference [14],
11.1652 g of Mg-Zn GaN powders was synthesized, with a percentage of 0.4% of magne-
sium and 0.6% of zinc. Once synthesized, the Mg-Zn GaN powders were prepared for the
Mg-Zn co-doped GaN targets following the process presented in another of our previous
works (Gastellou et al.) [15]. It is important to mention that the target was 50.8 mm in
diameter, while the thickness was 5 mm. Once the Mg-Zn co-doped GaN target was ob-
tained, the silicon (100) substrates were cleaned with a conventional process of solvents and
solutions to remove organic residues, and after that they were placed inside a beak with
methanol to prepare their introduction into the sputtering chamber. The Mg-Zn co-doped
GaN film was deposited using an Intercovamex Sputtering System V1 with the following
conditions: a separation distance of 40 mm was added between the substrate and the target
(modification made in the system for this work); the chamber vacuum attained a pressure
of 2 × 10−6 Torr before the film growth. N2-Ar2 (50–50%) flows were used during the
sputtering process; besides an RF power of 60 W, a gas pressure of 15 × 10−3 Torr was
kept during the film deposition, which generated a violet plasma. The growth time was
3 h. To deposit the Mg-Zn co-doped GaN films, the target was placed in the sputtering
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magnetron, which has a smooth surface to correctly couple the target and allow for its
cooling with the equipment’s system; subsequently, the target was fixed to the magnetron
using the “cap”. Afterwards, the substrate holder was placed 4 cm from the surface of the
sputtering magnetron, the chamber was closed, and the sputtering system was turned on.
It is important to mention that during the deposition of the Mg-Zn co-doped GaN films,
the internal chamber sensor indicated a maximum temperature of 41 ◦C; this is due to the
uniform cooling system of the sputtering system itself (surrounding the chamber). Once
the deposition was finished, the cooling of the target and the substrate holder was carried
out in conjunction with the shutdown of the sputtering system and the cooling system,
which took approximately one hour, before opening the chamber to be able to extract the
substrate holder with the deposited films and the target. Figure 1 shows the violet plasma
produced by the mixture of nitrogen and argon generated during the deposition of the
Mg-Zn co-doped GaN films.

 

Figure 1. Violet plasma is generated during the deposition of the Mg-Zn co-doped GaN films.

2.4. Characterizations

Mg-Zn co-doped GaN films deposited via radio-frequency magnetron sputtering in a
N2-Ar2 environment were characterized by X-ray diffraction patterns (XRD) using Bruker
AXS D8 Discover equipment (Bruker, Karlsruhe, Germany) with a wavelength (Cu Kα) of
1.5406 Å, in a range from 20 to 60 degrees, and grazing incidence X-ray diffraction (GIXRD).
Profilometry to measure the thickness of the films was conducted using a Dektak 150 Surface
Profiler (Veeco, Tucson, AZ, USA). Surface morphology and elemental contributions (SEM-
EDS) were measured using JEOL JSM-7800F Schottky Field Emission equipment (JEOL,
Pleasanton, CA, USA). The analysis of the surface topography of the Mg-Zn co-doped GaN
films was performed using a Veeco Nanoscope IIIa Atomic Force Microscope (AFM) (Veeco,
Tucson, AZ, USA). X-ray photoelectron spectroscopy (XPS) measurements were carried out
using Escalab 250Xi Brochure equipment (Thermo Scientific, East Grinstead, UK) with an
energy range from 0 to 12 KeV. Finally, the photoluminescence spectrum (PL) was realized
at room temperature with a fluorescence spectrophotometer Hitachi F-7000 FL (Hitachi,
Tokyo, Japan) with an excitation wavelength of 243 nm and a 310 nm filter with a 150 W
xenon lamp.

3. Results and Discussion

3.1. Structural Analysis

Mg-Zn co-doped GaN films were deposited on silicon substrates via radio-frequency
magnetron sputtering in a N2-Ar2 environment. Figure 2 shows the X-ray diffraction
patterns of Mg-Zn co-doped GaN films (Figure 2a), which were indexed in the ICDD PDF
card No. 00-050-0792 (Figure 2b). In Figure 2a, the a peak belongs in the (100) plane, the b

36



Crystals 2024, 14, 618

peak is located in the (002) plane, the c peak belongs in the (101) plane, the d peak is located
in the (102) plane, and the e peak belongs in the (110) plane. The lattice constants were
calculated using the ICDD PDF card No. 00-050-0792 for the hexagonal structure, with
a = 3.1 Å and c = 5.1 Å for the space group P63mc and with a c/a ratio of 1.6. The X-ray
diffraction patterns in Figure 2a show an FWHM of 0.54◦ for the a peak, with a crystal size
of 15.9 nm and an interplanar spacing of 2.7 Å. The FWHM measure for the b peak had a
value of 0.9◦, with a crystal size of 9.0 nm and an interplanar spacing of 2.6 Å. The c peak
had an FWHM of 0.67◦, with a crystal size of 12.9 nm and an interplanar spacing of 2.4 Å,
while the d peak had an FWHM of 0.71◦, with a crystal size of 12.7 nm and an interplanar
spacing of 1.9 Å. Finally, the e peak had an FWHM of 0.53◦, with a crystal size of 17.6 nm
and an interplanar spacing of 1.6 Å. It is important to mention that the crystallite size of
each peak was calculated using the Scherrer equation, shown below:

D =
Kλ

βcos θ
(1)

where D is the average crystallite size (nm), K is the Scherrer constant (0.94), λ is the X-ray
wavelength (Cu Kα = 1.5 Å), β is the line broadening at FWHM in radians, and θ is Bragg’s
angle in degrees, half of 2θ. Furthermore, using the ICCD PDF-4+2022 software and the
Debye–Scherrer equation, the average crystal size was calculated, and a value of 13.6 nm
was found, which could indicate that the widening of the peaks in Figure 2a might be
associated with the presence of nanocrystallites, as demonstrated by Garcia et al. [17]. The
more defined XRD peaks shown in this work would be related to the environment of
nitrogen with argon (50–50%) for the Mg-Zn co-doped GaN films, which contrasts with the
XRD peaks in a nitrogen environment (100%) presented in our previous work [16].

Figure 2. X-ray diffraction patterns: (a) Mg-Zn co-doped GaN films deposited by radio-frequency
magnetron sputtering in N2-Ar2 environment; (b) ICDD PDF card No. 00-050-0792.

3.2. Electron Microscopy

Figure 3 shows the SEM micrographs for the Mg-Zn co-doped GaN films. Figure 3a
demonstrates a surface morphology where the deposition via radio-frequency magnetron
sputtering generated good cohesion between the silicon substrate and the film with a
magnification of X5000. Furthermore, a good uniform morphology can be observed in
Figure 3a. Figure 3b also shows good homogeneity in the deposition of the Mg-Zn co-doped
GaN films with a magnification of X50,000; however, little agglomerates could be observed
on the surface, which might be related to structural defects such as oxygen interstitial.
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This oxygen interstitial could be formed during the hysteresis effect due to growth via
radio-frequency magnetron sputtering [16].

 
Figure 3. SEM micrographs of Mg-Zn co-doped GaN films with magnifications of (a) X5000, and
(b) X50,000.

Figure 4 shows the EDS spectrum of the elemental analysis of the Mg-Zn co-doped
GaN films, where elemental contributions of gallium were found at Lα-1.098 eV and Kα-
9.2 eV. In addition, the elemental contribution of nitrogen was found at Kα-0.3 eV, and
the elemental contribution of magnesium was found at Kα-1.2 eV. Finally, the elemental
contribution of zinc was found at Lα-1.0 eV. The atomic percentages in the EDS analysis
were gallium (49.66%), nitrogen (31.81%), zinc (0.60%), magnesium (0.32%), oxygen (1.87%),
and carbon (15.73%). Furthermore, located at 8 eV, the presence of a small copper signal
belonging to the sample holder of the EDS system is shown. To find the thickness of
the Mg-Zn co-doped GaN films deposited by radio-frequency magnetron sputtering in a
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N2-Ar2 environment, which had a value of 260.2 nm, the technique of profilometry was
used. The EDS analysis of the Mg-Zn co-doped GaN powders with which the target for the
deposition of the films was prepared was carried out in ref. [14].

 
Figure 4. EDS analysis of Mg-Zn co-doped GaN films deposited by radio-frequency magnetron
sputtering in N2-Ar2 environment.

Figure 5 shows the analysis of surface topography using the technique of atomic force
microscopy (AFM). Figure 5 illustrates 2D (Figure 5a) and 3D (Figure 5b) topographical
AFM images of the Mg-Zn co-doped GaN films. The AFM images were measured over an
area of 5 × 5 μm2. In Figure 5, using the software Gwyddion 2.63, a mean roughness of
1.1 nm was calculated, while the root mean square roughness was 1.3 nm and the maximum
peak height was 5.0 nm. These AFM images demonstrate good surface morphology, besides
good homogeneity, which agrees with the SEM micrographs of the deposition of the Mg-Zn
co-doped GaN films [9,18,19].

Figure 5. (a) Two-dimensional and (b) three-dimensional AFM images of Mg-Zn co-doped GaN films
deposited by radio-frequency magnetron sputtering in N2-Ar2 environment.
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3.3. X-ray Photoelectron Spectroscopy

Figure 6 shows the XPS spectra of the Mg-Zn co-doped GaN films deposited by
radio-frequency magnetron sputtering in a N2-Ar2 environment. Figure 6a presents the
peaks for high energies of Ga 2P1/2 and Ga 2P3/2, with values of 1146.3 eV and 1119.7 eV,
respectively. Figure 6b presents the N 1s peak with an energy value of 399.2 eV. Figure 6c
presents the Zn 2P3/2 peak with an energy value of 1019.4 eV, while Figure 6d shows the
Mg 2P3/2 peak with a binding energy of 49.7 eV. These results agree with those found in
the EDS analysis, due to the presence of the elemental contributions of gallium, nitrogen,
magnesium, and zinc.

Figure 6. XPS spectra for Mg-Zn co-doped GaN films deposited by radio-frequency magnetron
sputtering in N2-Ar2 environment: (a) Ga 2P3/2 and Ga 2P1/2, (b) N 1s, (c) Mg 2P3/2, (d) Zn 2P3/2.

3.4. Photoluminescence

Figure 7 shows the photoluminescence spectrum for the Mg-Zn co-doped GaN films
deposited by radio-frequency magnetron sputtering in a N2-Ar2 environment. Figure 7
demonstrates four energy emissions. The a (Mg-Zn co-doped GaN) energy emission
corresponds to 2.8 eV (430.5 nm) and could be related to the incorporation of magnesium
and zinc atoms. The blue luminescence (BL) for the incorporation of zinc atoms into GaN
has a value of 2.8 eV, while the blue luminescence (BL) for the incorporation of magnesium
atoms into GaN has a value from 2.7 to 3.0 eV [20,21]. Therefore, this value of energy
emission agrees with the incorporation of zinc and magnesium into GaN for obtaining
the co-doping, besides agreeing with the EDS and XPS analyses. The b (GaN:C) energy
emission is located at 2.2 eV (546.2 nm) and could be related to non-intentional impurities
of carbon in yellow luminescence (YL). These carbon impurities might be due to a little
elemental contribution that appears in the EDS analysis, besides impurities belonging to the
Mg-Zn co-doped GaN powders with which the target was made, which were transferred to
the film in the deposition by sputtering. The c (GaN:C) energy emission located at 2.1 eV
(582.1 nm) is also related to non-intentional impurities of carbon, while the d (GaN) energy
emission is located at 2.0 eV (620 nm) and belongs to the red luminescence (RL) of GaN.

40



Crystals 2024, 14, 618

Figure 7. Photoluminescence spectrum of Mg-Zn co-doped GaN films deposited by radio-frequency
magnetron sputtering in N2-Ar2 environment.

4. Conclusions

Mg-Zn co-doped GaN films were deposited by radio-frequency magnetron sputtering
in a N2-Ar2 environment at room temperature using a target prepared with Mg-Zn co-
doped GaN powders. The X-ray diffraction patterns (XRD) showed a higher intensity
peak with an FWHM of 0.67◦, a crystal size of 12.9 nm, an interplanar spacing of 2.4 Å,
and an average crystal size of 13.6 nm. SEM micrographs showed good homogeneity
in the deposition, which agrees with the AFM images with a mean roughness of 1.1 nm.
The profilometry had a value of 260.2 nm for the thickness of the Mg-Zn co-doped GaN
films. The EDS spectrum and the XPS analysis demonstrated the presence of gallium
and nitrogen as elemental contributions, besides the co-doping with zinc and magnesium.
Finally, the PL spectrum showed that the fundamental energy emission corresponds to
2.8 eV (430.5 nm) and could be related to the incorporation of magnesium and zinc atoms
in the blue luminescence (BL). In addition, PL analysis also demonstrated carbon impurities
belonging to the Mg-Zn co-doped GaN powders with which the target was made and
that were transferred to the film in the deposition by sputtering, which agrees with the
EDS analysis.
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Abstract: (Cu,C)Ba2Ca3Cu4Oy is a nontoxic cuprate superconducting material with a superconduct-
ing transition temperature of about 116 K. Recently, it was found that bulk samples of this material
synthesized under high pressure hold the highest irreversibility line among all the superconduc-
tors, which is very promising for its application in the liquid nitrogen temperature field. In this
work, high-temperature (Cu,C)Ba2Ca3Cu4Oy superconducting films with large irreversible fields
were prepared on SrLaAlO4(00l) substrates by pulsed laser deposition. The substrate temperature
during deposition proved to be the most important parameter determining the morphology and
critical temperature of the superconductors, with 680 ◦C considered to be the optimum temperature.
X-ray diffraction (XRD) results showed that the (Cu,C)Ba2Ca3Cu4Oy films prepared under optimal
conditions exhibited epitaxial growth with the a-axis perpendicular to the film surface and the b- and
c-axes parallel to the substrate, with no evidence of any other orientation. In addition, resistivity
measurements showed that the onset transition temperature (Tc

onset) was approximately 116 K, the
zero-resistance critical temperature (Tc0) was around 53 K, and the irreversible field (Hirr) was about
9 T at 37 K for (Cu,C)Ba2Ca3Cu4Oy films under optimal temperature. This is the first example of the
successful growth of superconducting (Cu,C)Ba2Ca3Cu4Oy films on SrLaAlO4(00l) substrates. This
will facilitate high-performance applications of (Cu,C)Ba2Ca3Cu4Oy superconducting materials in
the liquid nitrogen temperature field.

Keywords: (Cu,C)Ba2Ca3Cu4Oy thin film; SrLaAlO4 substrate; pulsed laser deposition; substrate
temperature

1. Introduction

Based on their superconducting transition temperature (Tc), superconductors can be
divided into two categories: Low Temperature Superconductors (LTSs) and High Tem-
perature Superconductors (HTSs). HTSs consist mainly of copper oxide superconductors,
iron-based superconductors, and hydride superconductors. Copper oxide superconductors
mainly include Tl-Ba-Ca-Cu-O, Hg-Ba-Ca-Cu-O, Bi-Sr-Ca-Cu-O, and RE-Ba-Cu-O [1–4].
The applications of Tl and Hg systems are limited by their toxic elements and the complex-
ity of the manufacturing process. In contrast, the Bi and Y systems have produced three
practical high-temperature superconducting material systems: Bi-2212, Bi-2223, and RE-123.
The first generation of high-temperature superconducting tapes (1G-HTSs) is based on
powder packaging and wire-drawing processes and consists of Bi-2212 and Bi-2223 wires.
Bi-2223 has a Tc exceeding 100 K, but its very layered structure and huge anisotropy do not
allow a high irreversibility field at the liquid nitrogen temperature [5,6]. In contrast, Bi-2212
has some limitations, such as low critical current density, high void ratio, poor mechanical
properties, high production cost, etc., which limit its application range and development
prospects. REBCO-coated conductors based on the development of film epitaxy and biaxial
texture growth on flexible metal substrates are called second-generation high-temperature
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superconducting tapes (2G-HTSs) [7]. Their biaxial fabric structures eliminate weak-linking
at grain boundaries and the defects such as dislocations and vacancies associated with
the fabrication of superconducting layers are flux-pinning centres. As a result, the critical
current density of REBCO-coated conductors in the liquid nitrogen temperature range is
significantly higher than that of other materials, as studies have shown [8–10]. However,
the Tc of REBCO superconductors is only about 90 K. in contrast, another cuprate super-
conductor without toxic elements, (Cu,C)Ba2Ca3Cu4Oy ((Cu,C)-1234), shows structural
similarities to HgBa2Ca3Cu4Oy [11], with a Tc of about 116 K. At a field of zero, the critical
current density Jc reaches 6 × 106 A cm−2 at 4.2 K and 6.5 × 105 A cm−2 at 77 K [12].
Among superconducting materials to date, polycrystalline (Cu,C)-1234 blocks exhibit the
highest Hirr in the temperature range of liquid nitrogen [12], reaching 15 T at 85 K and 5 T
at 98 K, respectively. These excellent properties make the compounds very promising for
applications in the liquid nitrogen range and even at higher temperatures. Unfortunately,
bulk samples of this material can only be synthesized under high pressure [11–14]. The
sample size is typically a few millimeters, which limits its large-scale application.

Thin-film deposition methods are sometimes effective in stabilising transient high-
pressure phases; Table 1 shows the progress of (Cu,C)-1234 films. The preparation of
(Cu,C)-1234 films by pulsed laser deposition (PLD) [15–21], sputtering [22], and molecular
beam epitaxy (MBE) [23,24] has been extensively studied. Compared to other methods,
PLD has the advantage that there is no segregation of the film components and that the
growth conditions can be controlled very well during film growth. Currently, (Cu,C)-1234
films can only be prepared by epitaxy on LaAlO3(l00) single crystal substrates by PLD
and on NdGaO3(l00) and SrLaGaO4(00l) single crystal substrates by MBE. In order to
produce high-quality (Cu,C)-1234 films, it is important to investigate the effects of different
substrates and different deposition temperatures on the epitaxial growth, structural, and
electrical properties of (Cu,C)-1234 films. Since the SrLaAlO4 substrate is characterized
by high-temperature resistance, it does not react with (Cu,C)-1234 at higher temperatures
(475 ◦C–900 ◦C). Meanwhile, the lattice constants and thermal expansion coefficients of
SrLaAlO4 substrates are similar to those of (Cu,C)-1234 films, which is favorable for the
growth of (Cu,C)-1234 films. This paper focuses on trying out the possibility of growing
(Cu,C)-1234 films on SrLaAlO4 substrates.

Table 1. The progress of (Cu,C)-1234 films.

Method Film Types Substrate Tc
onset (K) Tc0 (K) References

PLD

Ba2Ca3Cu4CO3O8

LaAlO3(l00)

80–100 58 [15–17]
Ba2Ca3Cu4O8CO3 110 75 [18]

(Cu,C)-1234 115 78 [19]
(Cu,C)-1234 118 96 [20,21]

Sputtering Ba2CuO2(CO3) SrTiO3(00l) 40-50 4.2 [22]

MBE (Cu,C)-1234
NdGaO3(l00) 105 55

[23,24]SrLaGaO4(00l) 90 15

In this work, we employed the PLD method to fabricate thin films of (Cu,C)-1234 on
SrLaAlO4 substrates by changing the deposition temperature. The purity of the phase, the
quality of growth, and superconductivity were investigated using various experimental
techniques, including XRD, scanning electron microscopy (SEM)m and a physical prop-
erty measurement system. Our findings reveal an optimal film temperature of around
680 ◦C, and the structural, morphological, and physical characterization of these films is
also reported.

2. Materials and Methods

2.1. Preparation of the (Cu,C)-1234 Target

The ceramic Ba2Ca3Cu4.2Oy target was produced using a conventional solid-state sinter-
ing process. Reagent grade oxide/carbonate powders, namely BaCO3, CaCO3, and CuO, were
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selected as raw materials and weighed according to their stoichiometric ratios. These powders
were then added to a 500 mL nylon vessel containing ethanol as solvent and various zirconia
beads. The mixed slurry was then ground in a planetary ball mill at 400 rpm for 14 h. After
drying at 100 ◦C for 4 h, the mixture was uniaxially pressed into discs (with a diameter of
about 28 mm) and then calcined in a muffle furnace at 860 ◦C for 12 h. The calcined discs were
then ground and ball-milled for 14 h in the same way as before calcination. The slurry was
then dried, sieved, and pressed into a disc (with a diameter of about 28 mm and a thickness of
about 5 mm) under a pressure of 66 MPa using a dry press. Finally, the Ba2Ca3Cu4.2Oy target
was obtained after sintering at 880 ◦C for 12 h.

2.2. Deposition of the (Cu,C)-1234 Films

With a KrF excimer laser (λ = 248 nm, COHERENT Compex Pro 205F, Coherent Inc.,
Santa Clara, CA, USA), the (Cu,C)-1234 films were deposited using the PLD method on
SrLaAlO4(00l) substrates with a target-to-sample distance of around 6.5 cm. The laser
energy and frequency were 320 mJ pulse−1 and 5 Hz. The deposition time was 20 min. The
deposition temperature was 650 ◦C to 720 ◦C; 30 cm3 min−1 of O2 and 20 cm3 min−1 of
CO2 were separately introduced into the deposition chamber, and the chamber pressure
was controlled at 20 Pa during the deposition process. After deposition, the films were
slowly cooled down in an oxygen atmosphere of 70 KPa to 500 ◦C, held at this temperature
for 60 min, and then cooled down to room temperature at a rate of 8 ◦C min−1.

2.3. Characterization Techniques

The crystallographic structure and preferential orientation of the (Cu,C)-1234 films
were measured by X-ray diffraction (XRD, SmartLab, Rigaku, Tokyo, Japan) with a Cu
Kα source (λ = 1.541 Å) and diffraction angles (2θ) from 15◦ to 60◦. The scanning electron
microscope images of the (Cu,C)-1234 films were examined using a field emission scanning
electron microscope (FE-SEM, HITACHI-SU5000, Tokyo, Japan) in the top view. Electrical
resistance measurements were performed with the Quantum Design Instrument PPMS-9 T
(Physical Property Measurement System 9 T) using the standard four-probe method.

3. Results and Discussion

Figure 1a shows the XRD θ-2θ scan of the (Cu,C)-1234 films deposited on SrLaAlO4
substrates at different substrate temperatures. The peaks corresponding to the (100) ori-
entation of the (Cu,C)-1234 films were detected within the substrate temperature range of
660 ◦C to 710 ◦C. Whereas the peaks related to the (200) orientation were observed between
650 ◦C and 710 ◦C. Figure 1b shows the temperature dependence of the (001) and (002)
peak intensities of the (Cu,C)-1234 films. The peak intensity was temperature-dependent.
Figure 1 illustrates that the intensities of the (001) and (002) peaks of the (Cu,C)-1234 films
decrease notably with rising temperature when the substrate temperature exceeds 690 ◦C,
finally disappearing at 720 ◦C. Conversely, the intensities of the peaks of BaCuO2 and
Ca2CuO3 show a significant increase with temperature. The peak intensities of (001) and
(002) of the (Cu,C)-1234 films increase significantly with temperature when the substrate
temperature is below 680 ◦C. Conversely, the peak intensities of BaCuO2 and Ca2CuO3
decrease significantly with increasing temperature. The XRD spectra show weak Ca2CuO3
peaks and BaCuO2 peaks, which could be unreacted particles in the Ba2Ca3Cu4.2Oy target.
Fitting the θ-2θ diffractograms revealed that the a-axis lattice constant of the (Cu,C)-1234
thin film is 3.859 Å, which is very close to the bulk a-axis lattice constant of 3.860 Å [12–14].
In addition, the (Cu,C)-1234 thin film had a black surface with an almost metallic lustre.

Analyzing the relationship between the peak intensities of the XRD peaks (100) and
(200) of the (Cu,C)-1234 films and the substrate temperature, it can be concluded that the
substrate temperature has a great influence on the crystalline quality of the films. This
is because at a low substrate temperature, the atoms adsorbed on the substrate surface
have a lower energy and a poorer ability to migrate on the substrate surface and are
covered by other atoms before they reach the ideal nucleation position [25,26]. This leads

45



Crystals 2024, 14, 514

to more defects in the film and poorer film orientation and crystal quality. As the substrate
temperature increases, the residence time of the deposited atoms on the substrate decreases,
but the diffusion rate and the total accessible area of diffusing atoms increase. This favors
the nucleation and growth of the film and reduces the defects during film growth, which
improves the crystal quality of the (Cu,C)-1234 films.

Figure 1. (a) The XRD θ-2θ scan of the (Cu,C)-1234 films deposited on SrLaAlO4 substrates at different
substrate temperatures; (b) the temperature dependence of the (001) and (002) peak intensities of the
(Cu,C)-1234 films.

The phi-scans and the omega-scans make it possible to determine the quality of the
(Cu,C)-1234 thin film. Figure 2 shows the omega and phi scan spectra of the (Cu,C)-1234
films deposited on SrLaAlO4 films. The ϕ-scan of the (Cu,C)-1234 (104) film in Figure 2a
shows four peaks at 90◦ intervals, indicating that the film is orientated and grew. As
shown in Figures 1 and 2, the (Cu,C)-1234 thin film is purely a-axially orientated and
exhibits good crystalline quality. The in-plane and out-of-plane half-height widths of
0.39◦ and 2.09◦, respectively, indicate that the (Cu,C)-1234 films are epitaxially grown on
SrLaAlO4 substrates.

Figure 2. (Cu,C)-1234 thin film with a substrate temperature of 680 ◦C: (a) (104) phi scan curves
in-plane; (b) (100) omega scan curves out-of-plane.
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The critical temperature and the critical current density of superconducting materials
are strongly dependent on the surface morphology of the materials. In order to clarify
the morphology of the (Cu,C)-1234 films, the surface morphology was analyzed by SEM.
Figure 3 shows SEM images of the (Cu,C)-1234 films prepared at different substrate temper-
atures. Figure S1 shows SEM images of the SrLaAlO4 substrate. As can be seen in Figure 3,
the surface of the (Cu,C)-1234 films is free of cracks at different temperatures. At substrate
temperatures of 650 ◦C, 660 ◦C, and 670 ◦C, there are only a few rice-like (Cu,C)-1234 grains
on the surface of the film; as the temperature increases, the rice-like (Cu,C)-1234 grains
gradually increase and show a continuous shape, and the (Cu,C)-1234 grains are perpendic-
ular to each other and show a twin structure with 90◦. The 90◦-orientated twin structure is
a typical feature of this material [23,24]. However, when the substrate temperature reaches
720 ◦C, the surface of the film becomes wrinkled and the (Cu,C)-1234 grains disappear
completely. The combination of the above experimental results shows that 680 ◦C is the
optimal substrate temperature for the epitaxial growth of (Cu,C)-1234 films.

Figure 3. SEM images of the (Cu,C)-1234 films grown on SrLaAlO4(00l) substrates at different
substrate temperatures.
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Figure 4 shows the temperature dependence of resistivity for the (Cu,C)-1234 film
with a deposition temperature of 680 ◦C under zero magnetic field, with the red line in the
figure showing dR/dT. Figure 4 shows that the samples exhibit metallic properties until the
superconducting transition occurs. In this work, Tc

onset was determined using the point of
deviation from the linear range of the metal as a criterion and Tc was determined using
the point of dR/dT = 0 as a criterion; Tc

onset was about 116 K, Tc was about 60 K, and Tc0
was about 53 K. The Tc0 of the epitaxially grown (Cu,C)-1234 films were low and not as
good as those of the (Cu,C)-1234 blocks prepared by the high-pressure method. One of
the reasons for this could be that the process of producing (Cu,C)-1234 films on SrLaAlO4
substrates is not optimal and there is still a certain amount of non-superconducting phases,
such as Ca2CuO3 and BaCuO2, which need to be further explored and optimized to
improve the superconducting properties of the (Cu,C)-1234 films, including the deposition
temperature, CO2 flow rate, and composition of the target materials and other parameters.
The second reason could be that the fabricated (Cu,C)-1234 films are a-axis oriented, i.e.,
the a-axis is perpendicular to the film surface, and there is a mutually perpendicular 90◦
twinning structure within the surface. Later attempts can be made to grow (Cu,C)-1234
with c-axis orientation to overcome this twinning problem. The third reason could be the
non-uniform distribution of oxygen content in the (Cu,C)-1234 films, which can be solved
by post-annealing the (Cu,C)-1234 films under an oxygen atmosphere.

Figure 4. Temperature dependence of the resistance for the (Cu,C)-1234 film with a deposition
temperature of 680 ◦C at a magnetic field of zero; the black line shows the resistance-temperature
curve; the solid pink line shows the differential resistance as a function of temperature; the red dotted
lines represent the lines at temperatures of 116 K and 53 K respectively.

Figure 5a shows the resistance versus temperature curves of the (Cu,C)-1234 films at
different external fields, and the inset shows dR/dt at different magnetic fields. Figure 5a
shows that the (Cu,C)-1234 films have a Tc0 value of about 53 K and a ΔTc value of about
36 K at zero field. The high ΔTc value indicates that the superconducting grains are poorly
bonded to each other and the quality of the film needs to be optimized. As shown in
Figure 5a, the Tc value of the samples gradually decreases with the increase of the magnetic
field, and the ΔTc value gradually increases with the increase of the magnetic field. The
upper critical field Hc2 and the Hirr of the (Cu,C)-1234 films were determined using 90%
Rn and 0.1% Rn as the criterion, and the results are shown in Figure 5b. As can be seen in
Figure 5b, it is also difficult to observe a significant change in the Tc

onset when the magnetic
field is increased to 9 T, indicating that there is a large upper critical field Hc2(0) in the
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zero-temperature limit. We have not yet observed the Hirr at the temperature of liquid
nitrogen, but the Hirr reached 9 T at 37 K. The main reason for the low Hirr of this film is the
presence of a certain amount of heterogeneous phases, the 90◦ twin structure, etc., in the
prepared film, which can significantly affect the superconducting properties, so the quality
of the film needs to be further improved.

R
(T

) /
 R

(1
50

K
)

Temperature / K

(a)
Tc

onset=116 K

dR
 / 

dT

Temperature / K

Tc0

Tc
onset=116 K

0H
 / 

T

Temperature / K

Hc2Hirr

(b)

Figure 5. (a) Temperature dependence of the resistivity at zero field and under magnetic fields
of H//a for the (Cu,C)-1234 films; the inset shows dR/dT at different magnetic fields. (b) Upper
critical field and Hirr determined by the criterion of 90% and 0.1% of the normal state value for the
(Cu,C)-1234 thin film. Red circles show Hc2 and blue squares show Hirr.

4. Conclusions

Epitaxial growth of (Cu,C)-1234 films on SrLaAlO4(00l) single crystal substrates was
successfully achieved for the first time through PLD. This study highlights the significant
impact of deposition temperature on the quality of growth and surface morphology of
(Cu,C)-1234 films, identifying the optimal deposition temperature as 680 ◦C. The peak
intensity of (Cu,C)-1234(l00) exhibits a non-linear relationship with deposition temperature,
showing an initial increase followed by a decrease, while the number of grains follows
a similar trend. The in-plane and out-of-plane textures of the (Cu,C)-1234 films grown
at the optimal temperature are measured at 2.09◦ and 0.39◦, respectively, with a Tc

onset of
around 116 K, a Tc0 of approximately 53 K, and a Hirr of 9 T at 37 K. These findings provide
valuable insights for further research into the growth mechanism of (Cu,C)-1234 films, with
potential implications for the large-scale production and practical utilization of (Cu,C)-1234
superconductor materials.

An investigation concerning the growth of (Cu,C)-1234 films on different substrates
is in progress. With further research on the phase formation mechanism and process con-
ditions of (Cu,C)-1234 films prepared by PLD, the superconductivity of the film can be
significantly enhanced. There is potential for the epitaxial growth of c-axis oriented (Cu,C)-
1234 films in the near future, maximizing the performance of (Cu,C)-1234 superconducting
materials. This could lead to the development of high-performance, low-cost, and reli-
able high-temperature superconducting strips by combining this technology with second-
generation high-temperature superconducting strip technology. The future prospects for
these new (Cu,C)-1234 high-temperature superconducting strips are very promising and
could greatly contribute to the advancement of superconducting materials.
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Abstract: Oxygen vacancies (Vo) can significantly degrade the electrical properties of indium oxide
(In2O3) thin films, thus limiting their application in the field of ultraviolet detection. In this work, the
Vo is effectively suppressed by adjusting the Trimethylindium (TMIn) flow rate (f TMIn). In addition,
with the reduction of the f TMIn, the background carrier concentration and the roughness of the film
decrease gradually. And a smooth In2O3 thin film with roughness of 0.44 nm is obtained when the
f TMIn is 5 sccm. The MSM photodetectors (PDs) are constructed based on In2O3 thin films with
different fTMIn to investigate the opto-electric characteristics of the films. The dark current of the
PDs is significantly reduced by five orders from 100 mA to 0.28 μA with the reduction of the f TMIn

from 50 sccm to 5 sccm. In addition, the photo response capacity of PDs is dramatically enhanced.
The photo-to-dark current ratio (PDCR) increases from 0 to 2589. Finally, the PD with the f TMIn of
5 sccm possesses a record-high responsivity of 2.53 × 103 AW−1, a high detectivity of 5.43 × 107 Jones
and a high EQE of 9383 × 100%. Our work provides an important reference for the fabrication of
high-sensitivity UV PDs.

Keywords: In2O3 thin films; oxygen vacancy; photodetector; TMIn flow rate

1. Introduction

Ultraviolet-A (UVA) photodetectors (PDs) have attracted wide attention in both civil-
ian and military applications, such as flame detection, ultraviolet cameras, and missile
early warning systems [1–9]. Indium compounds such as In2Se3, In2S3 and In2O3 are
widely reported for efficient photoelectric detection [10–18]. Because metal oxides can
be used as interface layers in metal/semiconductor contacts to change the optoelectronic
properties of heterojunctions, they are widely used in optoelectronic devices [19]. Therefore,
In2O3 has been considered a promising candidate for UVA PD fabrication among indium
compounds, due to its suitable bandgap (3.7 eV), high mobility and stable chemical and
optical properties [20–22]. Currently, UVA PDs based on In2O3 thin films mainly depends
on the photovoltaic effect, because it can realize the efficient separation and collection
of photogenerated carriers through the built-in electric field and reduce the dark current
of the device [23–25]. The device structure based on photovoltaic effect mainly includes
heterojunctions, transistors and metal–semiconductor–metal (MSM) structures. Among
these, MSM PDs offer competitive advantages such as simple structure, ease of fabrication
and convenient circuit integration [26].
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In2O3 MSM PDs are typically integrated with circuits through flip-chip bonding,
enabling their application in UV imaging via back illumination. Therefore, low-cost and
UVA-transparent sapphire substrates are widely used for In2O3 thin film detectors. In
addition, the epitaxy of high-crystal-quality In2O3 thin films has been reported through
HVPE, MBE and MOCVD. Due to its ability to produce high-uniform and reproducible
thin films, MOCVD offers advantages such as rapid growth rates that enhance production
efficiency and reduce costs for the commercialization of high-quality In2O3 thin films and
their detectors. However, defects such as oxygen vacancies (Vo) in the In2O3 thin film can
deteriorate the performance of the PDs, which significantly limits their application [27]. It
has been reported that the Vo has a significant effect on the metal/semiconductor interface
and leads to a decrease in the Schottky barrier, resulting in a significant increase in the
dark current of the detector [28]. In addition, the ionized oxygen vacancy can capture
photogenerated electrons, and the release process is very slow after the light source is
turned off, resulting in a persistent photoconductive effect and degradation of the response
speed [29]. Ge et al. proposed hydrogen (H) doping in In2O3 through magnetron sputtering
and proved H can occupy the Vo [30]. With the H doping concentration of 1%, the thin film
showed a high mobility of 115.3 cm2 V−1s−1. However, H exhibits low stability in In2O3
thin films and tends to escape at high temperatures.

In this work, we significantly suppress the defects of Vo in In2O3 thin films by adjusting
the Trimethylindium (TMIn) flow rate (f TMIn) during film growth. With a reduction in
the f TMIn, not only the concentration of Vo is suppressed, but also the performance of the
In2O3 PDs is improved. Consequently, the dark current of the PDs based on the In2O3 thin
film decreased by five magnitudes. In addition, the UV PD exhibits a high responsivity
(2.53 × 103 AW−1) and a high detectivity (5.43 × 107 Jones). This work provides an
important reference for the fabrication of high-performance UVA PDs based on In2O3
thin film.

2. Materials and Methods

The unintentionally doped (UID) In2O3 thin films are grown on sapphire substrates
using MOCVD. The growth is performed at 600 ◦C for 120 min. TMIn is used as the In
precursor and the flow rate of O2 (99.999%) is fixed at 1000 sccm. High-purity nitrogen (N2)
serves as the carrier gas. To construct a UVA PD, the Pt/Au (50/100 nm) bilayer metal is
deposited on the In2O3 thin film by electron beam evaporation. Finally, the electrodes are
patterned into intercalated fingers with a length of 480 μm, a width of 10 μm and a spacing
of 10 μm. The electrodes contain 12 pairs of fingers, and the area of the active region is
1.3 × 10−3 cm2.

The thickness of the In2O3 thin films is measured to be approximately 50 nm using SEM
as shown in Figure S1 in Supplementary Materials. The crystal structure and crystallinity
of In2O3 thin films are characterized by X-ray diffraction (XRD) with a test voltage of 40 kV,
a current of 40 mA and a step size of 0.02◦/s The chemical compositions of the In2O3
thin films are analyzed by X-ray photoelectron spectroscopy (XPS). An XPS instrument
with a base pressure better than 4.4 × 10−8 Pa is used to acquire core-level XPS spectra
from the sample. Monochromatic Al Kα radiation source (hv = 1486.6 eV) is employed.
The size of analyzed area is 100 × 100 μm and the optoelectronic detection angle was 45◦.
Argon ion etching is not carried out to avoid the influence of etching damage on the atomic
ratio [31]. The surface morphologies are obtained by atomic force microscopy (AFM) with
am amplitude of 200~300 mV and a scanning speed of 1 Hz. The carrier concentration and
mobility are tested by Hall measurements. The optoelectronic performance of the devices
is measured via a probe station equipped with Keysight B1505A (Colorado Springs, United
States), and a commercial monochromatic tunable light sources system (Omno150300,
Abuja, NigeriaNBET), including Xenon lamp, Monochromator, chopper and optical fibers.
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3. Results

The In2O3 thin films grown at the f TMIn of 50, 25, 10 and 5 sccm are labeled as S1,
S2, S3 and S4, respectively. In order to study the effect of f TMIn on the crystal structure
and crystallinity of the In2O3 thin films, XRD measurements are carried out. As shown
in Figure 1a, the diffraction peak observed near 41.68◦ corresponds to the (0006) plane of
the sapphire substrate. In addition, two diffraction peaks located at 30.65◦ and 64◦ are
observed, which correspond to the (222) and (444) planes of In2O3. The results indicate that
the heteroepitaxial In2O3 thin films grown on c-plane sapphire have a preferred orientation
along the (222) direction. The coherent volume of specific diffraction peaks in thin films
is related to the size of crystallite [32]. According to Scherrer’s relation, the size of the
crystallites in S1 to S4 can be calculated using the following equation:

Crystallite size (D) =
0.9λ

βcos θ
(1)

where λ = 1.54 Å is the wavelength of the Cu Kα line, θ is the Bragg’s angle and β is the
full width at half maximum (FWHM). Therefore, the D of S1 to S4 can be calculated to be
28.0 nm, 15.9 nm, 7.4 nm and 4.3 nm, respectively. In addition, the dislocation density can
be expressed as

Dislocation density (δ) =
1

D2 (2)

According to Equation (2), the δ of S1 to S4 can be estimated to be 1.27 × 1011 cm−2,
3.95 × 1011 cm−2, 1.83 × 1012 cm−2 and 5.53 × 1012 cm−2, respectively. The size of the
crystallites has a significant influence on the crystallite number (NC). The NC can be
estimated using the following equation:

NC =
d

D3 (3)

where d is the thickness of the thin film. Therefore, the NC of S1 to S4 is 2.29 × 1011 cm−2,
1.23 × 1012 cm−2, 1.24 × 1013 cm−2 and 6.49 × 1013 cm−2, respectively. With the reduction
of the f TMIn, the film crystallite size decreases significantly and the dislocation density
increases. This is due to the fact that a large number of In atoms are deposited on the
substrate surface with a high f TMIn, which promotes the growth of crystallites through the
diffusion and migration of the deposited atoms [33]. Therefore, larger crystallite size can
be obtained at high f TMIn in this study. The decrease of crystallite size leads to the increase
of dislocation density, so the decrease of f TMIn will reduce the crystal quality of thin films
to some extent. As shown in Figure 1b, high-resolution XRD rocking curve of (222) plane is
performed to identify the crystallinity of the In2O3 thin films. The FWHM for (222) plane
of S1 to S4 are extracted to be 0.26◦, 0.31◦, 0.44◦ and 0.48◦, respectively. The results indicate
that the crystallinity of In2O3 thin films slightly decreased with the decrease of the f TMIn
due to the decrease of the grain size.

 
Figure 1. (a) XRD 2θ scan pattern and (b) XRD rocking curve of S1 to S4.
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The AFM measurements with the scanning area of 5 × 5 μm2 are carried out to analyze
the surface morphology of the In2O3 thin films. As shown in Figure 2a, the large island
structure can be observed on the surface of the film when the f TMIn is 50 sccm. With the
reduction of the f TMIn, the size of the island structure gradually shrinks, and the density
increases gradually. The results are consisted of that of XRD. Finally, the surface of the
In2O3 thin films gradually becomes smooth and the roughness of S1, S2, S3 and S4 are
2.41 nm, 1.08 nm, 0.56 nm and 0.44 nm, respectively. It is worth noting that compared
with the scattering of carriers through crystallite boundaries, the capture and release of
carriers by point defects (e.g., Vo) have a more significant effect on the optical response of
the PDs [34,35].

Figure 2. AFM images with a 5 × 5 μm2 scan area of In2O3 thin film with the f TMIn of (a) 50 sccm,
(b) 25 sccm, (c) 10 sccm and (d) 5 sccm.

In order to study the effect of the f TMIn on the defects in In2O3 thin films, the XPS
measurements are carried out. Figure 3a shows the XPS spectra of the In2O3 thin films
grown on sapphire substrates. The binding energy of C 1s peak plus the work function
of In2O3 is a constant value of 289.58 eV, which can be used for the alignment of XPS
spectra [36]. The work function of In2O3 is 5.0 eV, and the C 1s peak of In2O3 can be set at
284.58 eV [37,38]. As shown in Figure 3a, peaks of C 1s, O 1s, In 3d, In 3d3/2, In 3p, In 3p1/2
and In 4p signals are observed in the general scan range of 0 to 1200 eV. The result indicates
that the chemical composition of the In2O3 thin films grown on sapphire mainly consists of
In and O. The position of the O 1s peak is located at 529.58 eV. The O 1s spectrum can be
deconvoluted into two components. The component located at 529.58 eV (OI) corresponds
to binding energy of lattice oxygen in the In2O3 thin film, while the component at 531.2 eV
(OII) corresponds to binding energy of defects (Vo) [39]. The Vo in the In2O3 thin film can
lead to a deterioration in the photo response performance of the PDs and the oxygen-rich
atmosphere is beneficial for suppression of the Vo. As shown in Figure 3b–e, the intensity
ratios of OII/(OI + OII) for S1 to S4 are 27.23%, 25.78%, 25.43% and 24.78%, respectively. The
result indicates that the Vo is reduced with the reduction of the f TMIn. The suppression of
Vo in In2O3 thin films is due to the fact that with the decrease of the f TMIn, the Vo sates are
compensated by oxygen in oxygen-rich environment [40].
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Figure 3. (a) Typical survey XPS spectra of S1 to S4. XPS O 1s core-level spectra of (b) S1, (c) S2, (d) S3

and (e) S4.

It is reported that the Vo in In2O3 thin films can provide electrons as shallow donors,
thus UID-In2O3 thin films often contain very high background carrier concentration [41–43].
To evaluate the electrical properties of the In2O3 crystal film, Hall measurements are carried
out and the measurement structure has been illustrated in Figure 4a. As shown in Figure 4c,
the carrier concentration deceases significantly with the decrease of the f TMIn, which is
beneficial to suppress the dark current of the PDs. The carrier concentrations of S1 to S4 are
1.53 × 1019 cm−3, 8.31 × 1018 cm−3, 4.94 × 1018 cm−3 and 4.31 × 1016 cm−3, respectively.
It worth noting that the mobility also gradually decreases with the decrease of the f TMIn.
Since the dislocation density and number of crystallites of the In2O3 thin films increases
with the decrease of the f TMIn, the decrease of mobility is speculated to be attributed to
the scattering of the grain boundary [30]. The optimization of crystallinity and mobility
will be further studied in future work. In order to investigate the effect of the f TMIn on
the performance of the PDs, the MSM PDs based on S1 to S4 are constructed and tested.
Figure 4b illustrate the Schematic diagram device structure. The PDs based on S1 to S4
are labeled as PD1 to PD4, respectively. To prevent the PDs from being damaged by too
large a current, the current is limited to 100 mA in the test. Figure 4d shows the dark
current (Id) of the PDs and the inset shows the microscope image of the device structure. As
shown in Figure 4d, the PD1, PD2 and PD3 exhibit extremely high current due to the high
carrier concentration and reach the current limits at 0.75 V, 0.95 V and 2.95 V, respectively.
However, when the f TMIn is reduced to 5 sccm, the Id of the PDs decreases significantly to
the microampere level. Compared with PD1, the Id of PD4 is reduced by 4.5 × 105 times
at 0.75 V. It is worth mentioning that with the decrease of the f TMIn, the devices gradually
show Schottky behavior. As shown in Figure S2a–c in Supplementary Materials, there is
a linear relation between the Id and voltage for PD1 to PD3. The results indicate that the
Pt/Au bilayer metal forms Ohmic contact with In2O3 thin films when the f TMIn is 50 sccm,
25 sccm and 10 sccm. And the resistance of PD1 to PD3 can be calculated to be 7.08 Ω, 8.68 Ω
and 15.06 Ω. Due to the low resistance between Pt/Au bilayer metal and In2O3 thin films,
the Id of the PDs are extremely huge. However, the relationship between voltage and Id
deviates from linearity when the f TMIn is 5 sccm as shown in Figure S2d in Supplementary
Materials. This is because with the decrease of the f TMIn, the concentration of Vo in In2O3
thin films decreases and Schottky behavior recovers gradually [35]. The Id of the devices
with Schottky behavior will be significantly reduced, and the photo response ability will
be improved. The results are consistent with that of Hall and XPS measurements, which
indicates that the reduction of the f TMIn can effectively suppress the Vo thus reduce the Id
of the In2O3 PDs.
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Figure 4. Schematic diagram of (a) Hall test structure and (b) In2O3 MSM PD. (c) Carrier concentration
and mobility of S1, S2, S3 and S4. (d) The dark current of the PDs based on S1, S2, S3 and S4. (PDs
based on S1 to S4 are labelled as PD1 to PD4).

Figure 5 shows the IV curves of PD1 to PD4 in the dark and under 335 nm illumination.
Due to the large Id, PD1 and PD2 exhibit almost no photo response as shown in Figure 5a,b.
The photo-to-dark current ratio (PDCR) is an important figure-of-merit to evaluate the
capacity of the photo response, which can be calculated by the following equation:

PDCR =
Ip − Id

Id
(4)

where Ip refers to photo current. Therefore, the PDCR of PD1 and PD2 can be calculated to
be 0 in the test range. With the decrease of the carrier concentration, the photo response
capacity of the PDs is obviously enhanced. The PDCR of PD3 is calculated to be 0.94 at
1.5 V before the Ip reaches the limitation of the current. When the carrier concentration is
4.31 × 1016 cm−3 with the f TMIn of 5 sccm, the PDCR of the PDs is dramatically improved.
As shown in Figure 5d, PD4 exhibits an obvious photo response with an extremely high
PDCR of 2588 at 5 V. Furthermore, the responsivity (R) and external quantum efficiency
(EQE) of the PD4 are extracted using the following equation:

R =
Ip − Id

PS
(5)

EQE =
Rhc
eλ

(6)

where P, S, h, c, e and λ refer to the intensity of the illumination (2000 μW/cm2), the effective
area, the Planck constant, the speed of the light, the electric charge and the wavelength,
respectively. The R and EQE of PD4 are 2.53 × 103 AW−1 and 9383 × 100%, respectively.
According to the results of XPS and Hall measurements, when the indium flow rate is
50 sccm, 25 sccm and 10 sccm, the concentration of Vo in the In2O3 film is higher, and the
background carrier concentration is also higher due to the donor action of the Vo. Under
this condition, the change of the device conductance caused by photogenerated minority
carriers will not be obvious, so the device has almost no optical response. However, with the
decrease of f TMIn, the concentration of Vo decreases, the background carrier concentration
of In2O3 thin film decreases significantly and the Schottky behavior is restored. The
existence of the built-in electric field increases the resistance of the device, thus reducing
the Id of the device and improving the light response ability of the device. The above results
indicate that reducing the background carrier concentration of the UID-In2O3 thin films by
reducing the f TMIn can effectively improve the photo response of the PDs.
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Figure 5. IV curves in the dark and under 335 nm illumination (2000 μW cm−2) of (a) PD1, (b) PD2,
(c) PD3 and (d) PD4.

In order to explain the effect of Vo on the performance of the PDs in detail, the energy
band diagram of the In2O3 MSM PDs is shown in Figure 6. When the f TMIn is high, the
concentration of Vo in In2O3 thin films is also higher. On the one hand, the Vo as a donor
state can increase the carrier concentration in In2O3 thin films, thus reducing the height of
Schottky barrier. On the other hand, the Vo at the metal/In2O3 interface can cause Fermi
pinning, which promotes the tunneling of electrons at the reverse biased Schottky junction,
as the process 1 shown in Figure 6a [44,45]. What’s more, some unoccupied states, such as
ionized Vo states, can capture electrons, making it easier for electrons to tunnel through the
barrier. This process is marked as process 2 and is depicted in the energy band structure
of Figure 6a. It is worth mentioning that the Vo defects within the tunneling distance at
and near the interface can promote the occurrence of tunneling. Finally, the electrons of the
devices with high Vo concentration will mainly conform to the field emission or thermal
field emission mechanism, rather than the thermal emission mechanism (process 3) [46,47].
This is why the PDs have Ohmic behavior rather than Schottky behavior and the Id is
extremely high. Under 335 nm illumination, the electrons in the In2O3 film will transition
from the valence band to the conduction band, resulting in photogenerated electron-hole
pairs, as shown in process 4 in Figure 6b. Photogenerated electron-hole pairs will be
separated by external electric field and built-in electric field and collected by electrodes.
However, in the process of drift to the electrode, the photogenerated electrons will be
trapped on the surface of the Metal/In2O3 thin film, due to the existence of a large number
of oxygen vacancies (process 5) [48]. When the light source is turned off, the trapped
photogenerated carriers will be released. However, this process is very slow, resulting in
the PDs cannot quickly return to the dark state, thus deteriorating the response speed of
the PDs. Therefore, in order to obtain highly sensitive and high-speed In2O3 MSM UV
PDs, the defects such as Vo in the film should be further suppressed, which will be further
studied in the future.

Figure 6. Schematic diagram of energy band structure of In2O3 MSM PD (a) under dark state and
(b) under 335 nm illumination.
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To obtain the specific detectivity (D*) of the PD4, the noise characteristics are evaluated.
By performing the Fourier transform of the dark current in the time domain, the noise
power spectrum is obtained [49,50]. As shown in Figure 7a, the noise power density of PD4
is frequency dependent. The result indicates that the noise of PD4 is mainly dominated by
1/f noise and g-r noise, which are charge-traps-related [51]. Therefore, although the Vo has
been suppressed by reducing the f TMIn, the defects in the In2O3 thin films need to be further
studied. The spectra density of the noise power can be fitted with a Hooge-type equation:

Sn( f ) = S0(
Iβ
d

f ξ
) (7)

where S0 is a constant, β and ξ are two fitting parameters. The calculated ξ of PD4 is 1.91.
The noise current (in) can be estimated by integrating the Hooge-type equation for a given
bandwidth, B [52]:

i2n=
∫ B

0
Sn( f )d f=

∫ 1

0
Sn( f )d f+

∫ B

1
Sn( f )d f = S0[ln(B) + 1] (8)

Here, Sn(f ) is assumed to be Sn(1) when f < 1 Hz. Thus, the in of S4 can be estimated to
be 1.68 × 10−6 A H1/2. The D* can be expressed as

D∗ = (S·B)1/2

NEP
(9)

NEP =
in
R

(10)

where NEP is the noise equivalent power. Therefore, the D* of PD4 can be calculated to
be 5.43 × 107 cm·Hz1/2 W−1 (Jones). Figure 7b shows the time-dependent response of
PD4 under period illumination. As shown in Figure 7b, the PD4 exhibits excellent electric
stability after multiple illumination cycles. In addition, the response time of PD4 is extracted
from the time-dependent response curve. The rise time, τr, (decay time, τd) is defined as
the time during which the current rises (decays) from 10% to 90% (90% to 10%). The values
of τr/τd are 0.23 s/0.24 s. Figure 7c shows the time-dependent photo response of S4 within
30 s, and excellent periodicity can be observed.

Figure 7. (a) Noise power spectra density and (b) time-dependent response of PD4. (c) Time-
dependent response of S4 in a 30-s period.
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Figure 8a shows the spectra response of the PD4. As shown in Figure 8a, PD4 exhibits
a peak response in the UVA band. The UV/visible (Rpeak/R400) rejection ratio can be
calculated to be 1241%. The above results indicate that the PD based on In2O3 thin film
with the f TMIn of 5 sccm mainly works in UVA band. Finally, compared with most of the
reported UV PDs, our devices have impressive responsivity as shown in Figure 8b.

Figure 8. (a) Spectra response of PD4. (b) R vs. Response time of this work compared with other
ever-reported PDs [2,5,20,50,53–57].

4. Conclusions

In summary, UID-In2O3 thin films are grown on sapphire substrates by MOCVD. And
the defects such as Vo and background carrier concentration are effectively regulated by
changing the f TMIn. With the decrease of the f TMIn, the growth environment gradually
becomes oxygen-rich, so that the Vo sates are compensated by O atoms. Consequently, the
background carrier concentration decreases from 1.53 × 1019 cm−3 to 4.31 × 1016 cm−3 with
the reduction of the f TMIn from 50 sccm to 5 sccm. And the Id of the PDs is reduced by more
than five orders due to the decrease of the background carrier concentration. In addition,
the photo response capacity of the PDs enhances dramatically. The PDCR increases from
0 to 2588 when the f TMIn decreases from 50 sccm to 5 sccm. Finally, a high-performance
MSM PD with a high R (2.53 × 103 A W−1), a large EQE (9383 × 100%), an impressive D*
(5.43 × 107 Jones) and a fast response speed (τr/τd = 0.23 s/0.24 s) is obtained. This work
provides an important reference for the realization of high-performance UVA PDs and has
great application potential in the field of high-sensitivity UV imaging and communication.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14060494/s1, Figure S1: title Cross-section SEM image of
In2O3 thin film; Figure S2: IV curves of (a) PD1, (b) PD2, (c) PD3 and (d) PD4 in linear scale.
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Abstract: In this work, optical–structural and morphological behavior when Nd is incorporated into
ZnO is studied. ZnO and Nd-doped ZnO (ZnO-Nd) films were deposited at 900 ◦C on Silicon n-type
substrates (100) by using the Hot Filament Chemical Vapor Deposition (HFCVD) technique. For this,
pellets were made by from powders of ZnO(s) and a mixture of ZnO(s):Nd(OH)3(s). The weight
percent of the mixture ZnO:Nd(OH)3 in the pellet is 1:3. The gaseous precursor generation was
carried out by chemical decomposition of the pellets using atomic hydrogen which was produced
by a tungsten filament at 2000 ◦C. For the ZnO film, diffraction planes (100), (002), (101), (102),
(110), and (103) were found by XRD. For the ZnO-Nd film, its planes are displaced, indicating the
incorporation of Nd into the ZnO. EDS was used to confirm the Nd in the ZnO-Nd film with an
atomic concentration (at%) of Nd = 10.79. An improvement in photoluminescence is observed for the
ZnO-Nd film; this improvement is attributed to an increase in oxygen vacancies due to the presence
of Nd. The important thing about this study is that by the HFCVD method, ZnO-Nd films can be
obtained easily and with very short times; in addition, some oxide compounds can be obtained
individually as initial precursors, which reduces the cost compared to other techniques. Something
interesting is that the incorporation of Nd into ZnO by this method has not yet been studied, and
depending on the method used, the PL of ZnO with Nd can increase or decrease, and by the HFCVD
method the PL of the ZnO film, when Nd is incorporated, increases more than 15 times compared to
the ZnO film.

Keywords: HFCVD; silicon; ZnO-Nd; sea urchin

1. Introduction

ZnO presents n-type electrical conductivity and has a wide direct bandgap of ∼3.37 eV
at room temperature [1,2]. In addition, it presents interesting properties such as: high
chemical and thermal stability; good optical and electrical properties; high transparency in
the Vis/near-IR spectral region [3]; and a large exciton binding energy of 60 mV [2,4–6].
Such properties have allowed ZnO to be used in optoelectronic device applications such
as: gas sensors [7], solar cells [8], ultraviolet (UV) detectors [9], light-emitting diodes, and
lasers [10]. On the other hand, ZnO presents a better optical response in PL intensity and a
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low band gap when it is doped and forms compounds with different chemical elements,
for example Nd [11], Ni [12], and Ta [13]. Doping ZnO with metal atoms such as Nd
introduces new properties in ZnO that are useful in different areas such as photocatalysis
and optoelectronics [14,15]. Nd-doped ZnO films enhance PL intensity at deep level
emissions (∼511 nm) [11]. Some methods such as spray pyrolysis [14], pulsed electron
beam [16], and sol-gel [17], have been used to obtain Nd-doped ZnO films. However,
using the HFCVD technique for this process has not been explored. The HFCVD technique
allows the obtention of high deposit rates, so long times for film growth are not necessary.
In addition, solid sources have been used for the formation of gaseous precursors for
the deposit of materials such as: ZnO [18], ZnO-Ni [12], and ZnO-Ta [13]. Therefore, the
study of ZnO with the incorporation of Nd from a solid pellet based on a mixture of
ZnO(s):Nd(OH)3(s), attacked with atomic hydrogen (H◦), is feasible. The atomic hydrogen
is produced by using a tungsten filament at 2000 ◦C, etching the solid source (pellet) to
obtain chemical precursors that diffuse and deposit on a Si substrate [13,19]. The HFCVD
process has been reported in other works [18,20]. Using the HFCVD technique, sphere-
shaped structures of ZnO can be grown, which have a large surface–volume ratio which
is important for devices such as drug delivery devices [21] and gas sensors [18], and in
solar energy conversion and field emission [18,22]. Thus, the objective of this work is to
study the structural, morphological, and optical properties of ZnO and compare them with
ZnO-Nd films on silicon substrates.

2. Experimental Details

2.1. Pellets Preparation

A ZnO(s):Nd(OH)3(s) pellet (0.4 g) was prepared by compressing ZnO(s) powder
(Sigma-Aldrich CAS-No:1314-13-2, Estado de México, México) combined with Nd(OH)3(s)
powder (Sigma-Aldrich CAS-No:16469-17-3). The weight percent of the mixture
ZnO(s):Nd(OH)3(s) in the pellet was 1:3. The reason that the pellet was in that proportion
is because the amount of Nd that can be released from the ZnO:Nd(OH)3 pellet in the film
growth process is minimal (less than 1% in weight percentage). In addition, the 1:3 ratio
was prepared because other samples were made and it was observed that the PL intensity
increases as the Nd in the ZnO increases, and this sample is very interesting and high in PL
intensity. The quantities used in each pellet of this work are shown in Table 1.

Table 1. Experimental conditions used for ZnO and ZnO-Nd films.

Film Pellet

Proportion in
Weight

Percentage
ZnO:Nd(OH)3

ZnO Weight
(g)

Nd(OH)3

Weight (g)

Substrate
Temperature

(◦C)

Process Time
(min.)

ZnO ZnO 1:0 0.4 0 900 3
ZnO-Nd ZnO:Nd(OH)3 1:3 0.1 0.3 900 3

2.2. Growth Process of ZnO and ZnO-Nd Films

Silicon n-types with orientation (100) and resistivity 1–20 Ω·cm were used as substrates.
Firstly, Si-substrates were cleaned following a process in an ultrasonic bath for 10 min
in each chemical solution, including: xylene, acetone, and methanol. Additionality, Si
substrates were immersed for 1 min in HF (10%) to remove native oxide. For the film growth
process, H2 flow (50 sccm) was incorporated in reaction chamber (Figure 1a); afterwards,
atomic hydrogen (H◦) was produced by a tungsten filament at 2000 ◦C., although the
growth temperature used for deposits was 900 ◦C for 3 min. The generation of gaseous
precursors occured through the reaction of a solid source (pellet based on a mixture of
ZnO(s) and Nd(OH)3(s)) with atomic hydrogen (Figure 1b).
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(a) (b) 

Figure 1. (a) HFCVD reactor and (b) internal configuration of HFCVD reactor.

Regarding the reaction for ZnO films grown using the HFCVD technique, it has already
been reported in other works [23]. On the other hand, for the ZnO-Nd film grown in this
work, the substrate chemical reactions are presented as follows:

ZnO(s) + Nd(OH)3(s) + H(g) → Zn(g) + Nd(g) + 4OH(g) (1)

4Zn(g) + Nd(g) + 4OH(g) → Zn(s) + ZnO(s) + Zn(OH)2(s) + ZnONd(s) + H2(g) (2)

Finally, XRD, SEM, EDS, and PL measurements were performed. The structural
characterization was carried out with an X-ray diffractor (BRUKER D8 with Cu Kα radiation
(λ = 1.541 Å), Billerica, MA, USA). The surface morphology and elements of the samples
were characterized by using a Jeol JSM-7800F (JEOL Ltd., Tokyo, Japan) field emission
scanning electron microscope equipped with an Oxford Instrument X-Max spectrometer
for elemental analysis (JEOL Ltd., Tokyo, Japan). Photoluminescence measurements were
performed at room temperature with a Horiba Jobin Yvon NanoLog FR3 UV-Vis-NIR
fluorescence spectrometer (Horiba Ltd., Kyoto, Japan).

3. Results and Discussion

3.1. Structural Characterization by X-ray Diffraction (XRD) Analysis

ZnO and ZnO-Nd films were analyzed using XRD. Figure 2 shows the pattern of
XRD for the samples measured from 25◦ to 65◦ in the 2θ mode. For the ZnO film in the
(a) pattern, three Zn planes (100), (101), and (102) located at 39.16◦, 43.38◦ and 54.42◦ are
observed, which match with the Zn hexagonal structure of the pdf card 004-0831. It is
observed that the planes (100), (002), (101), (102), (110), and (103) of ZnO which are located
at 31.98◦, 34.6◦, 36.44◦, 47.74◦, 56.78◦, and 63.08◦ match according to the wurtzite ZnO
structure of the pdf card 075-0576. In pattern (b), for the ZnO-Nd film the same ZnO film
planes are observed. Furthermore, it can be observed that the ZnO-Nd film planes shift
slightly to the left compared to the ZnO film planes, and it is suggested that this slight shift
is due to the change in lattice parameters; however, the wurtzite structure of the crystal
remains unchanged [24]. So, for this reason it is suggested that Nd is incorporated into the
ZnO matrix. This shift is due to the difference in the ionic radii of Zn+2 and Nd+3. Since
the ionic radius of Nd+3 (0.983 Å) is larger than that of Zn+2 (0.74 Å), an expansive stress
is created in the lattice; therefore, it is suggested that there is an expansion in the ZnO
lattice resulting in the displacement of the ZnO-Nd planes and it is suggested that this
expansion in the crystal lattice confirms that Nd is introduced substitutionally into the ZnO
lattice [15,24].
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θ

Figure 2. X-ray diffraction patterns for (a) ZnO and (b) ZnO-Nd films.

Figure 3 analyzes Figure 2 better: the planes of ZnO, Zn, Zn(OH)2, and Nd(OH)3 are
shown with different symbols. In the ZnO film (Figure 3a), the ZnO and Zn planes are
observed, so the core–shell structures are observed, where the metallic Zn is the core and
the ZnO is the shell [12,13]. In addition, the Zn(OH)2 planes [25] are observed because in
the film growth process some Zn+2 joins with the OH that is being transported, forming
Zn(OH)2; then, some Zn(OH) is also deposited on the surface of the film, remaining in the
form of ZnO:Zn(OH)2 composites. In the ZnO-Nd film (Figure 3b), the same planes of the
ZnO film are observed; however, some Nd(OH)3 planes [26] also appear. This is because
in the film growth process some Nd+3 atoms join with the OH that is being transported,
forming Nd(OH)3, and for this reason some Nd(OH)3 is also deposited on the surface of
the film, remaining in the form of ZnO:Nd(OH)3 composites. In addition, the Zn(OH)2
planes [25] are observed, so there are also some ZnO:Zn(OH)2 composites on the surface of
the film.

To calculate the lattice parameters, Equation (3) is used:

1
d2
(hkl)

=
4

3a2

(
h2 + k2 + hk

)
+

l2

c2 (3)

In this way, the interplanar spacing d(hkl) can be obtained from the relation 1
dhkl

= 2sinθ
λ ,

where h,k,l are the miller indices of the respective plane, and a and c are the lattice parame-
ters which are calculated with the (100), and (002) planes at 31.98◦ and 34.6◦ [12]. Table 2
shows the lattice parameters for the (002) plane of the different films obtained in this work.

Table 2. Lattice parameters of ZnO and ZnO-Nd films of plane (002).

Sample a (Å) c (Å) c/a

ZnO 3.2289 5.1806 1.6044
ZnO-Nd 3.2547 5.2187 1.6034

It can be seen in Table 2 that the parameter “c” increases and the parameter “a”
increases, and so for these reasons, it is suggested that Nd+3 is incorporated into the ZnO
lattice in a substitutional manner, and it is proposed that Nd+3 ions replace Zn+2 ions, thus
obtaining Nd-doped ZnO [24].
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θ 

Figure 3. A better analysis of Figure 2 is shown for the XRD patterns of (a) ZnO and (b) ZnO-Nd films.

3.2. Scanning Electron Microscope (SEM)

SEM measurements were made to observe the morphology of the ZnO and ZnO-Nd
films. Figure 4a,b shows the ZnO film and Figure 4c–f shows the ZnO-Nd film at different
zoom levels.

SEM images in Figure 4a,b, for a ZnO film, show sphere-type structures on the surface
of the film. It is suggested that the growth process of sphere-type structures occurs when
molecular hydrogen enters into the reactor through the filament at 2000 ◦C and decomposes
in atomic hydrogen, which attacks the ZnO(s) pellet, forming the precursors Zn(g) and
OH(g) as proposed in [13,27], starting with the following chemical reactions:

ZnO(s) + H(g) → Zn(g) + OH(g) (4)

3Zn(g) + 4OH(g) → Zn(s) + ZnO(s) + Zn(OH)2(s) + H2O(g) (5)

Molecular hydrogen decomposes into atomic hydrogen due to the temperature of
the filament. The atomic H releases Zn and O atoms from the ZnO pellet, according to
reaction 4. In reaction 5, core–shell (Zn/ZnO) structures are formed on the silicon substrate;
this is deduced from the XRD planes of Zn and ZnO [12,13]. Figure 4b shows the surface
of an individual ZnO sphere (Figure 4a) with a zoom of ×1000. Figure 4c–f show the
ZnO-Nd film. The formation process of ZnO-Nd spheres is similar to that of ZnO spheres;
the difference is that ZnONd structures are formed in the former. It can be observed the
sphere-like structure that it has on its surface is like wires; this is suggested to be because
the Nd atoms act as a catalyst and nucleate, resulting in a sea urchin-like structure [28].
Furthermore, it can be observed that when Nd is incorporated, there is a decrease in the
size of the spheres. It is observed that the spheres on the ZnO-Nd film have a smaller size
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than in the ZnO film and it is suggested that the decrease in the size of the ZnO-Nd spheres
is due to the incorporation of Nd. That is to say, it is due to the nucleation mechanism in
the growth process; because the ionic radius of Nd+3 is greater than that of Zn+2, it has
a lower nucleation rate than in the ZnO film which results in a smaller sphere size [29].
From Figure 4b,d (×1000), it is estimated that the ZnO spheres are larger, since in the ZnO
sphere (Figure 4b) only part of the surface of an individual ZnO sphere can be observed,
and Figure 4d shows complete ZnO-Nd spheres because they are smaller in size. Figure 5
shows the distribution of the different chemical elements for the ZnO-Nd film. Figure 6
shows each chemical element individually. The film appears relatively homogeneous;
however, it can be seen that there is an agglomeration of many Nd atoms (as also seen in
Figure 4f), which suggests that there is a ZnO:Nd(OH)3 composite because in XRD the
Nd(OH)3 planes for the ZnO-Nd film are observed.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. SEM for (a,b) ZnO and (c–f) ZnO-Nd films at different zoom levels.
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Figure 5. Color mapping of the different chemical elements of the ZnO-Nd film.

Figure 6. Chemical elements individually for the ZnO-Nd film.

3.3. Energy Dispersive X-ray (EDS) Analysis

Figure 7a shows the EDS analysis for the ZnO film. In the EDS of the ZnO film, it is
observed that the film presents the chemical elements of Zn and O. For this reason, it is
suggested that when the H impacts the ZnO pellet, it decomposes it into Zn and O atoms
that begin to be transported into the reactor. Subsequently, the Zn, due to its boiling point
(907 ◦C), adheres to the substrate (900 ◦C) due to the temperature difference and remains
as a nucleation site, but since the O atoms are also being transported, they begin to bind to
the Zn and, thus, the ZnO film is obtained [13]. The carbon peak corresponds to the piece
of paper used in the SEM measurement. Figure 7b shows the EDS of the ZnO-Nd film,
where the presence of Nd is confirmed. It is observed that the film presents the chemical
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elements of Zn, O, and Nd. In the ZnO-Nd film, something very similar happens: the H
impacts the ZnO:Nd(OH)3 pellet and decomposes it into Zn, O, and Nd atoms that begin
to be transported inside the reactor; in this way, ZnO is formed as described above, but
since Nd atoms are also being transported here, they begin to bind to the O of ZnO and,
thus, the ZnO-Nd film is obtained [13]. Table 3 shows the different compositions of the
ZnO and ZnO-Nd films.

 
(a) 

 
(b) 

Figure 7. (a) EDS for ZnO film. (b) EDS for ZnO-Nd film.

Table 3. Average atomic percentage of elemental composition of ZnO and ZnO-Nd films.

Sample Zn (%) O (%) Nd (%)

ZnO 69.36 30.64 0
ZnO-Nd 43.99 45.22 10.79

It can be seen that the ZnO film has an atomic percentage of approximately Zn = 69.36%,
which suggests that it is a film rich in zinc. It can be observed in the ZnO-Nd film (Figure 4f)
that there is approximately an atomic percentage of Nd = 10.79%; therefore, the presence
of Nd is confirmed. For Figure 4e, there is an average atomic percentage of Nd = 1.25%,
Zn = 63.64%, and O = 35.11% so it is suggested that there is doping; however, in Figure 4f it
can be seen that an agglomerate of Nd remained on the surface of the film with Nd = 10.79%
(Table 3), so it is suggested that it is also a ZnO:Nd(OH)3 composite, and this can be seen
better in Figure 6.

3.4. Photoluminescence Analysis (PL)

Figure 8 shows the PL spectra of the ZnO and ZnO-Nd films at room temperature
measured from 350 to 750 nm, with the purpose of studying the behavior of Nd in the ZnO.
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Figure 8. Photoluminescence spectra of (a) ZnO and (b) ZnO-Nd films. A PL graph is also presented
with a zoom in the NBE region of ~380 nm.

For the ZnO film, a band ~380 nm named as near-band-edge emission NBE is observed,
and this is due to the band-to-band transition [13]; the band ~502 nm, called the deep level
emission which is abbreviated to DLE, is due to the transitions through deep centers with
energy levels in the forbidden gap of the hydroxyl group, and is also due to different defects
in the lattice, such as oxygen or zinc interstitials, oxygen or zinc vacancies, or external
impurities due to the substitution of atoms [13,29,30]. For the ZnO-Nd film, an increase in
the intensity of the DLE band is observed. It is suggested that this is because when Nd is
incorporated into the ZnO, more defect centers such as oxygen vacancies are created and
for this reason a PL increase occurs [31]. In addition, due to the distortion of the lattice as
mentioned in XRD, and other defects, it is suggested that the energy gaps are split and for
this reason a greater wavelength range is covered in the PL spectrum [32]. From SEM, it
can be observed that there is a decrease in the size of the spheres, and because it is reported
in the literature that, when there is a decrease in particle size, more oxygen vacancies
are created, it is suggested that for this reason the PL also increases [30]. Furthermore,
in Figure 8 for the ZnO and ZnO-Nd films, in the NBE band region, two different bands
are observed that correspond to ZnO (~380 nm) and Zn(OH)2 (~387 nm) [33]. The two
bands, NBE and DLE, of Zn(OH)2 are similar to the two bands (NBE and DLE) of ZnO,
only the intensity of the PL varies a little [33]. Based on the PL results and because the
Zn(OH)2 planes are observed in XRD, it is suggested that there are also some ZnO:Zn(OH)2
composites on the surface of the ZnO and ZnO-Nd films.

4. Conclusions

The objective of this research is to observe how Nd(OH)3 behaves when reacting
with ZnO using the HFCVD method, since ZnO-Nd formed by this technique has not yet
been explored; in addition, with growth by HFCVD, ZnO and ZnO-Nd films are obtained
relatively easily and with short times. Therefore, the structural, morphological, and optical
properties of ZnO and ZnO-Nd films on silicon substrates are studied. From XRD studies,
it is observed that the ZnO planes match with the hexagonal wurtzite structure of ZnO. It is
also observed in the diffractogram that there is a displacement of the planes of the ZnO-Nd
film, which is due to the fact that the Nd is incorporated into the ZnO, thus achieving doping.
Furthermore, the planes of Zn, ZnO, Zn(OH)3, and Nd(OH)3 are observed individually, so
the presence of a ZnO:Nd(OH)3 composite is also noted. From the SEM results, the different
morphology observed in the sphere-like structures of the ZnO-Nd film is due to the fact that
the Nd atoms act as a catalyst and nucleate, resulting in a structure similar to that of a sea
urchin. It is also observed that the sphere-like structures in the ZnO-Nd film have a smaller
size than in the ZnO film; this is due to the incorporation of Nd in the ZnO. In addition,
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from the different morphology and decrease in size of the ZnO-Nd spheres, it is deduced
that the Nd is doping the ZnO; however, as some agglomerations of Nd(OH)3 are also
observed on the surface of the film, it is deduced that it is also a ZnO:Nd(OH)3 composite.
EDS analysis confirms the presence of Nd. Furthermore, in the ZnO-Nd sphere there is a
low average atomic percentage of Nd = 1.25%, so it can be deduced that there is doping;
however, in the Nd(OH)3 agglomeration, there is a higher average atomic percentage of
Nd = 10.79%, andso it follows that there is also a ZnO:Nd(OH)3 composite. From the
PL measurement, when Nd is incorporated into ZnO as a dopant, it causes an increase
in O vacancies, thus achieving an increase in the intensity of photoluminescence. For
these reasons, it is deduced that composites and doping coexist and are present in the
ZnO-Nd film.
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Abstract: This paper presents the results of the influence of variation of the synthesis conditions
of CuBi/CuBi2O4 films with a change in the applied potential difference, as well as a change in
electrolyte solutions (in the case of adding cobalt or nickel sulfates to the electrolyte solution) on
changes in the phase composition, structural parameters and strength characteristics of films obtained
using the electrochemical deposition method. During the experiments, it was found that, in the
case of the addition of cobalt or nickel to the electrolyte solutions, the formation of films with a
spinel-type tetragonal CuBi2O4 phase is observed. In this case, a growth in the applied potential
difference leads to the substitution of copper with cobalt (nickel), which in turn leads to an increase
in the structural ordering degree. It should be noted that, during the formation of CuBi/CuBi2O4

films from solution–electrolyte №1, the formation of the CuBi2O4 phase is observed only with an
applied potential difference of 4.0 V, while the addition of cobalt or nickel sulfates to the electrolyte
solution results in the formation of the tetragonal CuBi2O4 phase over the entire range of the applied
potential difference (from 2.0 to 4.0 V). Studies have been carried out on the strength and tribological
characteristics of synthesized films depending on the conditions of their production. It has been
established that the addition of cobalt or nickel sulfates to electrolyte solutions leads to an increase
in the strength of the resulting films from 20 to 80%, depending on the production conditions (with
variations in the applied potential difference). During the studies, it was established that substitution
of copper with cobalt or nickel in the composition of CuBi2O4 films results in a rise in the shielding
efficiency of low-energy gamma radiation by 3.0–4.0 times in comparison with copper films, and
1.5–2.0 times for high-energy gamma rays, in which case the decrease in efficiency is due to differences
in the mechanisms of interaction of gamma quanta, as well as the occurrence of secondary radiation
as a result of the formation of electron–positron pairs and the Compton effect.

Keywords: radiation shielding; protective materials; thin films; electrochemical synthesis; substitution
effect

1. Introduction

Today, the problem of protection from the negative effects of ionizing radiation on liv-
ing organisms, as well as microelectronics (operating in conditions of increased background
radiation), is one of the most important in the modern world [1–3]. There are many reasons
for this; first of all, the increased use of various sources of ionizing radiation (non-natural
origin) in various industries (energy, medicine, etc.) leads to an increase in the likelihood
of exposure to radiation on living organisms, which can lead to negative consequences,
including mutations, diseases and deterioration of health [4,5]. At the same time, artificial
sources of ionizing radiation are increasingly used in medicine (X-ray machines, gamma
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knives, proton and heavy ion accelerators for the treatment of tumors), which requires
increasing the level of protection from exposure to ionizing radiation for personnel who are
directly involved in their maintenance and operation, since classical traditional methods of
protection in these cases cannot always be used [6,7].

An important role in developments to shield ionizing radiation is also played by work
related to the disposal of nuclear waste at nuclear power plants or nuclear test sites, where
it is necessary to comply with strict control and safety standards for long-term storage, as
well as to minimize the negative impact of ionizing radiation on the environment [8,9].
Among the most effective materials for these purposes are carbide and nitride ceramics,
which have high strength and wear resistance, as well as resistance to radiation damage
during prolonged exposure and the accumulation of high doses of damage [10–12].

Recently, much attention has been paid to research on the prospects of using thin films
or thin-film coatings as shielding protective materials, interest in which is primarily due to
the possibility of using them to create local protection of key components of microelectronic
devices operating under conditions of exposure to increased background radiation (in
spacecraft, satellites or nuclear power plants) [13–15]. Thus, the use of CuBi/CuBi2O4
films as promising materials for protection against the negative effects of electromagnetic
radiation was shown in [16,17]. Much attention is paid to composite materials and films
consisting of oxide compounds and polymer films as protective shielding materials [18,19].
Interest in such research is due to the possibility of expanding the classes of protective
materials, as well as thin, lightweight and sufficiently flexible shields that can be used
to protect complex-profile objects. Moreover, these technological solutions are based
on technologies for combining light and heavy elements, as well as binding polymer
matrices, which serve both as a basis for applied coatings and as matrices in which oxide
particles are equally distributed throughout the entire volume [20]. Therefore, for example,
in [21], the authors show the prospects for using composite materials based on polymer
matrices with oxide nanoparticles placed in them as shielding materials with high shielding
efficiency, which are due to the presence of oxides such as WO3 and Bi2O3. Also, the use of
composite materials in the form of coatings or films is aimed primarily at reducing the cost
of production of microelectronic devices for operation in flows of ionizing radiation, for
protection against which the classic scheme of duplicating key components is used in order
to avoid failures due to radiation damage caused by exposure to ionizing radiation [22,23].
At the same time, the use of these technological solutions makes it possible to solve the
issue of protecting key components from the negative effects of ionizing radiation, as well
as to reduce the load on the weight and dimensions of microcircuits, which plays a very
important role in the case of spacecraft, since transporting each kilogram into orbit requires
large amounts of fuel. Thin films play an important role in shielding not only various
types of ionizing radiation (gamma, neutron or electron), but also in protecting against
electromagnetic influence, which can lead to failures in microelectronic devices along with
radiation damage [24,25].

Based on the analysis of the main areas of research in the field of development of
shielding materials and their application, the goal of this research was formulated, which
is aimed at creating effective shielding materials that can have a positive effect in this
direction. The key purpose of this work is to develop a technology for producing composite
films based on compounds of copper, bismuth, nickel, cobalt and their oxide compounds
such as CuBi/CuBi2O4, as well as to evaluate their use as shielding materials for protection
against the negative effects of ionizing radiation [26,27].

The novelty and relevance of this research is based on the possibility of obtaining
new types of high-strength shielding materials based on CuBi/CuBi2O4 with the partial
replacement of copper with cobalt or nickel, which can be used to protect against the
negative effects of ionizing radiation (gamma and X-rays), and also be used as flexible
protective shields for shielding, which have good corrosion resistance and wear resistance
(resistance to mechanical stress). The choice as research objects for the development
of protective shielding films based on CuBi/CuBi2O4 is due to the high density of these
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compounds (about 8.5–8.6 g/cm3), comparable to alternative ceramic or glass-like materials
based on oxide compounds of tellurium, tungsten, bismuth and lead (the density of
these structures varies from 5.0 to 10 g/cm3, depending on the number of components in
the material and their stoichiometric composition), as well as the possibility of creating
protective films with great flexibility, which is due to the polymer matrix being used as
a substrate for the synthesized films, which allows them to be used in shielding devices
of complex geometry. Moreover, consideration of the possibility of partial replacement of
copper in the CuBi2O4 composition with related elements such as nickel, cobalt or iron is
due to the possibility of increasing not only the shielding efficiency due to changes in the
charge number (Zeff) when replacing copper, but also increasing the strength parameters
(hardness, wear resistance, corrosion resistance) due to the formation of a more stable
film structure. The choice of nickel and cobalt as components to replace copper is due
to their similarity of atomic radii (rCu—128 pm, rCo—125 pm, rNi—124 pm), as well as
their electrode reduction potentials, which makes it possible to use the method of varying
the applied potential difference to vary the ratio of elements in the composition of the
films. The use of nickel and cobalt in electrochemical deposition, meanwhile, has proven
itself rather well in order to obtain sufficiently strong and wear-resistant coatings that
have higher corrosion resistance rates than copper coatings, which have a tendency for
rapid oxidation.

2. Materials and Research Methods

2.1. Preparation of Solutions–Electrolytes for the Synthesis of Thin Films

The following components were used as initial components for preparing electrolyte
solutions: solution–electrolyte №1 to obtain CuBi/CuBi2O4 films–CuSO4·5H2O (238 g/L),
Bi2(SO4)3 (10 g/L), H2SO4 (21 g/L); solution–electrolyte №2 to obtain CuBi/CuBi2O4 films
with partial substitution of copper by nickel–CuSO4·5H2O (200 g/L), Co2SO4·7H2O (40 g/L),
Bi2(SO4)3 (10 g/L), H2SO4 (21 g/L); solution–electrolyte №3 to obtain CuBi/CuBi2O4 films
with partial substitution of copper with cobalt–CuSO4·5H2O (200 g/L), Ni2SO4·7H2O (40 g/L),
Bi2(SO4)3 (10 g/L), H2SO4 (21 g/L). Solutions–electrolytes were prepared by dissolving all
components in given proportions in distilled water, mixing the components using magnetic
stirrers at a constant stirring speed (50–100 rpm) and a temperature of 45–50 ◦C, in order to
achieve complete dissolution of all the salts used. The selection of the ratio of components for
the preparation of electrolyte solutions was carried out experimentally, the purpose of which
was to test the modes of film production and the ability to control the stoichiometric composi-
tion of the resulting films. After stirring in order to achieve complete dissolution of all salts,
the resulting solutions were kept for two to three hours until they reached room temperature,
in order to prevent the influence of temperature factors on the processes of electrochemical
reduction in the metal deposit in the form of films on the surface of the substrates.

For the synthesis of films, a PLA cell printed using additive technologies was chosen.
The distance between the electrodes was fixed and amounted to 3 cm; for this, the upper
electrode was placed on a special platform located at a fixed distance from the lower
electrode. Chlorine, a silver electrode, was chosen as a reference electrode, with the help of
which the deposition parameters were monitored. The deposition time of the films was
fixed and amounted to 20 min. At the same time, it was experimentally established that an
increase in deposition time of more than 60 min leads to a decrease in the deposition rate (a
decrease in current density was observed), which is due to the depletion of the electrolyte
solution over time.

The main method for producing thin films was the electrochemical synthesis method,
which is based on the reduction in a metal deposit from aqueous solutions–electrolytes on
the surface of the cathode when an electric current passes through the solution–electrolyte.
Copper plates of the same area were used as the anode and cathode, varying which makes
it possible to obtain films of different sizes. To study the effect of variation in synthesis
conditions on the phase composition of the films, the variation range of the applied potential
difference was chosen from 2.0 to 4.0 V with a step of 0.5 V, which made it possible to
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obtain films with a controlled phase composition, as well as a different ratio of elements,
the change in which occurs with varying synthesis conditions. In the case of using solution–
electrolyte №1 (without additives), an elevation in the applied potential difference above 4.0
V leads to structural ordering and dominance of the CuBi2O4 phase over the Cu(Bi) phase
(see the example X-ray diffraction patterns of samples obtained using solution–electrolyte
№1 in Figure 1). If the applied potential difference increases above 4.0 V when using
electrolyte solutions with the addition of cobalt sulfates (solution №2) and nickel sulfates
(solution №3), a rapid release of oxygen is observed in the electrochemical cell, which leads
to uneven deposition associated with partial overlap of the cathode surface. Based on this,
the range of applied potential differences in this experiment was chosen from 2.0 to 4.0 V.

Figure 1. Results of a comparative analysis of X-ray diffraction patterns of Cu(Bi)/CuBi2O4 films
obtained at applied potential differences in the range from 4.0 to 5.0 V.

2.2. Characterization of the Films under Study

To determine the surface morphology of the resulting thin films depending on vari-
ations in synthesis conditions (changes in electrolyte solution, difference in applied po-
tentials), the atomic force microscopy method was used, implemented on a Smart SPM
microscope (AIST-NT, Zelenograd, Russia) in semi-contact shooting mode. Based on the
data obtained, 3D images of the sample surface were constructed, reflecting changes in
surface morphology during film growth (in the case of changes in deposition time), as
well as with variations in synthesis conditions (changes in the electrolyte solution and the
difference in applied potentials).

Determination of the phase composition of the synthesized films depending on the
synthesis conditions (with variations in the applied potential difference, as well as changes
in electrolyte solutions) was carried out using the X-ray diffraction method. The recording
of X-ray diffraction patterns was carried out on a D8 ADVANCE ECO X-ray diffractometer
(Bruker, Karlsruhe, Germany) in the Bragg–Brentano geometry (2θ = 30–100◦, with a step of
0.03◦ and a diffraction pattern acquisition time at a point of 1 s). The determination of the
phase composition was carried out by comparative analysis of the position of diffraction
lines on the obtained experimental diffraction patterns with card values from the PDF-2
(2016) database, considering possible distortions of the structure (shift in diffraction lines)
caused by the deposition process. At the same time, comparison of the obtained data with
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the experimental data was carried out when the card (reference) values from the PDF-2
database coincided with the experimental data with an accuracy of about 90%.

Determination of the elemental composition of the film samples under study, depend-
ing on the production conditions, was carried out by recording energy-dispersive spectra
on a TM3030 scanning electron microscope (SEM) (Hitachi, Tokyo, Japan), equipped with
an attachment for energy-dispersive analysis. The accuracy of the measurements was
achieved by taking about 10–15 spectra from different areas of the samples, as well as
subsequent assessment of the distribution of elements in the composition of the films using
the mapping method (determining the equiprobable distribution of elements over large
areas of the samples).

Measurements of the optical properties of the synthesized films depending on the
production conditions were performed on a SPECORD 250 PLUS UV-Vis spectrophotometer
(Analytik Jena, Jena, Germany). The measurements were carried out in the wavelength
range from 300 to 1000 nm with a step of 1 nm.

Determination of the strength characteristics of the synthesized films depending on the
conditions of their preparation was carried out using the indentation method, implemented
using a Duroline M1 microhardness tester (Metkon, Bursa, Turkey). A Vickers diamond
pyramid was used as an indenter; the load on the indenter was 10 N, which made it possible
to measure the hardness of thin films without the influence of the indenter on the substrate.

Tests to measure the dry friction coefficient, as well as determine the effectiveness of
the effect of replacing copper with cobalt or nickel in the composition of films to external
mechanical influences, were performed using a UNITEST 750 tribometer (Ducom Instru-
ments, Bengaluru, India). The tests were carried out by successive tests using a ball-shaped
indenter, which was applied to the surface under a load of 100 N. The number of friction
repetition cycles was 20,000. Based on the obtained tribological test data, the dry friction
coefficient (as well as the dynamics of its change depending on the number of cycles of
successive tests), as well as the wear profile of coatings, indicating degradation of the film
surface depending on their type, were determined.

2.3. Determination of Shielding Efficiency

The assessment of the shielding ability of CuBi/CuBi2O4 films in gamma radiation
shielding was carried out using the classical scheme of shielding experiments [28,29]. The
efficiency of shielding and intensity reduction in gamma radiation was assessed using a
standard method for assessing the intensity of recorded gamma radiation with a certain
energy at a distance of 10 cm from the source of gamma rays using a NaI detector. Co57

(130 keV), Cs137 (660 keV) and Na22 (1230 keV) were used as sources of gamma quanta,
which made it possible to simulate the processes of interaction of gamma rays with matter,
including the photoelectric effect, the Compton effect as well as the formation of electron–
positron pairs. The shielding efficiency was determined by changes in the spectra of
recorded gamma rays before and after shielding. In the case of using thin shielding films,
the quality of the spectrum deteriorates sharply, due to a decrease in statistics, as well as a
decrease in line intensity. An increase in the statistical spread of points on the spectrum
indicates a small number of recorded effects associated with the passage and subsequent
interaction of gamma quanta. The shielding efficiency was determined by comparing the
intensity values recorded without a protective shield and using protective shields made of
synthesized films.

3. Results and Discussion

3.1. The Influence of Variations in Solutions–Electrolytes on Changes in the Phase Composition and
Structural Parameters of Synthesized CuBi/CuBi2O4 Films

One of the ways to vary the phase composition of films obtained using the electro-
chemical deposition method is to change the synthesis conditions (variation of the applied
potential difference). As is known, a rise in the applied potential difference in the case of
two or three-component electrolyte solutions leads to a change in the rate of reduction in
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metal ions in the solution, which in turn leads to a change in the elemental composition
of the resulting structures, and as a consequence the possibility of changing the phase
composition due to the structural formation of films from various elements. In this case,
the dominance of the reduction rate (reduction potential) of metal ions from aqueous
solutions–electrolytes can lead to the dominance of one of the elements in the resulting
structures which, under certain conditions or concentrations, can lead to the formation
of new structural elements in the form of inclusions of new phases, or a complete phase
transformation of the resulting films. The most reliable method for determining phase
and structural changes in films is the X-ray diffraction method, the use of which makes it
possible to obtain data not only on phase changes in films when varying the conditions for
their production, but also to determine the influence of variations in the applied potential
difference (as a consequence, changes in the rate of reduction in metal ions) on the structural
parameters of the resulting films and the structural ordering degree.

Figure 2a shows X-ray diffraction patterns of the studied samples of CuBi/CuBi2O4
films obtained from solution–electrolyte №1, with variation in the applied potential differ-
ence, the changing of which makes it possible to increase the deposition rate by changing
the rate of reduction in metal deposits from sulfuric acid aqueous solutions.

According to the assessment of the general appearance of the presented X-ray diffrac-
tion patterns of the studied samples, it can be concluded that a change in the applied
potential difference leads to two types of structural changes: (1) a change in the structural
ordering degree, expressed in a change in the shape of the diffraction maxima, as well as
a change in their intensity (texturing effect); (2) a change in the phase composition of the
films, which manifests itself due to the appearance of new diffraction reflections in diffrac-
tion patterns at high potential differences. At the same time, the ratio of the intensities
of diffraction reflections and background radiation indicates the polycrystalline structure
of the resulting films, as well as a fairly high degree of structural ordering (crystallinity
degree) of the films, a change in which is observed with variations in synthesis conditions
(changes in the applied potential difference).

The general appearance of the presented diffraction patterns, depending on changes
in synthesis conditions (with variations in the difference in applied potentials), indicates
not only changes in the structural ordering degree (expressed in changes in the shape
and intensity of diffraction reflections), but also the processes of phase transformations
that appear at applied potential differences above 3.0 V. In the case of applied potential
differences from 2.0 to 3.0 V, the main positions of the diffraction reflections presented
in the X-ray diffraction patterns correspond to the cubic phase of Cu (PDF-00-004-0836),
the formation of which is due to the processes of electrochemical reduction in the metal
deposit, as well as the potential for the reduction in copper from sulfuric acid aqueous
solutions–electrolytes [30,31]. In this case, the shape and angular position of the diffraction
reflections indicate a deformation distortion of the crystal lattice of the tensile type (shift of
reflections to the region of small angles), which can be explained by the effect of partial
substitution of copper ions by bismuth ions at the crystal lattice sites, the ionic radius of
which (1.2 Å) is significantly larger than the ionic radius of copper (0.98 Å). In this case, the
shift in the position of the diffraction reflections relative to the initial position (determined
for samples of CuBi/CuBi2O4 films obtained at a potential difference of 2.0 V) can be
explained by an increase in the bismuth content in the films, which is observed according
to energy dispersion analysis data (see results presented in Figure 2a). Also, changes in
crystal lattice parameters (their increase) are evidenced by the data presented in Table 1,
which were determined using the Nelson–Taylor technique, used to estimate structural
parameters by selecting a certain number of approximating functions when analyzing
the shape and position of diffraction reflections [32]. At the same time, in the case of an
increase in the applied potential difference from 2.0 to 3.5 V, not only a change in the shape
of the main diffraction reflections is observed, indicating the structural ordering degree,
but also the appearance of a texture effect, which is most pronounced for film samples
obtained at potential differences of 3.0–3.5 V, for which an increase in the intensity of the
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diffraction reflection is observed at the angular position of 2θ = 74.0–74.5◦, comparable in
magnitude to the intensity of the diffraction reflection at 2θ = 43.0–43.5◦. This change in
the intensities of diffraction reflections with increasing difference in applied potentials is
due to the fact that the formation of grains in the film structure occurs along two selected
textural directions, which indicates the occurrence of the effect of texture misorientation
of grains, which manifests itself for nanostructured materials obtained by electrochemical
deposition [33,34].

 

 
Figure 2. Cont.
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Figure 2. Results of X-ray diffraction of the studied samples of films obtained using the elec-
trochemical deposition method with variation in the applied potential difference: (1) = 2.0 V,
(2) = 2.5 V, (3) = 3.0 V, (4) = 3.5 V, and (5) = 4 V: (a) when using the electrolyte composition to
obtain CuBi/CuBi2O4 films; (b) when using the electrolyte composition to obtain Cu(Co)Bi2O4 films;
(c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films.

Figure 3 demonstrates the mapping results of the film samples under study depending
on the type of electrolyte solution used, which reflects the isotropic distribution of elements
in the film composition over the surface. The figure also reveals data on the morphological
features of the synthesized films, found using the scanning electron microscopy method.
The overall appearance of the data presented on the element distribution maps indicates
the isotropy of the distribution of elements in the composition of the films. In this case,
an alteration in synthesis conditions, in particular, variations in the applied potential
difference, leads to the displacement of copper and an increase in the composition of
bismuth and oxygen, in the case of using electrolyte solution №1, which has good agreement
with the data of X-ray phase analysis. When cobalt or nickel sulfates are added to the
electrolyte solution, according to the data presented in Figure 3b,c, it is clear that a growth
in the applied potential difference leads to a rise in the content of cobalt or nickel in the
composition of the films, while their uniform distribution over the volume is observed,
indicating a partial replacement of copper in the composition.
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Figure 3. Mapping results reflecting the isotropy of the distribution of elements in the composition
of films synthesized under various conditions: (a) when using the electrolyte composition to obtain
CuBi/CuBi2O4 films; (b) when using the electrolyte composition to obtain Cu(Co)Bi2O4 films;
(c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films (under the diffraction patterns
are line diagrams of cards from the PDF-2 (2016) database).
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By analyzing changes in the elemental composition of the resulting CuBi/CuBi2O4
films with changes in the applied potential difference, we can draw the following conclu-
sions (see data in Figure 4) associated with the fact that the main changes in the elemental
composition of films with an increase in the applied potential difference from 2.0 to 2.5 V
occur due to an increase in the weight contribution of bismuth, the content of which in-
creases from 6.6 at.% to 12.5 at.%. Moreover, such a change is in good agreement with the
data on changes in the parameters of the crystal lattice presented in Table 1, as well as with
the assumption made about the partial substitution of copper ions by bismuth ions during
the formation of films. At the same time, the absence in the presented X-ray diffraction
patterns of reflections characteristic of bismuth or other compounds of the substitutional
solid solution type can be explained by low concentrations of bismuth in the structure
of the films, as well as a well-structured crystal lattice of copper, the reflections of which
are quite clearly visible in the diffraction patterns. It should also be noted that, when the
applied potential difference increases to 3.0 V, a low oxygen content (no more than 2.5%)
is observed in the structure of the resulting films, the presence of which can be explained
by the structural formation of the films which, in the case of high potential differences, is
accompanied by a rapid release of oxygen, which can penetrate into the films being formed,
filling vacancies or interstices. In this case, also, the observed increase in the bismuth
content in the films is in good agreement with the data on changes in structural parameters
(data on the crystal lattice parameters are presented in Table 1 for the sample obtained at a
potential difference of 3.0 V).

In the case of samples obtained at potential differences of 3.5 V, an increase in the
content of bismuth (about 21 at.%) and oxygen (more than 5 at.%) is observed, which is
consistent with X-ray diffraction data, according to which the diffraction pattern of the
sample under study shows the appearance of low-intensity reflections at angular positions
2θ = 38.0, 40.5 and 46.0◦, characteristic of the tetragonal phase of CuBi2O4 (PDF-01-071-
5101); however, it is impossible to establish the weight contribution of it due to its low
intensity. At the same time, for samples obtained at a potential difference of 4.0 V, the
position of diffraction reflections is characteristic of the tetragonal phase of CuBi2O4, and
when analyzing the elemental composition data, it was found that, at a given potential
difference, a high content of oxygen and bismuth is observed in the structure of the films.

Table 1. Crystal lattice parameters of the films under study in the case of using different solutions–
electrolytes.

Phase

When Using Solution–Electrolyte №1

Applied Potential Difference, V

2.0 2.5 3.0 3.5 4.0

Cu–Cubic
(PDF-00-004-0836)

a = 3.6086 ± 0.0014 Å
* a = 3.6114 ± 0.0021 Å a = 3.6148 ± 0.0017 Å a = 3.6163 ± 0.0022 Å -

CuBi2O4–tetragonal
(PDF-01-071-5101) - - - - a = 8.4607 ± 0.0026 Å,

c = 5.8022 ± 0.0025 Å

Phase

When Using Solution–Electrolyte №2

Applied Potential Difference, V

2.0 2.5 3.0 3.5 4.0

CuBi2O4–tetragonal
(PDF-01-071-5101)

a = 8.4292 ± 0.0023 Å,
c = 5.7072 ± 0.0021 Å

a = 8.4359 ± 0.0016 Å,
c = 5.6926 ± 0.0023 Å

a = 8.4325 ± 0.0015 Å,
c = 5.6758 ± 0.0024 Å

a = 8.4258 ± 0.0023 Å,
c = 5.6713 ± 0.0022 Å

a = 8.4191 ± 0.0017 Å,
c = 5.6668 ± 0.0022 Å

Phase

When Using Solution–Electrolyte №3

Applied Potential Difference, V

2.0 2.5 3.0 3.5 4.0

CuBi2O4–tetragonal
(PDF-01-071-5101)

a = 8.4738 ± 0.0024 Å,
c = 5.8226 ± 0.0022 Å

a = 8.4622 ± 0.0026 Å,
c = 5.8124 ± 0.0023 Å

a = 8.4572 ± 0.0023 Å,
c = 5.8069 ± 0.0015 Å

a = 8.4456 ± 0.0024 Å,
c = 5.7965 ± 0.0018 Å

a = 8.4373 ± 0.0022 Å,
c = 5.7908 ± 0.0014 Å

* parameter refinement was carried out by application of a method based on comparing the position of experimen-
tally obtained diffraction patterns with the data of reference values taken from the PDF-2 (2016) database.
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Figure 4. Results of energy dispersive analysis of films: (a) when using the electrolyte composition to
obtain CuBi/CuBi2O4 films; (b) when using the electrolyte composition to obtain Cu(Co)Bi2O4 films;
(c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films.

According to the obtained X-ray phase analysis data, it was established that, when the
applied potential difference increases above 3.5 V, a phase transformation of the Cu(Bi) →
CuBi2O4 type is observed, which leads to the formation of films with a spinel type of crystal

86



Crystals 2024, 14, 453

structure and high density. It was established that, in the range of potential differences of
2.0–3.5 V, the dominant phase is the cubic phase of copper, the change in the parameters of
the crystal lattice of which indicates the partial substitution of copper ions by bismuth ions
while maintaining the cubic type of the crystal lattice. However, when the bismuth content
in the films is more than 20 at.%, it leads to the initialization in the structure of the resulting
films of phase transformations associated with the formation of the tetragonal CuBi2O4
phase, which has a spinel type of crystal lattice.

Figure 2b demonstrates the results of X-ray diffraction of samples of CuBi/CuBi2O4
films when a cobalt sulfate electrolyte was added to the solution, obtained by varying the
applied potential difference. The obtained diffraction patterns indicate the polycrystalline
structure of the synthesized films, and the observed changes depending on variations
in synthesis conditions (changes in the applied potential difference) are characterized by
changes in the degree of structural ordering, the change of which is associated with the
processes of film formation during electrochemical synthesis.

According to the assessment of the phase composition for the studied CuBi/CuBi2O4
films when cobalt sulfate electrolyte is added to the solution, it is established that the
dominant phase is the tetragonal phase of CuBi2O4; however, a significant difference from
the observed similar phase for film samples obtained at an applied potential difference
of 4.0 V when using electrolyte solution №1 is the broadening of parameter c, which
indicates a deformation distortion of the crystal structure (see data in Table 1), which may
be associated with the effects of replacing copper with cobalt. At the same time, a change
in the synthesis conditions (i.e., a variation in the applied potential difference) in the case
of adding cobalt sulfate to the electrolyte solution does not lead to phase change processes,
and the structure of the resulting films in the entire studied range of the applied voltage
difference is represented by the tetragonal CuBi2O4 phase. This difference indicates that
the addition of cobalt sulfate to the composition of the electrolyte solution leads to the
acceleration of bismuth reduction processes at small differences in applied potentials, as
well as the release of oxygen, which in turn leads to the formation of a tetragonal CuBi2O4
phase with varying degrees of structural ordering.

It should also be noted that, when the applied potential difference changes, an increase
in the degree of structural ordering is observed, which is expressed not only in a change
in the shape of diffraction reflections (the reflections become more symmetrical), but also
in a decrease in the parameters of the crystal lattice (see data in Table 1). From this, we
can conclude that the addition of cobalt sulfate to the electrolyte solution results in the
formation of highly ordered structures, and a change in synthesis conditions is accompanied
by an increase in structural ordering.

Figure 4b reveals the assessment results of the change in the elemental composition
of the synthesized films with varying applied potential difference, according to which we
can conclude that, with an increase in the applied potential difference, copper is partially
replaced by cobalt in the composition of the films, the content of which changes from
7.7 at.% at an applied potential difference of 2.0 V to 22.3 at.% at an applied potential
difference of 4.0 V. At the same time, no change in the bismuth content in the composition
of the films was observed when the synthesis conditions changed, which also indicates that
the main substitution is associated with the displacement of copper and its substitution with
cobalt. It is also worth noting that, when the applied potential difference changes, a slight
decrease in oxygen is observed, the decrease of which may be due to structural ordering.

Figure 2c shows the results of X-ray diffraction of the studied samples of CuBi/CuBi2O4
films when adding nickel sulfate electrolyte to the solution, obtained by changing the ap-
plied potential difference during the synthesis process. The general appearance of the
obtained X-ray diffraction patterns indicates that a change in the applied potential differ-
ence leads to the formation of films with an almost X-ray amorphous structure (at small
potential differences of 2.0–2.5 V), and in the case of high values of applied potential differ-
ence (3.5–4.0 V), well-structured films with a tetragonal type of crystal lattice, characteristic
of the CuBi2O4 phase. At the same time, as in the case of films obtained from an electrolyte
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solution with the addition of cobalt sulfate (solution №2), the addition of nickel sulfate
to the electrolyte solution also leads to structural ordering, which is most pronounced in
changes in the structural parameters of the resulting films (see data presented in Table 1).

The data on changes in the elemental composition of the films presented in Figure 4c
also indicate that the main substitution with a change in synthesis conditions (an increase
in the applied potential difference) is associated with the displacement of copper and its
substitution with nickel, the content of which also increases from 6.5 at.% at an applied
potential difference of 2.0 V to 19.8 at.% at an applied potential difference of 4.0 V, which
has a similar trend in the change in the elemental composition for films obtained from
solution–electrolyte №2 (with the addition of cobalt sulfate to the electrolyte composition).

Analyzing the obtained changes in the elemental and phase composition of films
obtained from solutions–electrolytes №2 and №3, we can conclude that an increase in the
applied potential difference leads to the substitution of copper with cobalt or nickel, while
new phase inclusions in the composition of the films have not been established.

Figure 5 presents the results of a comparative analysis of the degree of structural order-
ing (crystallinity degree)—a value that allows one to evaluate the perfection of the crystal
structure of the resulting films, as well as the concentration of defective or disordered inclu-
sions, a large number of which can lead to a decrease in the stability of films during their
operation. The degree of crystallinity was assessed using a method based on approximating
the obtained X-ray diffraction patterns with the required number of pseudo-Voigt functions
in order to determine the ratio of the areas of diffraction reflections and the background
area. By comparing these values, the degree of crystallinity was determined, i.e., structural
ordering of the crystal structure of the obtained samples depending on the conditions of
their preparation.

→

Figure 5. Results of the structural ordering degree of CuBi/CuBi2O4 films depending on variations
in synthesis conditions.

As can be seen from the presented data, the most pronounced changes in the degree of
structural ordering are observed for CuBi/CuBi2O4 films obtained from solution–electrolyte
№3, for which, at small differences in applied potentials (2.0–2.5 V), the structural ordering
degree has rather low values (less than 70%), which indicates a close to amorphous-like
structure of the resulting films. Moreover, in the case of growth in the applied potential
difference above 3.0 V, a more than twofold increase in the structural ordering degree for
these films is observed in comparison with the results obtained with an applied potential
difference of 2.0–2.5 V. The change in the structural ordering degree is close to linear for
CuBi/CuBi2O4 films obtained from solution–electrolyte №3, for which, according to X-ray
diffraction data, structural ordering and compaction of the crystal lattice are observed (a
decrease in its volume and parameters). In the case of using solution–electrolyte №1, there
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is a slight decrease in the degree of structural ordering for samples obtained at applied
potential differences of 3.5–4.0 V, which is due to phase transformation processes such as
Cu(Bi) → CuBi2O4.

Figure 6 reveals the results of determination of UV–Vis optical transmission spectra
of synthesized films depending on the composition of the electrolyte used for synthesis.
The general appearance of the obtained spectra is characterized by the presence of a
fundamental absorption edge in the region of 300–350 nm, as well as a transmission
spectrum in the visible and near-IR ranges. In the case of CuBi/CuBi2O4 films, the optical
spectra are straight with a very low transmission intensity (less than 1%), the value of
which indicates the absence of transmission and complete absorption of light in the entire
measured range. This nature of the optical spectra indicates the metallic nature of the films
obtained, which causes the absence of light transmission. It is important to highlight that
the formation of the CuBi2O4 phase in the films at applied potential differences of 4.0 V
leads to a slight increase in the transmission intensity, which may be due to phase changes
in the films. In the case of addition of cobalt to the composition of the films, an elevation
in transmission intensity is observed in the region above 500 nm, and in the case of the IR
range, characteristic interference bands for the PET polymer film, which is the substrate
for the synthesized films, are observed. A growth in cobalt content, meanwhile, results
in a transmission intensity reduction, which is due to the metallization effect associated
with the replacement of copper by cobalt, as well as changes in structural features and
degree of crystallinity. For films obtained using an electrolyte with the addition of nickel
sulfate, in the case where the films are of an X-ray amorphous nature, the transmittance
in the visible and near-IR ranges is rather high, which indicates a direct influence of the
degree of structural ordering on the optical properties of the synthesized films. In the case
when Cu(Ni)Bi2O4 films become structurally ordered (at differences in applied potentials
above 3.0 V), the optical transmittance decreases sharply.

  
(a) (b) (c) 

Figure 6. Measurement results of UV–Vis transmission spectra of synthesized films: (a) when using
the electrolyte composition to obtain CuBi/CuBi2O4 films; (b) when using the electrolyte composition
to obtain Cu(Co)Bi2O4 films; (c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films
(data are shown on the same scale in order to compare the obtained spectra in terms of transmission
intensity).

Figure 7a–c present the study results of the morphological features of the synthesized
CuBi/CuBi2O4 films depending on variations in synthesis conditions, as well as the type
of solutions–electrolytes when nickel and cobalt sulfates are added to them. The data are
presented in the form of 3D images of the surface of the samples, which reflect changes in
both the shape of the grains (their sizes) and the packing density of the grains, expressed in
the formation of agglomerates, the presence of which is characteristic of the formation of
structures under various synthesis conditions.

The general appearance of the morphological features of CuBi/CuBi2O4 films obtained
from solution–electrolyte №1 indicates that a change in the applied potential differences
leads to the enlargement of the grains from which the films are formed, and also that, under
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all selected synthesis conditions, the surface of the resulting films is rather homogeneous
(without large differences in profile heights and fairly low roughness values ~10–20 nm). It
follows from this that the use of the selected synthesis conditions is accompanied by the
uniform growth of films, without any irregularities, and the deposition process itself is
characterized by the formation of spherical or globular particles, the sizes of which vary
depending on the synthesis conditions, and, as a consequence, the elemental composition
of the resulting structures. The enlargement of grains during the synthesis process can be
explained by the effects of accelerated nucleation, characteristic of electrochemical synthesis
at large applied potential differences [34].

In the case of samples of the studied CuBi/CuBi2O4 films obtained by the addition
of cobalt sulfate electrolyte to a solution, changing the applied potential difference does
not have a significant effect on the morphological features of the grains (no major changes
in their sizes have been established); however, at large potential differences (above 3.0 V),
the appearance of heterogeneities on the surface is observed, which indicates that the
deposition of coatings is uneven (the difference is about 40–70 nm).

 
(a) 

 
(b) 

(c) 

Figure 7. Three-dimensional images of the surface of the studied films: (a) when using the electrolyte
composition to obtain CuBi/CuBi2O4 films; (b) when using the electrolyte composition to obtain
Cu(Co)Bi2O4 films; (c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films.

During the electrochemical deposition of CuBi/CuBi2O4 films obtained by adding a
nickel sulfate electrolyte to a solution at an applied potential difference of 2.0 V, the forma-
tion of a fine-grained inhomogeneous structure is observed, which has good agreement
with the results of X-ray diffraction, characterized by a structure close to X-ray amorphous
in the resulting films, which can be explained by the formation of fine grains (the size of
which is no more than 5 nm). A rise in the applied potential difference for these films leads
to the formation of larger grains; however, as in the case of films obtained from solution–
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electrolyte №2 (with the addition of cobalt sulfate), the resulting films are characterized by
a fairly developed heterogeneous surface, presented in the form of large agglomerates of
grains, the average size of which is about 1–2 microns in diameter.

Analyzing the data on changes in the morphological features of the resulting CuBi/CuBi2O4
films from different compositions of solutions–electrolytes, we can conclude that the formation
of the tetragonal CuBi2O4 phase in the film structure leads to the enlargement of grains, and
in the case of addition of cobalt or nickel sulfates to the composition of solutions–electrolytes,
it leads to the formation of films with a fairly heterogeneous developed surface, which can be
used as anti-friction coatings (resistant to wear).

3.2. Determination of the Influence of Variations in the Composition of Solutions–Electrolytes on
the Strength Characteristics of CuBi/CuBi2O4 Films

Determination of strength characteristics, as well as determination of the effect of
addition of cobalt or nickel electrolyte to the solution, which is accompanied by a change
in the structural features of the synthesized films, was carried out using the indentation
method, the results of which are presented in Figure 8a. These measurements were carried
out from different areas of the films under study in order to determine the uniformity of
strength characteristics, as well as determine the measurement error and standard deviation.

 
(a) (b) 

Figure 8. (a) Results of changes in the hardness of CuBi/CuBi2O4 films obtained under different
production conditions; (b) Results of strengthening of synthesized CuBi/CuBi2O4 films obtained
under different production conditions.

The presented dependences of changes in the hardness of CuBi/CuBi2O4 films ob-
tained under different production conditions can be divided into two types: the first type
of changes is associated with the influence of variations in solutions–electrolytes used for
film synthesis; the second type with changes in the applied potential difference, which,
according to the presented X-ray diffraction data, is accompanied by a change in the de-
gree of structural ordering (when using solutions–electrolytes №2 and №3), as well as
phase transformations such as Cu(Bi) → CuBi2O4 (when using solution–electrolyte №1 at
potential differences above 3.5 V).

In the case of changes in the hardness values of film samples of the first type, we can
conclude that the addition of cobalt or nickel sulfate to the electrolyte solutions leads to
an increase in hardness values, which are most pronounced at high potential differences.
This increase in hardness can be explained by phase changes in the films, which consist
in the fact that, when using solutions–electrolytes №2 and №3, the phase composition of
the films is presented in the form of a tetragonal CuBi2O4 phase, with partial substitution
of copper by cobalt or nickel, while the samples obtained from solution–electrolyte №1 at
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applied potential differences from 2.0 to 3.0 V are represented by the cubic Cu phase, in
which some of the atomic positions are occupied by bismuth.

The second type of changes in the hardness values of the film samples under study
is associated with the influence of the degree of structural ordering, as well as changes
in the elemental composition of the resulting films (an increase in the bismuth content in
the case of using electrolyte solution №1 and partial substitution of copper with cobalt or
nickel when using electrolyte solutions №2 and №3, respectively). In this case, an increase
in these elements in the composition of films leads to a change in hardness (increase in
hardness), which is most pronounced at large differences in applied potentials. The change
in hardness with a change in the elemental and phase composition of the films is associated
with structural changes, which are characterized by the effects of structural ordering (see
data in Table 1).

Based on the obtained data on changes in hardness values, hardening factors were
calculated, which characterize the effect of changes in strength parameters depending on
changes in the degree of structural ordering and phase composition of CuBi/CuBi2O4 films
obtained under different production conditions. The hardening factor was calculated for
CuBi/CuBi2O4 films obtained under different synthesis conditions (in the case of variation
in the applied potential difference) by comparative analysis of changes in the hardness
values of the samples with the hardness data obtained for samples of CuBi/CuBi2O4 films
synthesized from solution–electrolyte №1 at a potential difference of 2.0 V. The results of
the strength characteristics assessment are presented in Figure 8b.

The general appearance of the presented changes in the results of strengthening
indicates that the greatest influence on the increase in strength characteristics is exerted by
the effect of partial substitution of copper with cobalt or nickel, as well as an increase in
their concentration in the films, which leads to more than 1.5-fold strengthening of the films.
In the case of films obtained from a solution–electrolyte №1, the change in hardness (i.e.,
hardening) is most pronounced during phase transformations of the Cu(Bi) → CuBi2O4
type, which lead to film strengthening by more than 20–25%, in comparison with films
obtained at lower potential differences (below 3.0 V).

Figure 9 shows the results of a comparative analysis of the factors of structural ordering
and film strengthening (hardness changes) depending on the type of films obtained. As can
be seen from the presented dependence, the most pronounced effect of structural ordering
on strengthening is manifested for CuBi/CuBi2O4 films obtained from solution–electrolyte
№3 (with the addition of nickel sulfate), the use of which, at potential differences equal to
2.0 and 2.5 V, leads to the formation of films with an almost X-ray amorphous structure,
the ordering of which leads to a sharp change in strength characteristics. In the case
of CuBi/CuBi2O4 films obtained from solution–electrolyte №1, the main contribution to
strengthening is made by phase transformation processes, which manifest themselves at
applied potential differences above 3.0 V (in this case, the structural ordering degree for
these films decreases due to phase transformations accompanied by deformation distortion
of the crystal lattice due to rearrangement of the crystal structure and the formation of the
tetragonal CuBi2O4 phase).

One of the key factors characterizing the wear resistance of materials is their resistance
to long-term mechanical stress due to friction or pressure. To assess wear resistance, as a
rule, tribological methods are used, which make it possible to determine such quantities as
the coefficient of dry friction, wear rate or mass loss of samples during long-term life tests.

Figure 10 shows the results of tribological tests of the studied CuBi/CuBi2O4 films
carried out with sequential exposure of the indenter to the surface of film samples. Based
on the tribological test data, the dry friction coefficient was calculated, the value of which
was measured after each 1000 consecutive tests. The general appearance of the presented
dependences of changes in the dry friction coefficient when changing the type of solution–
electrolyte for producing CuBi/CuBi2O4 films can be characterized as follows. The use of
solutions–electrolytes №2 and №3 leads to a slight increase in the coefficient of dry friction
of films in the initial state from 0.24 to 0.25 in comparison with the value of the coefficient
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of dry friction for CuBi/CuBi2O4 films obtained from solution–electrolyte №1 equal to 0.17.
This increase can be explained by effects associated with changes in the morphological
features of the resulting films when using solutions–electrolytes №2 and №3, for which,
according to the results of atomic force microscopy presented in Figure 4a–c, an increase in
the surface roughness of the films and an enlargement of their sizes are observed. Moreover,
for all three types of films, regardless of the applied potential differences, no significant
differences in the initial value of the dry friction coefficient were observed.

Figure 9. Results of a comparative analysis of factors of structural ordering and strengthening.

 
(a) 

 
(b) 

Figure 10. (a) Results of measurement of dry friction coefficient depending on the number of test
cycles; (b) Results of evaluation of wear profile of film samples depending on their production
conditions.

During long-term tests, a change in the dry friction coefficient (its increase) indicates
surface degradation and wear, which leads to the creation of additional obstacles for the
moving indenter and increases friction.
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As a rule, wear-resistant coatings are able to withstand a fairly large number of test
cycles (about 10,000–15,000), which characterizes their resistance to external influences.
In the case of CuBi/CuBi2O4 film samples obtained using electrolyte solution №1, the
main changes in the dry friction coefficient are observed after 10,000 cycles, while the
most pronounced changes occur after 15,000 cycles and consist of a sharp deterioration in
the coefficient (see data in Figure 11a). At the same time, the most pronounced changes
are observed for films obtained at potential differences of 2.0–3.0 V, in which the cubic
phase of copper dominates, which has a fairly low resistance to degradation during wear
resistance tests. In turn, phase transformations of the type Cu(Bi) → CuBi2O4, which occur
at applied potential differences above 3.5 V (in the case of using electrolyte solution №1),
lead to a decrease in the degradation of the dry friction coefficient in comparison with the
initial values, which indicates an increase in the resistance of films to long-term mechanical
influences (friction) in the case wherein the phase composition of the films is represented
by the tetragonal CuBi2O4 phase, which has higher hardness values than copper coatings
with partial substitution of copper by bismuth.

 
(a) (b) 

Figure 11. (a) Results of a comparative analysis of changes in the value of the dry friction coefficient
before and after tribological tests; (b) Results of evaluation of changes in the dry friction coefficient
after the tribological life tests compared to the initial value (this change reflects the dry friction
coefficient degradation degree during the tests).

In the case of films obtained using solutions–electrolytes №2 and №3, changes in the
dry friction coefficient occur after 15,000 consecutive tests, and the degradation of the
coefficient is about 1.5–2.0 times, while the degradation of the dry friction coefficient for
films obtained using solution–electrolyte №1 is more than 2.5–3.0 times in comparison with
the initial data (see data in Figure 11a,b).

Thus, analyzing the obtained results of changes in the value of the dry friction coeffi-
cient, we can conclude that the formation of films with a phase composition presented in the
form of a tetragonal CuBi2O4 phase leads to an increase in wear resistance and maintaining
resistance to degradation during friction over a long number of cyclic tests, and in the case
of partial substitution of copper with cobalt or nickel, an increase in wear resistance and a
decrease in degradation of the film surface during tribological tests are observed.

Figure 10b shows the results of assessing the wear profile of the studied CuBi/CuBi2O4
films depending on the production conditions, as well as the electrolyte solutions used (with
the addition of cobalt or nickel sulfates). These profiles were obtained after conducting
tribological tests for resistance to friction, and the profiles themselves reflect changes in the
resistance of films to mechanical degradation caused by external mechanical influences (in
this case, friction).
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According to the data obtained, it is clear that the greatest changes associated with
the degradation of the film surface are observed for copper films (samples obtained using
solution–electrolyte №1 at potential differences from 2.0 to 3.0 V). At the same time, the
assessment of wear profiles (i.e., depth and width of the profile) for samples obtained
using solution–electrolyte №1 indicates that an increase in the concentration of bismuth in
the composition of the films leads to an increase in wear resistance, which also manifests
itself for samples obtained from solutions–electrolytes №2 and №3 when their elemental
composition changes (when copper is replaced by cobalt or nickel). Moreover, in the case of
films obtained from solutions–electrolytes №2 and №3, the wear profiles have a significantly
shallower depth, in comparison with similar profile data obtained for films synthesized
using solution–electrolyte №1, which indicates their high resistance to external influences,
in particular to the loss of sample mass during prolonged friction.

Based on the obtained data on changes in the dry friction coefficient, as well as
wear profiles, the wear rate was calculated during tribological tests of the surface of films
obtained from various solutions–electrolytes and when changing synthesis conditions
(variations in the applied potential difference). The evaluation results are presented in
Figure 12 in the form of a comparison chart.

×

Figure 12. Results of film wear rate assessment during tribological tests.

According to the data obtained, the films obtained at an applied potential difference
of 2.0 for all three types of solutions–electrolytes have the highest degradation rate (surface
wear rate during life-long tribological tests), which is due to structural (in the case of films
obtained from a solution–electrolyte №1, a high concentration of copper) or morphological
features (in the case of films obtained from solution–electrolyte №3, an amorphous-like
structure consisting of small grains), which leads to the accelerated degradation of films.
Moreover, in the case when the concentration of cobalt or nickel in the film composition
increases (when using solutions–electrolytes №2 and №3), as well as bismuth (when using
a solution–electrolyte №1), a more than 2.0–2.5-fold decrease in the surface wear rate is
observed, which is expressed in lower changes in the dry friction coefficient, as well as
smaller wear profiles.

Thus, summing up the results of the measurements of the strength and tribological
characteristics of the films under study, we can conclude that the substitution of copper
with cobalt or nickel that occurs in the structure of the films leads to the possibility of ob-
taining high-strength wear-resistant films that are highly resistant to long-term mechanical
influences.

Resistance to mechanical influences, in particular mechanical pressure, shock and fric-
tion, is one of the important parameters when using protective materials in real conditions.
Thus, good wear resistance indicators allow for the use of these protective coatings during
mechanical friction in the case when moving parts are used that can come into contact with
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each other during operation. In this case, high resistance to wear due to friction makes it
possible to eliminate the factors of destruction of coatings during prolonged mechanical
action, as well as to avoid the effects associated with a decrease in shielding efficiency in the
case of partial or complete separation of coatings from the surface. Comparing the hardness
values of the synthesized coatings with similar nitride (TiN) coatings obtained by mag-
netron sputtering [35,36] or by vapor deposition [37], they are approximately 1.5–2.0 times
lower than the hardness of TiN coatings [36], and 7–10 times lower than coatings obtained
by vapor deposition [37]. In comparison with carbide coatings [38,39], the hardness values
of CuBi/CuBi2O4, Cu(Co)Bi2O4 and Cu(Ni)Bi2O4 films are also approximately 5–6 times
lower. However, comparing wear resistance indicators determined from changes in the dry
friction coefficient, we can conclude that the synthesized films under consideration have
comparable wear resistance indicators to carbide and nitride coatings during long-term
wear tests. This difference is due to the peculiarities of the coating production methods,
as well as differences in the scope of application. As a rule, nitride coatings are used
to protect against corrosion and degradation of steel structures, but do not have high
shielding characteristics.

3.3. Determination of Gamma Ray Shielding Efficiency Using Different Films

To determine the shielding efficiency of gamma radiation with energies of 0.13,
0.66 and 1.23 MeV generated by Co57, Cs137, Na22 sources, respectively, five samples
of CuBi/CuBi2O4 films obtained under different conditions were selected: Cu films with
a low bismuth content, obtained from electrolyte solution №1 at an applied potential dif-
ference of 2.0 V, Cu(Bi) films with a bismuth content of about 20 at.%, obtained from an
electrolyte solution at an applied potential difference of 3.5 V, CuBi2O4 films obtained from
electrolyte solution №1 at a potential difference of 4.0 V, Cu(Co)Bi2O4 and Cu(Ni)Bi2O4
films obtained at an applied potential difference of 4.0 V from electrolyte solutions №2 and
№3, respectively. Shielding experiments were carried out according to a standard scheme;
the efficiency was assessed using the calculation formulas used in [40–42], which make it
possible to obtain the values of the shielding characteristics of films, which were compared
with the calculated values performed using the XCOM code, the simulation results of
which are presented in Figure 13.

−

Figure 13. Calculation results of the mass attenuation coefficient obtained using the XCOM program
code (data on changes in the mass attenuation coefficient for lead are also given as an example).

The general appearance of the presented dependences of the change in the mass
attenuation coefficient indicates the presence of local absorption maxima and minima,
characteristic of the structural features of the films, as well as their electronic structure.
At the same time, the analysis of the obtained dependences showed high values of the
absorbing (shielding) ability of the selected objects of study in the region of low energies of
gamma quanta (less than 0.1 MeV), characteristic of the processes of interaction of gamma
quanta through the mechanisms of the photoelectric effect. At the same time, no significant
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differences are observed in the energy region of more than 1 MeV, since in this region
the dominant role is played by the processes of formation of electron–positron pairs, the
formation of which is accompanied by the effects of the formation of secondary radiation.
Also shown in Figure 10 is the dependence of the mass attenuation coefficient for lead,
which has the maximum shielding efficiency for gamma radiation among all currently
known protective shielding materials. As can be seen from a comparative analysis of the
dependences of the mass attenuation coefficient for the films under study with data for
lead, the most pronounced changes are observed for samples in the energy range of gamma
radiation up to 1 MeV, where the processes of the photoelectric effect and the Compton
effect dominate, while in the region of high-energy gamma quanta (with energy of more
than 1.0 MeV), the dependences have almost the same range of values.

The assessment results of the shielding characteristics (mass and linear attenuation
coefficient, half-attenuation thickness and mean free path) are presented in Table 2. The
general appearance of the presented dependences of the shielding characteristics indicates
the positive influence of phase transformations such as Cu(Bi) → CuBi2O4, as well as
the substitution of copper with cobalt and nickel in the composition of Cu(Co)Bi2O4 and
Cu(Ni)Bi2O4 films, which leads to an increase in the efficiency of shielding characteristics
by more than 3.0–4.0 times when shielding gamma quanta with energies of 0.13 MeV in
comparison with Cu films, which have minimal gamma-ray shielding efficiency indicators.
In the case of shielding gamma rays with energies of 0.66 and 1.23 MeV, the difference in the
efficiency of shielding characteristics in comparison with Cu films is about 1.5–2.0 times,
which is due to differences in the mechanisms of interaction of gamma quanta with higher
energies, which are accompanied by the formation of secondary radiation.

Table 2. Data on the shielding characteristics of the thin film samples under study.

Sample Type
Shielding Parameter for Gamma Rays with an Energy of 0.13 MeV (Co57)

MAC, cm2/g LAC, cm−1 Δ1/2, cm−1 MFP, cm

Cu * 0.39 3.47 0.20 0.29

Cu(Bi) 1.42 11.84 0.06 0.08

CuBi2O4 1.59 13.63 0.05 0.07

Cu(Co)Bi2O4 1.85 16.01 0.04 0.06

Cu(Ni)Bi2O4 1.73 14.93 0.05 0.07

Sample Type
Shielding Parameter for Gamma Rays with an Energy of 0.66 MeV (Cs137)

MAC, cm2/g LAC, cm−1 Δ1/2, cm−1 MFP, cm

Cu 0.067 0.60 1.16 1.68

Cu(Bi) 0.075 0.63 1.11 1.61

CuBi2O4 0.105 0.90 0.77 1.11

Cu(Co)Bi2O4 0.113 0.98 0.71 1.02

Cu(Ni)Bi2O4 0.111 0.96 0.72 1.04

Sample Type
Shielding Parameter for Gamma Rays with an Energy of 1.23 MeV (Na22)

MAC, cm2/g LAC, cm−1 Δ1/2, cm−1 MFP, cm

Cu 0.039 0.35 2.01 2.88

Cu(Bi) 0.048 0.40 1.73 2.51

CuBi2O4 0.052 0.45 1.56 2.24

Cu(Co)Bi2O4 0.058 0.50 1.38 1.99

Cu(Ni)Bi2O4 0.054 0.47 1.49 2.15
* Values are given to reflect the low efficiency of using Cu films as protective shielding materials.
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The data on alterations in shielding characteristics presented in Table 2 demonstrate
that the addition of cobalt to films leads to an increase in MAC efficiency by 15–16% in
comparison with CuBi2O4 films and about 30% in comparison with Cu(Bi) films. In the case
of adding nickel to the film composition, the efficiency of MAS increases by 8–10% when
compared with CuBi2O4 films and by about 21–22% when compared with Cu(Bi) films.
Thus, it can be concluded that the addition of cobalt and nickel to the composition, which
makes it possible to obtain films with the structure of Cu(Co)Bi2O4 and Cu(Ni)Bi2O4, results
in an elevation in the shielding efficiency of the order of 10–20%. Moreover, these films
have higher levels of mechanical strength and wear resistance to external influences, which
together allows them to be used as protective coatings exposed to external mechanical
influences, friction during use, etc.

Figure 14a presents the results of a comparative analysis of the experimentally deter-
mined values of the mass attenuation coefficient of the films selected as objects of study with
the simulation results performed using the XCOM code. According to the data presented,
there is good agreement between the experimental and calculated values of the mass atten-
uation coefficient (the difference is no more than 10%), which indicates that the obtained
experimental values of the shielding characteristics reliably reflect the effectiveness of the
synthesized films.

−

 
(a) (b) 

Figure 14. (a) Results of a comparative analysis of the mass attenuation coefficient obtained ex-
perimentally and using the modeling method in the XCOM code; (b) Results of evaluation of the
shielding efficiency of CuBi/CuBi2O4 films in comparison with the mass attenuation coefficient of Pb
films obtained on the basis of calculated data using the XCOM program code.

Figure 14b presents the results of the shielding efficiency (mass attenuation coefficient)
of the films under study for all three types of gamma ray energy in comparison with the
value of the mass attenuation coefficient of lead obtained from the simulation results using
the XCOM code. As can be seen from the presented data, the synthesized CuBi2O4 films
obtained from solution–electrolyte №1 at a potential difference of 4.0 V, Cu(Co)Bi2O4 and
Cu(Ni)Bi2O4 films, have a shielding efficiency of the order of 0.8–0.9 of the value of the
shielding characteristics of lead; however, the density of the films is significantly lesser
than the density of lead, and as a result, the use of these films as shielding protective
materials will reduce the weight and overall dimensions by reducing the weight of the
shields, without losing shielding efficiency (the reduction in shielding efficiency when
using these films will be no more than 10–20%). It is also worth to note that the use of the
effect of replacing copper with cobalt or nickel in the composition of the tetragonal phase
of CuBi2O4 leads to an increase in the shielding efficiency by 5–10% in comparison with
samples of CuBi2O4 films without substitution, which also indicates the positive effect of
using dopants to modify the resulting films.

98



Crystals 2024, 14, 453

4. Conclusions

In the course of the studies carried out using the X-ray diffraction method, results
were obtained on changes in the phase composition of films with variations in synthesis
conditions (differences in applied potentials) and changes in the compositions of solutions–
electrolytes (with the addition of cobalt and nickel sulfates). In the case of using solution–
electrolyte №1 (without any additives), a change in the applied potential difference leads
to the initialization of phase transformation processes such as Cu(Bi) → CuBi2O4, which
occur when the applied potential differences are above 3.0 V, as well as when the bismuth
content in the films is about 20 at.% and higher. In this case, in the case of small applied
potential differences (below 3.0 V), the dominance of the cubic copper phase was observed
in the structure of the films, the change in the structural parameters for which indicates the
processes of partial substitution of copper with bismuth (substitution or interstitial phase).

When using solutions–electrolytes №2 and №3 (addition of cobalt sulfate and nickel
sulfate, respectively), the dominant phase in the film structure is the tetragonal CuBi2O4
phase, for which a change in the applied potential difference during film deposition leads
to an increase in structural ordering, as well as a decrease in the crystal lattice parameters,
indicating film densification. At the same time, analysis of these changes in the elemental
composition of films when using solutions–electrolytes №2 and №3 indicates that the main
changes are associated with the substitution of copper with cobalt or nickel (depending on
the type of electrolyte solution used), the concentrations of which grow with an increase in
the applied potential differences.

The results of studies of the strength and tribological characteristics of the synthesized
films, depending on the conditions for their production, showed the following. It has been
experimentally established that the addition of cobalt or nickel sulfates to the composition
of solutions–electrolytes №2 and №3 leads to an increase in the strength of the resulting films
from 20 to 80%, depending on the production conditions (with variations in the difference
in applied potentials). In the course of determining the tribological characteristics, it was
found that, when replacing copper with cobalt or nickel, depending on the type of solution–
electrolyte used, as well as synthesis conditions (in the case of varying the difference in
applied potentials), an increase in resistance to wear is observed, as well as a decrease
in the wear profile, which indicates an increase in wear resistance and degradation to
external mechanical influences. At the same time, alterations in the morphological features
of CuBi/CuBi2O4 films depending on variations in synthesis conditions (changes in the
electrolyte solution or the difference in applied potentials) do not lead to significant changes
in the dry friction coefficient.

When determining the shielding efficiency of gamma radiation, it was found that
replacing copper with cobalt or nickel in the composition of CuBi2O4 films leads to an
increase in the shielding efficiency of low-energy gamma radiation by 3.0–4.0 times in
comparison with copper films, and 1.5–2.0 times for high-energy gamma quanta. The
efficiency decrease in this case is due to differences in the mechanisms of interaction of
gamma quanta, as well as the occurrence of secondary radiation as a result of the formation
of electron–positron pairs and the Compton effect. It was found that the use of the effect of
substitution of copper with cobalt or nickel in the composition of the tetragonal phase of
CuBi2O4 results in an elevation in the shielding efficiency by 5–10% in comparison with
samples of CuBi2O4 films without substitution, which also indicates the positive effect of
using dopants to modify the resulting films.
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Abstract: This study aims to develop equipment for the preparation of composite films and success-
fully implement a film thickness prediction function. During the research process, we segmented
the mechanical structure of the composite thin film preparation equipment into distinct modules,
completed the structural design of the core module, and validated the stability of the process chamber,
as well as the reasonableness of the strength and stiffness through simulation. Additionally, we
devised a regression model for predicting the film thickness of composite films. The input features for
the model included the sputtering air pressure, sputtering current, and sputtering time for magnetron
sputtering process samples, as well as the evaporation volume and evaporation current for vacuum
evaporation process samples. Simultaneously, the output features were the film thickness for both
process samples. Subsequently, we established the designed composite film preparation equipment
and conducted experimental verification. During the experiments, we successfully prepared Cr-Al
composite films and utilized AFM for surface morphology analysis. The results confirmed the ex-
cellent performance of the Cr-Al composite films produced by the equipment, demonstrating the
reliability of the equipment.

Keywords: composite film; preparation platform; machine learning; Cr-Al; film thickness prediction

1. Introduction

Composite films, comprising alternating layers of materials with outstanding prop-
erties, find widespread applications in various fields. The intricate preparation process
demands efficient, stable, controllable equipment and precise film thickness control, posing
a crucial challenge in composite film production [1,2].

Cr-Al composite film is a multifunctional material with wide and diverse applications.
These films play an important role in the following fields. (1) Solar cell technology: Cr-Al
composite films are used as the back passivation layer of solar cells to improve the con-
version efficiency of the battery; (2) high-barrier packaging: these films are used in food
and medicine and high-barrier packaging of electronic products, extending product life
and improving food safety; (3) mechanical engineering: Cr-Al composite films are widely
used in tools, molds, and mechanical parts due to their high strength, hardness, and wear
resistance; (4) medical devices, optical films, and flat panel displays: these films are also
used in other areas such as medical devices, optical coatings, and flat panel displays.

Amidst the rapid advancements in science and technology [3–5], the current design
status and developmental trends of composite thin film preparation platforms have gar-
nered significant attention [6–8]. In 2023, a foreign research team devised an integrated
ultrahigh-vacuum cluster system to address interfacial spin effects in spintronic multilayer
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films [9,10]. Simultaneously, a Japanese research team proposed a gas-injected pulsed
plasma CVD method utilizing a single plasma source as an ultra-plasma deposition tech-
nique for preparing DLC films with a nanoindentation hardness of 17.5 GPa. During the
same period, Antonio A. A. Chepluki, Tiago E. A. Frizon, and others developed a low-cost
spin-coater for thin film deposition, serving as a cost-effective alternative to high-priced
commercial equipment [11–15].

This research delves into the intricacies of integrating and optimizing composite thin
film preparation platforms [16]. By consolidating the preparation processes of magnetron
sputtering and vacuum evaporation within the same vacuum cavity, the creation of com-
posite films tailored to the requirements of diverse high-tech fields on a single substrate
is achieved [17]. Furthermore, an integrated learning algorithm is introduced for film
thickness prediction, facilitating accurate forecasts for the film thickness of composite
films [18–20]. Finally, the paper substantiates the performance and feasibility of the equip-
ment by preparing Cr-Al composite films on PET substrate. These innovative optimizations
present an effective solution to the design and prediction challenges faced by hybrid film
preparation systems [21–23].

2. Materials and Methods

2.1. Hardware Design
2.1.1. Overall Design

The mechanical structure design of the composite film preparation equipment outlined
in this paper primarily encompasses a vacuum system capable of achieving a vacuum,
a vacuum chamber creating a vacuum test environment, a process system integrating a
magnetron sputtering system and a vacuum evaporation system, a transmission system
responsible for opening and closing the vacuum chamber, and a cooling system for temper-
ature control [24]. Combining the aforementioned analysis and the composition of each
design component, the definitive overall structure of the composite film preparation equip-
ment was established [25,26]. The comprehensive assembly diagram of the mechanical
approach for the hybrid film preparation equipment is illustrated in Figure 1.

Figure 1. Assembly diagram of composite film preparation equipment. 1—sputtering system;
2—process chamber; 3—evaporation system; 4—water cooler; 5—vacuum pump; 6—electronic
control cabinet; 7—molecular pump; 8—baffle valve; 9—transmission system.

2.1.2. Magnetron Sputtering Module Design

The sputtering system is primarily composed of a sputtering chamber, magnetron
sputtering target, sample stage, sputtering target head baffle, sample stage baffle, target
head holder, and other structures [27–29]. The structural schematic sketch and physical
drawings are presented in Figures 2a and 2b, respectively.
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(a) (b) 

Figure 2. Schematic diagram of sputtering system. (a) Two-dimensional schematic; 1—capacitance
manometer; 2—grounding shield; 3—substrate; 4—sample stage baffle; 5—height-adjustable sub-
strate stage; 6—sputtering target head baffle; 7—ion piezometer; 8—grounding shield; 9—target
head holder; 10—sputtering gas control valve; 11—connecting vacuum pump; 12—target material;
13—substrate heater; (b) physical image of the sputtering system.

2.1.3. Evaporation System Module Design

The vacuum evaporation module stands as a pivotal component of this preparation
platform, harmoniously integrated with the magnetron sputtering module to form the
composite film preparation platform’s comprehensive process. The evaporation system
comprises the process chamber, evaporation crucible, water-cooled pipeline, heating plat-
form, heat source bellows, heat transfer components, and other integral elements. The
structural schematic principle is illustrated in Figure 3 below.

Figure 3. Evaporation system structure principle sketch: 1—capacitance manometer; 2—substrate
heater; 3—substrate; 4—height-adjustable substrate table; 5—temperature gauge; 6—bellows heat
transfer assembly; 7—heat source flange for heating platform; 8—ground shield; 9—water-cooled
piping; 10—heating platform for evaporation system; 11—evaporation target; 12—evaporation
crucible; 13—connection vacuum pump.
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Within the evaporation system, the evaporation crucible assumes a central role, ne-
cessitating a thorough analysis of material selection and structural design. Considering
that vacuum evaporation plating employs metal and organic molecular materials, operates
within a temperature range of 200 to 1300 ◦C, and requires efficient cooling, alumina is
chosen as the primary material for the evaporation crucible. Based on the relevant literature
and information, the standardized specifications for the universal evaporation crucible in
vacuum evaporation plating are an outer diameter of 19.6 mm, inner diameter of 15.4 mm,
and height of 24 mm. A tungsten filament serves as the heat source, with the thermocouple
positioned at the crucible’s bottom for convenient temperature measurement and control.
Standard configurations incorporate S-type thermocouples, and the evaporation working
temperature range spans 200–1300 ◦C. The distance between the evaporation module and
the sample stage is 60 mm. The schematic structure of the evaporation crucible is depicted
in Figure 4 below, and the physical representation is presented in Figure 5.

Figure 4. Structural design diagram.

 

Figure 5. Physical image.

2.1.4. Vacuum System Module Design and Simulation

In accordance with the force requirements of the vacuum chamber, materials pos-
sessing ample strength, stiffness, toughness, heat resistance, corrosion resistance, and
other pertinent physical and chemical properties are selected. In domestic film-forming
equipment manufacturing, 304 stainless steel is the chosen material.

The shape of the vacuum vessel is determined based on the characteristics of the sub-
strate and deposition source, with cylindrical and rectangular designs being the primary
choices. Cylindrical designs offer high strength and are well suited for small- to medium-
sized vessels, while rectangular designs optimize space utilization. For film-forming
equipment, smaller- to medium-sized equipment typically adopts a vertical cylindrical
design, while larger equipment leans towards a horizontal cylindrical configuration. The
composite film preparation equipment embraces a vertical cylinder design, with the cylin-
der welded to the bottom plate. The schematic representation of the designed vacuum
chamber structure is depicted in Figure 6. The cylindrical vacuum chamber features an
inner diameter of 250 mm and a height of 360 mm, and the wall thickness is 7 mm. It is
equipped with CF100 flanges and a quartz window, a CF60 flange interface to connect
the molecular pump, an LF250 flange interface for installing the sputtering target and
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the sample stage, and a KF63 flange interface for integrating the evaporation module.
Additionally, two adjustable needle valves at the rear control the air inlet, and a reserved
1/16-inch interface accommodates the mass spectrometer.

Figure 6. Vacuum chamber structure.

As the central space for experiments, a thorough analysis of the vacuum chamber’s
strength, stiffness, and stability through performance simulation is essential. In real opera-
tional conditions, the vacuum chamber maintains an internal pressure of 0.0001 Pa and is
exposed to an atmospheric pressure of 0.1 Mpa externally. Under equivalent conditions,
a negative pressure of −0.1 MPa is applied internally to simulate evacuation. The vac-
uum chamber, placed on the electric control cabinet without considering its self-weight,
undergoes structural static analysis. The results, illustrating the stress field distribution
and deformation distribution, are presented in Figure 7. It can be seen from Figure 7a,b that
under actual working conditions of the vacuum chamber, maximum deformation occurs
at the center of the flange cover on the vacuum chamber, with the maximum value being
9.2926 × 10−3 mm. This value is very small and has almost no impact on the deformation
and performance of the vacuum chamber. According to the simulation results in Figure 7b,
the maximum deformation of the vacuum chamber is 9.29 × 10−3 mm. At this scale,
the deformation of the vacuum chamber will not affect the overall equipment operation
ecology, nor will it cause instability, so it meets the strain design requirements. Maximum
stress occurs at the junction of the lower flange of the vacuum chamber cover and the inner
wall of the vacuum chamber. The maximum value is 8.04 MPa, which is far less than the
allowable stress of the material 150 MPa. Because this position is welded, maximum stress
occurs at this position. It is also realistic, so the design is reasonable.

From Figure 8a,b, it is evident that under actual working conditions, maximum
deformation occurs in the center of the upper flange cover, measuring 9.2926 × 10−3 mm.
This value is sufficiently small, having no impact on the performance and aligning with
the design requirements of staying within 0.1 mm. Maximum stress is observed in the
lower flange and the inner wall junction, registering at 8.04 MPa, significantly below the
permissible stress of 150 MPa. This outcome aligns with the actual welding conditions,
affirming the reasonability of the design.

Under the specified conditions, an external air pressure of 105 Pa is applied to the
vacuum chamber, and a thermodynamic coupling analysis simulation is executed to assess
performance in vacuum and heated environments. In a vacuum setting, heat transfer
occurs through contact position exchange and thermal radiation. Key parameters include
a sputtering target heating source at 500 ◦C, substrate table heating at 100 ◦C, sputtering
target and substrate table surface emissivity set at 0.8, and the vacuum cavity inner wall
emissivity at 0.1. The temperature distribution results are then integrated into the static
analysis module to complete the thermal coupling analysis. The obtained results for the
stress field and deformation distribution are illustrated in Figure 8.
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Figure 7. Static stress field distribution and deformation distribution resultant plots; (a) static stress
field distribution; (b) static deformation field distribution.

Figure 8. Thermal coupling analysis of the stress deformation results of the figure; (a) thermal
coupling deformation field distribution; (b) thermal coupling strain field distribution; (c) temperature
distribution map.

As depicted in Figure 8a,b, hot air radiation and sputtering target heat transfer affect
the vacuum cover, resulting in a maximum deformation of 7.96 × 10−3 mm, well below
the 0.1 mm threshold. The vacuum cavity remains unaffected, and maximum stress is
observed in the vacuum cavity and the bottom plate weld, measuring 44.523 MPa. This
value is significantly less than the permissible stress for 304 stainless steel, which is 150 MPa.
Consequently, the structural design and material selection for the vacuum cavity align with
the practical requirements.

2.2. Research on Film Thickness Prediction Algorithm

In the preceding chapters, our focus was on investigating the process and structural
design of composite thin film preparation equipment, specifically addressing the magnetron
sputtering and vacuum vapor deposition processes. This chapter focuses on achieving
accurate predictions of the film thickness of composite films, delving into the design of
a film thickness prediction model based on secondary integration learning. We utilized
the PyCharm compiler software 2022.3.2 on the PC to execute the quadratic integration
algorithm model, scripted in Python. Various algorithmic models were compared to
validate the feasibility and advantages of the quadratic integration learning model.
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2.2.1. Modeling of the Secondary Integration Learning Algorithm

The construction of a secondary integrated learning model involves the collection of
input and output features, the creation of a dataset, its division into a training set and a
test set, model training, and subsequent evaluation using performance metrics [30,31]. The
specific process is depicted in Figure 9.

Figure 9. Secondary integration learning modeling process.

2.2.2. Feature Selection and Data Segmentation

In predicting the film thickness of the composite film, the characteristic inputs for the
magnetron sputtering process include sputtering air pressure, current, and time, with
the film thickness as the output. Similarly, for the vacuum evaporation process, the
inputs encompass the evaporation amount and resistance evaporation current, yielding
the film thickness as the output. The predicted film thicknesses from both approaches are
aggregated to obtain the overall predicted film thickness of the composite film [32,33].

To enhance prediction accuracy, this article selects 15 samples for the magnetron
sputtering process and 10 samples for the vacuum evaporation process. These samples
were randomly divided into training and test sets, and the ratio of training and test sets
was ensured to be 4:1.

Dataset division is a critical step. A standard method allocates four-fifths of the
dataset for training and parameter optimization, reserving the remaining one-fifth for
testing model performance. This approach ensures a relatively independent test set while
retaining a substantial number of training sets, facilitating the accurate evaluation of
model performance in real scenarios. The training and test datasets for both processes are
presented in Tables 1 and 2, with an asterisk denoting the training set.
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Table 1. Magnetron sputtering process dataset division: the data group with * is the training set used
to train the model, and the data group without * is the test set used to evaluate the model.

Dataset No.
Sputtering Air

Pressure/Pa
Sputtering

Current/mA
Sputtering

Time/s
Film Thickness/nm

1 * 0.7 120 10 10.6
2 0.8 120 14 10.4

3 * 1.4 120 30 16.0
4 * 1.5 120 14 10.8
5 0.9 120 12 11.2

6 * 0.8 120 20 11.5
7 * 0.7 130 10 12.3
8 * 0.8 130 14 11.9
9 * 1.4 130 30 17.5

10 * 1.5 130 14 13.3
11 0.8 110 20 10.5

12 * 0.9 120 13 11.1
13 * 0.8 120 18 10.8
14 * 0.8 120 30 19.3
15 * 0.9 120 35 25.4

Table 2. Vacuum vapor deposition process dataset division: the data group with * is the training set
used to train the model, and the data group without * is the test set used to evaluate the model.

Dataset No. Evaporation Amount/g
Resistance to

Vaporization Current/A
Film Thickness/nm

1 * 0.2 30 0.2
2 * 0.4 30 0.3
3 0.6 30 0.4

4 * 0.8 30 0.6
5 * 1.0 25 0.7
6 * 1.0 30 0.7
7 * 1.0 35 0.7
8 * 1.0 40 0.8
9 1.2 30 0.8

10 * 1.5 30 1.1

2.2.3. Model Training and Effectiveness Evaluation

We constructed linear regression (LR), a random forest model (RFM), K-nearest neigh-
bors (KNNs), decision tree (DT), and bagging and boosting models using Python in the
PyCharm IDE. The performance of these models in terms of film thickness prediction was
evaluated using metrics such as explained variance score (EV), mean absolute error (MAE),
mean square error (MSE), mean absolute percentage error (MAPE), and the coefficient of
determination R2 score [34–37].

We have selected 10 sets of experimental conditions for both magnetron sputtering
and vacuum evaporation processes to compare the predicted(test) values from the models
with the actual values. Figure 10 shows the comparison of the predicted results (Y_Pred)
and the actual values (Y_true) obtained from 10 different experimental conditions in the
magnetron sputtering process, using a linear regression model (a), decision tree model (b),
random forest model (c), KNN model (d), bagging model (e), and boosting model (f).
Similarly, Figure 11 shows the comparison in the vacuum evaporation process under
10 different experimental conditions using the same set of models [38,39]. This is applicable
to Figures 10 and 11. In the picture, X-axis: number of samples; Y_True: film thickness true
value; Y_Pred: film thickness prediction.
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Figure 10. Comparison chart of the test results from six prediction models versus the actual results in the
magnetron sputtering process. (a) Comparison chart of the Linear Regression model; (b) Comparison chart
of the Decision Tree model; (c) Comparison chart of the Random Forest mode; (d) Comparison chart of the
KNN model; (e) Comparison chart of the Bagging model; (f) Comparison chart of the Boosting model.

Figure 11. Comparison chart of the test results from six prediction models versus the actual results in the
vacuum evaporation process. (a) Comparison chart of the Linear Regression model; (b) Comparison chart
of the Decision Tree model; (c) Comparison chart of the Random Forest mode; (d) Comparison chart of the
KNN model; (e) Comparison chart of the Bagging model; (f) Comparison chart of the Boosting model.
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Figure 11 illustrates the training effects of the four sub-models for the vacuum vapor
deposition process—decision tree, random forest, KNN, and linear regression—consistently
with the magnetron sputtering process. At the same time, the training effect of the quadratic
integral model of the vacuum evaporation process is also depicted. In the training effect
plot, the horizontal and vertical axes signify the same parameters as in the magnetron
sputtering process. In the picture, X-axis: number of samples; Y_True: film thickness true
value; Y_Pred: film thickness prediction.

Both Figures 10 and 11 represent the comparison of the test results and actual results
for each model in both the vacuum evaporation process and the magnetron sputtering
process, revealing a close consistency between the predicted values and the actual val-
ues. Therefore, it is recommended to use the Bagging model and the Boosting model for
secondary ensemble learning.

3. Results

3.1. Platform Hardware Introduction

To validate the effectiveness of the selected equipment for composite film prepara-
tion, experimental validation was conducted. The choice of equipment was guided by
considerations of applicability, precision, and adaptability to various process conditions.
Drawing upon the preceding design and selection criteria, the experimental platform de-
picted in Figure 12 was constructed. This platform encompasses essential components such
as the vacuum module, magnetron sputtering module, vacuum evaporation module, and
transmission lifting module.

 
Figure 12. Experimental platform of composite film preparation equipment. (A) Mechanical structure
of hybrid film preparation equipment; (B) execution equipment of hybrid film preparation equipment;
(C) composite film preparation equipment.

3.2. Surface Topography Inspection

The 2D–3D diagrams of Cr films, Cr-Al composite films, and Al-Cr composite films
prepared by composite film preparation equipment are shown in Figure 13.

The 2D–3D morphology of the Cr substrate film, prepared through magnetron sput-
tering, is depicted in Figure 13a,b, with its maximum thickness measured at 0.22 μm.
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Figure 13. (a) Two-dimensional morphology of Cr bottom membrane; (b) three-dimensional morphol-
ogy of Cr base film; (c) two-dimensional morphology of Cr-Al composite film; (d) three-dimensional
morphology of Cr-Al composite film; (e) two-dimensional morphology of Al-Cr composite film;
(f) three-dimensional morphology of Al-Cr composite film.

Subsequently, an Al film was deposited on this Cr base film through vacuum vapor
deposition, resulting in the formation of the Cr-Al composite film. The 2D–3D diagrams of
this composite film are presented in Figure 13c,d, while the integrated diagrams illustrating
the texture, waveform, and roughness of the Cr-Al composite film are shown in Figure 14.
The analysis of Figures 13c,d and 14 reveals that the thickness of the Cr-Al composite
film reaches a maximum of 0.32 μm. Further examination of the texture, waveform, and
roughness of the Cr-Al composite film indicates that the Al film, serving as the upper layer,
exhibits the advantages of a uniformly distributed and relatively smooth surface.

Figure 14. Combined texture, waveform, and roughness of Cr-Al composite film; x-axis: film
expansion length; y-axis: texture, waviness, and roughness change value.
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The deposition method we used involves magnetron sputtering for the underlying Cr
film and vacuum evaporation for the top Al film. This method has been proven to form
uniform films over a large area. Our experimental results show that the thickness variation
of the Cr-Al film we formed across the entire sample is less than 100 nm, demonstrating its
good uniformity.

The same materials are used in different sequences to prepare Al-Cr composite films.
The 2D and 3D diagrams and roughness and other parameter distribution diagrams are
shown in Figures 13e,f and 15.

 
Figure 15. Combined texture, waveform, and roughness of Al-Cr composite film; x-axis: film
expansion length; y-axis: texture, waviness, and roughness change value.

As evidenced by Figures 13e,f and 15, the peak of the Al-Cr composite film is 0.21 μm,
with the entire film thickness fluctuating within the 0~0.21 μm range. The comprehensive
diagram of the texture, waveform, and roughness of the Al-Cr composite film indicates
a significant variation in roughness, which is attributed to vibrations or warping during
the magnetron sputtering process. The texture and waveform in the diagram also exhibit
considerable fluctuations. In conjunction with the two-dimensional and three-dimensional
morphology of the Al-Cr composite film, it can be inferred that the presence of large-sized
particles on the film surface, i.e., regional non-uniformity, causes this. The deepening of the
grooves between large grains also leads to an increase in roughness. This analysis reveals
that the magnetron sputtering process exhibits small-area non-uniformity and large-area
uniformity, which may be caused by the inherent vibrations or warping in the magnetron
sputtering process.

3.3. Algorithm Model Validation

Upon analyzing the results predicted by the established secondary integrated learn-
ing algorithmic model, the evaluation metrics for the magnetron sputtering process and
vacuum evaporation process are presented in Tables 3 and 4 below.

Table 3. Metrics for evaluating the regression model of a magnetron sputtering process.

Assessment
of

Indicators
LR KNN DT RF Bagging Boosting

EV 0.91 0.95 0.97 0.99 0.99 0.98

MAE 146.46 72.94 65.39 32.01 31.87 51.15

MSE 33,237.01 20,529.71 9951.06 3173.00 3035.97 8242.24

MAPE 59.44 12.22 12.86 6.42 7.01 9.98

R2 0.91 0.94 0.97 0.99 0.99 0.98
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Table 4. Regression model evaluation metrics for the vacuum evaporation process.

Assessment
of

Indicators
LR KNN DT RF Bagging Boosting

EV 1.00 0.87 0.98 0.98 1.00 1.00

MAE 0.01 0.08 0.04 0.04 0.01 0.01

MSE 0.00 0.01 0.00 0.00 0.00 0.00

MAPE 1.15 17.77 5.84 8.28 1.15 1.11

R2 1.00 0.87 0.98 0.97 1.00 1.00

The evaluation indexes for the magnetron sputtering process prediction model (Table 3)
reveal that the comparative ranking of the training model results for the magnetron sput-
tering process is as follows: bagging > DF > boosting > DT > KNN > LR. Meanwhile, for
the vacuum evaporation process training model (Table 4), the comparative ranking of the
results is as follows: bagging ≥ LR > boosting > DT > RF > KNN. Notably, the regression
model fit value of the integrated learning bagging model achieves 100%, signifying a perfect
model. When comparing the different regression models for both preparation processes, it
is evident that in each approach, our designed secondary integrated learning bagging model
demonstrates optimal performance, reaching 99% in the magnetron sputtering process and
achieving a perfect 100% fit in the vacuum evaporation process. This suggests that the
robust regression model designed with secondary integrated learning bagging surpasses
ordinary weak machine algorithm models, substantiating its superior performance.

4. Discussion

This study undertook a comprehensive scheme design for the structure of compos-
ite film preparation equipment, successfully implementing the film thickness prediction
function. Throughout the research process, the following key achievements were real-
ized: (1) The mechanical structure of the composite thin film preparation equipment was
systematically divided into different modules, completing the structural design of the core
module. Simulation verification ensured the stability and reasonable strength stiffness of
the process chamber. (2) The design and implementation of a regression model for predict-
ing the film thickness of composite thin films were achieved. Input features included the
sputtering air pressure, sputtering current, and sputtering time for magnetron sputtering
process samples, as well as the evaporation amount and evaporation current for vacuum
evaporation process samples. The film thickness served as the output feature for both
process samples. (3) Experimental validation was conducted using the designed composite
film preparation equipment. Cr-Al composite thin films were successfully prepared, and
AFM surface morphology analysis confirmed the excellent performance and reliability of
both the equipment and the Cr-Al composite films prepared.

Through the comparative analysis of the results of the Cr-Al composite film and the
Al-Cr composite film, it is known that there is a step phenomenon on the surface of the
single-layer Cr film sputtered by the magnetron in this device. When a composite film is
prepared using vacuum evaporation, the step phenomenon will also exist, which is caused
by the step-type bottom layer film. By comparing the three-dimensional morphology and
height distribution of the two, it can be concluded that the Cr-Al film prepared by first
magnetron sputtering and then vacuum evaporation by this device has better uniformity.
The magnetron sputtered Cr film serves as the bottom layer, giving the Cr-Al composite
film excellent step performance. Furthermore, the Al film prepared by vacuum evaporation
as the upper functional layer has better surface uniformity and smoothness. This will
allow for the performance of the composite film to be maximized, thereby enhancing its
performance, providing this film with better application scenarios and fields.
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In the future, the design of composite film preparation platforms should trend towards
the greater integration of multiple processes to facilitate the preparation of more complex
composite films. Additionally, a focus on enhanced prediction accuracy is recommended,
exploring advanced techniques such as deep learning or neural networks to make the
models more adaptable to dynamic and evolving preparation conditions.
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Abstract: Ultra-thin PTCDI-C8 films are vapor-deposited under ultra-high vacuum (UHV) conditions
onto surfaces of p- or n-doped GaN(0001) samples. The X-ray photoelectron spectroscopy (XPS)
results reveal a lack of strong chemical interaction between the PTCDI-C8 molecule and the substrate.
Changes in the electronic structure of the substrate or the adsorbed molecules due to adsorption are
not noticed at the XPS spectra. Work function changes have been measured as a function of the film
thickness. The position of the HOMO level for films of thicknesses 3.2–5.5 nm has been determined.
Energy diagrams of the interface between p- and n-type GaN(0001) substates and the PTCDI-C8
films are proposed. The fundamental molecular building blocks of the PTCDI-C8 films on GaN(0001),
assembled by self-organization, have been identified. They are rows of PTCDI-C8 molecules stacked
in “stand-up” positions in reference to the substrate, supported by the π–π bonds which are formed
between the molecular cores of the molecules and monomolecular layers constituted by rows which
are tilted in reference to the layer plane. The layers are epitaxially oriented. The epitaxial relation
between the rows and the crystallographic directions of the substrate are determined. A model
of the PTCDI-C8 film’s growth on GaN(0001) substrate is proposed. The 3D islands of PTCDI-C8
molecules formed on the substrate surface during film deposition are thermodynamically unstable.
The Volmer–Weber type of growth observed here is a kinetic effect. Rewetting processes are noticeable
after film aging at room temperature or annealing at up to 100 ◦C.

Keywords: thin films; organic layers; PTCDI-C8; semiconductors; GaN(0001)

1. Introduction

There are two main factors determining the electric charge transport inside active
layers of organic electronic devices: the molecular structure of the molecules constituting
the layer and the supra-molecular organization of the layer. The first one depends on
the current abilities of organic synthesis, which, until present, has achieved very high
precision in adjusting the electronic properties of the molecules through their chemical
modification [1–4]. The second one depends on interactions between the molecules and
direct interactions between the substrate and the molecules. The charge transport in an
organic semiconducting layer is directional. It prefers a characteristic direction. In the case
of low-molecular-weight semiconductors, this is the direction of π stacking. Molecular
disorder along this direction substantially lowers charge carrier mobility. It is therefore
important from a practical point of view to produce optimally arranged organic films to
minimize the negative effects of molecular disordering on the film’s conductivity. There is
also still very little known about the substrate’s influence on the interactions responsible
for the π stacking.

The N,N′-dioctyl-3,4:9,10-perylene tetracarboxylic diimide (PTCDI-C8) is one of the
best n-type organic semiconductors currently available [5–8]. The electron mobility mea-
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sured for organic thin-film transistors based on PTCDI-C8 equals up to ~1.7 cm2/Vs [5].
The molecule (C40H42O4N2) consists of a planar core and two alkyl chains on opposite
sides. Its high molecular stability in air enables its operation in ambient conditions. The
PCTDI-C8 molecules relatively easily organize themselves into supra-molecular architec-
tures through hydrogen bonding, metal ion coordination and π stacking [9,10]. There are
few studies on the properties of PTCDI-C8 thin films and they have been performed on
various substrates such as SiO2 and Al2O3; so far these molecules have not been studied on
GaN(0001) [11,12].

GaN(0001) is the most frequently studied surface of gallium nitride (GaN). In combina-
tion with thin organic films, GaN surfaces offer several unique properties. The wide band
gap of GaN allows optical access through the substrate and makes it easier to align the
highest occupied and lowest unoccupied molecular orbitals of the organic film with the sub-
strate band edges. It permits more flexibility in device design and, in the case of applications
dependent on the charge transport across the interface, it increases the possibility for molec-
ular control of the electronic properties of the hybrid organic–inorganic system [13–15].
Due to its high electron mobility, chemical stability under physiological conditions, non-
toxicity and biocompatibility, GaN is a very attractive material for biosensors [16–19]. It
has been shown that by using the GaN thin-film high-electron-mobility transistors one can
electrically detect proteins, antibodies, glucose and strands of DNA selectively and with
high sensitivity [17,18].

The aim of the study reported herein is to characterize substrates’ influence on the
morphological, structural and electronic properties of PTCDI-C8 adsorption films on
GaN(0001). The decisive factor for undertaking these experiments has been a willingness
to identify substrate properties that have an influence on both the type of direct chemical
bond between the molecules and the substrate and on the nature of the intermolecular
bonds between the molecules inside the adsorption layer as well.

2. Experimental Details

The substrates used were 10 μm thick, (0001)-oriented, p-GaN (Mg-doped, 1018 cm−3)
and n-GaN (Si-doped, 1018 cm−3) epitaxial layers deposited on Al2O3 (Technologies and
Devices International, An Oxford Instruments Company, Oxford, UK). Typical size of
the sample was about 4 × 8 mm2. The samples were ex situ degreased in isopropanol,
and then washed in distilled water and dried in air. Before organic film evaporation, the
substrate was in situ annealed at about 800 ◦C to remove any residual gases. This procedure
allowed for the reduction of oxygen and carbon contaminations; however, they were not
completely eliminated.

The samples were characterized in two separate UHV setups at room temperature
(RT), using scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS) and low-energy electron diffraction (LEED)
techniques. The first setup included a VT STM/AFM microscope (Omicron,). The imag-
ing was accomplished in the constant current mode using a tungsten tip. WSxM soft-
ware(version number 5.0) was applied to analyze the STM results [20]. The XPS/UPS
measurements were performed in the second UHV setup, equipped with Mg and Al an-
odes (Mg Kα (1253.6 eV) and Al Kα (1486.6 eV) lines) and a He I line (21.2 eV) radiation
source. Due to the signals overlapping the Mg anode was used for the substrates N 1s
and Ga 3d’s lines measurements; the adsorbates C 1s and O 1s’ lines were measured using
the Al anode. Emitted photoelectrons were collected by a hemispherical electron energy
analyzer (Phoibos 100-5, SPECS, Germany) with a pass energy of 10 or 2 eV and step size
of 0.1 or 0.025 eV for core-level lines or a valance band, respectively. Optical axis of the
analyzer entrance was normal to the substrate surface. The Fermi level position (EF) was
found by UPS measurement on a clean Au sample. The threshold of photoemission, which
corresponds to the vacuum level of the sample, was also measured with a voltage (−5 V)
applied to the samples to clear the detector’s work function. The XPS spectra were analyzed
using KolXPD (Kolibrik.net, Prague, Czech Republic) and/or CasaXPS software (version
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number 2.3.19 PR1.0). Deconvolution of the XPS peaks was modeled using Gaussian and
Lorentzian line shapes and a Shirley-type background subtracting. LEED measurements
were carried out in the energy range 0–300 eV with a step of 0.5 eV; diffraction patterns
were recorded using a CCD camera.

Organic films of PTCDI–C8 molecules (98% purity, Sigma-Aldrich, MilliporeSigma,
Burlington, MA, USA) were deposited by physical vapor deposition (PVD) on the sub-
strates kept at room temperature (RT) under UHV, with a base pressure of ~10–10 Torr. The
temperature of the quartz crucible used as the evaporator was about 300 ◦C. The evapora-
tion rate at this temperature did not exceed 0.6 nm/min. The efficiency of the evaporator
was calibrated by means of a quartz crystal resonator. The organic film growth and its
characterization were performed step by step. In the case of XPS/UPS measurements, the
average thickness of PTCDI-C8 films was additionally controlled on the bases of the Ga
3d substrate’s line intensity decay (measured with the Mg anode) following the progress
of adsorption layer growth, assuming a mean free path of electrons λ in PTCDI-C8 layer
equal to 2.84 nm [21]. In the case of STM observations, the amount of deposited adsorbate
was counted directly from the STM topographies.

3. Results

3.1. Samples Characterization Prior to Deposition

Prior to PTCDI-C8 deposition, the surface quality of the samples was evaluated by
means of STM, LEED, XPS and UPS. Extended-area STM topographies of the p- and n-
type GaN(0001) showed regularly stepped surfaces with a very small number of defects
(Figure 1a,b). Their long-range atomic order was revealed by LEED (Figure 1c). Satisfactory
STM imaging required relatively high bias voltages of around +5 V for p-type samples and
about −5 V for n-type ones. The surfaces of the p- and n-GaN samples, subjected to the
same cleaning procedures, did not differ in surface topography. The presence of terraces,
which were tens of nanometers wide and a half or single GaN bi-layer high, were typical
for both types of samples.

Figure 1. STM images of (a) p-GaN(0001) surface (imaged area equals to 1 × 1 μm2, Vs = 5.1 V,
It = 43.5 pA) and (b) n-GaN(0001) surface (1 × 1 μm2, Vs = −5.1 V, It = 55.4 pA). Dark points
correspond to the ends of screw dislocations. (c) Characteristic for both samples, the diffraction
pattern exhibits hexagonal 1 × 1 structure with lattice constant of 0.319 nm (in this case the pattern
is taken from an n-type sample by applying primary electron beam of energy equal to 150 eV). The
arrow corresponds to <2110> direction in the real space.

XPS analysis of the samples revealed a surface oxygen concentration of approximately
20%. Unfortunately, carbon impurities could not be eliminated from the surfaces. The
n-GaN surface exhibits a higher concentration of carbon contaminants compared to the
p-GaN substrate. For both samples, the main N 1s and Ga 3d lines consisted of the same
components. An example of the result of the deconvolution of these lines for p-GaN is
presented in Figure 2. The Ga 3d line has four components (Figure 2a). The dominating one
corresponds to Ga–N bonds. The component located at a higher binding energy relates to
the presence of residual oxygen. The component denoted as Ga–Ga correlates to a metallic
bond between gallium atoms [22]. Three components of the N 1s line are demonstrated
in Figure 2b. The first one originates from Ga–N bonds, constituting the bulk of the line
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(denoted Ga–N (I) in Figure 2b); the second one comes from the surface Ga–N bonds; and
the third one relates to nitrogen–hydrogen bonds (N–Hx) [23].

Figure 2. Components of (a) Ga 3d and (b) N 1s lines from p-GaN surface. See text for details.

The XPS analysis performed for n-GaN looks similar; however, the Ga 3d and N 1s
lines are shifted by about 0.5 eV towards a higher binding energy. This comes from the
different Fermi level locations on both p- and n-type surfaces [24].

The UPS spectra of the substrates, measured before PTCDI-C8 deposition, revealed
the typical spectra for semiconductors. The position of the valence band maximum (VBM)
can be determined by extrapolating the inclinations of the spectral curve in the region
of the lowest binding energies (directly below the EF). A predictable shift of the valence
band edges between p- and n-type samples was observed. The VBM is at 1.7 eV and
3.1 eV for p- and n-type GaN, respectively. An example of the UPS spectrum for p-GaN
is presented in Figure 3. The electron affinity of the GaN(0001) surface amounts to 4.0 eV
and 3.3 eV, respectively, for p-GaN and n-GaN, as calculated from the relationship χ = hv
− W − Eg, where hv = 21.2 eV is the energy of photons; W is the width of the recorded
spectrum, measured as the energy difference between the VBM and the cut-off threshold
of the spectrum; and Eg = 3.4 eV is the GaN band gap width. The obtained results of the
VBM’s position and electron affinity are in line with other studies [22,25].

Figure 3. The UPS spectra measured for p-GaN(0001) samples prior to PTCDI-C8 deposition. Inserts
depict the position of VBM.

3.2. The PTCDI-C8 Thin Films’ Growth

The HOMO level signal becomes clearly visible in the UPS spectra when the thickness
of the PCTDI-C8 film reaches 3.2 nm. An example of the UPS spectrum for the molecules
on p-GaN is presented in Figure 4. The UPS results showed that the HOMO levels are
located 1.9 eV and 2.2 eV below the EF for the p- and n-GaN substrates, respectively.

Following the film’s growth, changes in the work function φ, calculated from the
expression φ = hν − Ecut-off, where Ecut-off is the cut-off threshold of the spectrum, follow
different paths for p- and n-samples, as is seen in Figure 5. For p-GaN, φ keeps the value of
5.7 eV characteristic for the bare substrate up to an average film thickness d = 3.0 nm. From
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d = 3.2 nm onwards, the work function φ drops, reaching a value of 4.2 eV at an average
thickness of 5.5 nm. In the case of n-GaN, the film growth brings about a work function
increase after the first deposited dose of PCTDI-C8. The work function reaches 4.2 eV at an
average thickness d = 1.8 nm.

 

Figure 4. The UPS spectra taken for the 3.2 nm thick PTCDI-C8 film on p-GaN(0001). Inserts show
the position of the leading edge of the HOMO level.

Figure 5. Work function changes as a function of the average thickness of the PTCDI-C8 layer on n-
and p-GaN surfaces.

From the XPS spectra it is seen that PTCDI-C8 adsorption on a GaN(0001) surface does
not alter the position of the dipper atomic levels of the atoms of both the surface and the
molecule. Following the PTCDI-C8 film’s growth, the main substrate lines Ga 3d and N
1s only lose their intensity, and do not undergo any shift. In Figure 6a, the C 1s lines of a
bare p-GaN surface (spectrum (1)) and a surface covered with a 5.5 nm thick PTCDI-C8
film (spectrum (2)) are compared. For the bare substrate, the line contains only one peak
(maximum at 284.6 eV) which originated from the remnants of carbon left on the surface
after rapid annealing at the end of the cleaning procedure. In the case of the surface covered
by the film, the line contains two components coming from the imide group (maximum at
288.0 eV) and molecule core (maximum at 285.0 eV), which are clearly identifiable. Both
components increase their intensity following the film’s growth. The N 1s line measured for
the p-type sample before and after the 5.5 nm thick PTCDI-C8 film’s deposition is shown in
Figure 6b. For the bare substrate (spectrum (1)), the line consists of only one component
associated with the Ga–N bonds (maximum at 397.3 eV). The height of the signal is scaled
down ten times to fit the figure. After PTCDI-C8 deposition (spectrum (2)), in addition to
this peak, attenuated by the deposited film substrate signal coming from the Ga–N bonds,
another component appears in the spectrum of this line (with its peak at 400.2 eV) which
originates from the imide group. These two species differ by 2.9 eV. The same energy
difference between these two signals is also measured for the n-type sample. When the
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Ga–N bond signal decreases following film growth, the signal originating from the imide
group increases.

Figure 6. The XPS spectra of (a) the C 1s line, taken using Al anode, and (b) the N 1s line, taken using
Mg anode. Spectra from bare p-GaN samples are denoted by (1). Spectra collected after deposition of
the 5.5 nm thick PTCDI-C8 film are denoted by (2). See text for details.

Below a certain coverage of the substrate surface by PTCDI-C8 molecules, the STM
images were of very low quality. In the case of p-GaN substantial improvement was
reached when the average thickness of the deposited film exceeded 0.4 nm and formation
of islands of adsorbate began. The STM topography of the substrate surface at this stage is
shown in Figure 7a. The average height of the islands is about 1.5 nm (Figure 7b). The STM
topography of part of the PTCDI-C8 island in Figure 7c reveals details of the shape of its
edges. The magnified pattern of the area denoted by the dotted square in Figure 7c is in
view in Figure 7d, revealing rows of molecules constituting an island. The distance between
the two closest rows is equal to 1 nm and the rows are parallel to the [2110] direction of
the substrate.

Figure 7. (a) The STM topography of two-dimentional molecular islands of PTCDI-C8 grown on
p-GaN(0001) surface. The average thickness of the PTCDI-C8 film, estimated from the topography, is
0.4 nm. The islands are formed directly on the 1 × 1 μm2 area of the substrate (imaging conditions:
Vs = 4.7 V, It = 107 pA). (b) Profile of the black line in (a). (c) Fragment of one of the islands and
its surroundings, covering a 150 × 150 nm2 area (Vs = 4.7 V, It = 182 pA); (d) Magnified part of the
PTCDI-C8 island surface marked by a dotted square in (c) (18 × 18 nm2, Vs = 4.7 V, It = 103 pA),
revealing the rows of molecules constituting the island. Distance between the rows is equal to 1 nm
and the rows are parallel to the [2110] direction of the substrate.
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The results of using 2D fast Fourier transform (FFT) on the STM pattern of the ordered
monomolecular layer of PTCDI-C8 on the p-GaN(0001) surface are shown in Figure 8.
The FFT of the unfiltered STM pattern from Figure 8a is displayed in Figure 8b. The
inverse Fourier transform obtained after noise filtering is seen in Figure 8c, exhibiting a
long-range order along the rows as well. The distance between the two closest molecules
in the row is equal to 0.6 nm. The islands of the first monomolecular layer deposited
directly on the substrate surface are epitaxially oriented in relation to the substrate, with
molecular rows mostly parallel to the densely packed <1120> or less frequently to the
<1010> substrate directions.

Figure 8. (a) The STM pattern of ordered monomolecular layer of PTCDI-C8 on p-GaN(0001) surface
(10 × 10 nm2, Vs = 4.7 V, It = 51 pA). (b) 2D FFT of the pattern. (c) Inverse FTT after noise filtering.

Under the deposition conditions applied here, the second monomolecular layer begins
to grow before the first one is complete. An example of a PTCDI-C8 film composed of
two monomolecular layers is shown in Figure 9. The total amount of deposited adsorbate
corresponds to an average film thickness d = 1.8 nm. The first monomolecular layer
of the topography in Figure 9a covers about 75% of the substrate surface. The second
monomolecular layer covers about 17% of the surface of the first one. The profile of the
superimposed layers is shown in Figure 9b. The height of each layer is equal to 2.0 nm.
The edge of the upper layer is seen in the bottom right-hand corner of the topography
in Figure 9c. The molecular rows of each layer are parallel, retaining the same distance
between the rows of 1.2 nm. Due to coalescence, the islands of different rows’ orientations
form domains. The bottom PTCDI-C8 layer, visible on the right side of the topography in
Figure 9d, consists of two domains A and B, who’s rows are perpendicular. In this case, the
rows of the upper layer are parallel to the rows of domain A. Nucleation of the third layer
is noticed when the first layer covers 96% of the substrate and the second covers 70% of the
first one. At this stage of the film growth, the heights of the layers amount to 2 nm in the
case of the first layer and 1.7 nm in the case the second and the third layers.

The bilayer or three-layered PTCDI-C8 islands deposited on the substrate at RT under
the conditions of our experiment are not thermally stable. After aging at RT (one hour
or more), under UHV or short annealing (a few seconds) at up to 100 ◦C, the molecules
from the upper layers diffuse down, completing the first layer and causing the growth and
coalescence of islands in the first layer. As a result, the first layer, which has direct contact
with the substrate, completes itself to the extent allowed for by the amount of deposited
adsorbate. The STM topography of 3D islands constituting a PTCDI-C8 film of about
4.0 nm average thickness, just after deposition, is shown in Figure 10a. Some of the islands
consist of three monomolecular layers, forming terraces that are very well distinguished
from the terraces of the substrate (see Figure 1a,b). The topography in Figure 10b exhibits
a PTCDI-C8 film of an average thickness of 1.0 nm after one hour of aging at RT. The
film, which just after deposition was a bilayer film with a topography like that shown in
Figure 9a, after aging, has been transformed into a monolayer film. The islands constituting
the film are rounded and mostly merged, forming meandering chains. The same effect can
be achieved after a few seconds of annealing. The topography in Figure 10c demonstrates a
film of an average thickness of 1.5 nm. About 85% of the substrate surface is covered with
the monolayer film, which, before the annealing, was a bilayer one. Similar behavior was
also observed for films up to 5.5 nm thick.
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Figure 9. Morphology of the PTCDI-C8 film grown on a p-GaN(0001) surface at the stage of growth
where the first layer of the molecules is not fully completed and the second layer is already growing.
(a) Topography of a 1 × 1 μm2 area of the sample. A profile of two superimposed layers measured
along the white segment is shown in (b). (c) Topography of a 30 × 30 nm2 area, revealing parallel
molecular rows of the upper layer and the bottom layer, which are visible in the bottom right-hand
corner of the pattern. Molecular rows of each layer retain the same distance of 1.2 nm. (d) Topography
of a 25 × 25 nm2 area in which the domain morphology of the bottom layer is visible. Dotted line
divides domains A and B, who’s rows are perpendicular.

Figure 10. (a) The STM topography of 3D islands constituting a PTCDI-C8 film of about 4.0 nm
average thickness, just after deposition. Some of the islands consist of three monomolecular layers.
(b,c) The STM topographies of single-layer PTCDI-C8 films obtained from bilayer ones through
rewetting mechanisms: (b) a bilayer film of an average thickness of 1.0 nm after aging for 1 h at
RT, and (c) a bilayer film of an average thickness of 1.5 nm after annealing at up to 100 ◦C for a
few seconds.

The initial growth stages of PTCDI-C8 films on n-GaN follow the same path as those
for p-GaN. The only difference is the quality of the STM imaging. The STM patterns of
the films growing on n-GaN are blurred up to a film thickness of about 1.8 nm, which
corresponds to the stage at which the first PTCDI-C8 monolayer covers 70% of the substrate
and the second layer start to grow, in opposition to p-GaN; where, for films with an
average thickness exceeding 0.4 nm, imaging become substantially improved, allowing
the detection of the morphological details of the growing film. The STM studies of thicker
films on n-type substrates have been given up on at this stage.

4. Discussion

The STM topographies clearly show that carbon and oxygen residues, detected by
XPS after applying the same cleaning procedures, were not uniformly distributed over the
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substrate surface. Instead, they were concentrated in groups, leaving an extended area of
the substrate clean, with a characteristic terrace topography.

It is obvious that n- and p-type samples essentially differ in their electron structure.
p-GaN(0001) has a work function φ = 5.7 eV and electron affinity χ = 4.0 eV. The n-type
sample has lower values for its work function and electron affinity, respectively, 3.6 eV and
3.3 eV. The important features of the electron band structure of the PTCDI-C8/GaN(0001)
interfaces are collected in the diagrams in Figure 11a,b. The EF, in bulk, is located 3.3 eV
and 0.1 eV above the valence band maximum (EV) for the n- and the p-type samples,
respectively [23]. The surface band bending at the vacuum/GaN(0001) interface for bare
substrates, as calculated from the equation VC = (EF − EV)bulk − (EF − EV)sur f ace, is equal
to 0.2 eV for the n-type and 1.6 eV for the p-type sample. The bending comes from
electrostatic surface charging. Solving Poisson’s equation, the space-charge region width

xd =
(

2εε0VC
qNa

)− 1
2 can be obtained, where ε = 8.9 [25] is the dielectric constant of GaN, ε0

represents the permittivity of free space and q is the elementary charge of an electron. The
depletion layer width amounts to about 14 nm for n-GaN and about 40 nm in the case of
p-GaN. Corrections connected to surface photovoltage (SPV) effects are not considered in
the above estimations. It is known that, in the case of GaN, the SPV due to UPS or XPS
radiation is determined to be ~0.5 V in magnitude [24]. In contrary to n-GaN, the band
bending of p-GaN is strong due to the considerable depletion of holes in the near-surface
region, caused by surface states which originate from Ga dangling bonds [26,27], thus,
the Fermi level is pinned to these states, situating itself in the middle of the energy band
gap [28–30].

Figure 11. Energy band diagrams of the PTCDI-C8/GaN(0001) interface formed by a 5.5 nm thick
film on: (a) n-doped and (b) p-doped GaN substrates. The left sides of each diagram correspond to the
bulk band structure and show bending in the region near the interface. The right sides schematically
illustrate the position of the vacuum level EV as a function of the PTCDI-C8 layer thickness and the
position of the HOMO level of the film in reference to its Fermi level.

From the XPS measurements it is seen that the interaction between the substrate and
PTCDI-C8 film is very weak, and rather of a Van der Walls character. A stronger chemical
interaction can be excluded because the Ga 3d and N 1s lines of the substrate do not change
their positions or shapes following the first and successive doses of PTCDI-C8 deposition.
Also, the C 1s lines originating from the imide group or from the core of the PTCDI-C8
molecule (Figure 6a), as well as the N 1s line from the imide group (Figure 6b), do not
change their positions or shapes following the film growth. Taking these into account, it
can be safely assumed that the influence of the PTCDI-C8 film on the band bending of the
substrate can be neglected.

The 5.5 nm thick films have the same work function value, 4.2 eV, independent of the
substrate type (n- or p-) onto which the film was deposited. The only difference in the
electronic structure of the PTCDI-C8 films concerns their HOMO level position. In the case
of the film on p-GaN, its level is situated 0.3 eV closer to the Fermi level than for the film
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on n-GaN. This shift of the HOMO level of the PTCDI-C8 film on p-GaN is caused, most
probably, by the same surface states which are responsible for strong band bending at the
subsurface region of p-GaN.

There were no positive results of our STM studies regarding the adsorption of single
PTCDI-C8 molecules on the GaN(0001) surface. STM topographies of the surface after
the first dose of deposition are blurred, indicating that the adsorbate is weakly bounded
and the molecules are mobile. In the case of p-GaN, the situation improves when the
self-organization of the adsorbate begins and the two-dimensional islands start to grow.
In the case of n-GaN, the poor quality of the STM images made STM observations more
difficult at least up to the 1.8 nm thick films; the thickest PTCDI-C8 films on n-GaN
studied herein using STM. It seems that at the first stages of the growth interaction between
PTCDI-C8 molecules and the substrate are weaker on the n-type substrate. This could be
caused by stronger rewetting mechanisms, which compete with the 3D growth mechanisms.
Rewetting could be strengthened by the larger amount of carbon residue left on the n-type
surface after cleaning procedures. The presence of carbon on the surface is the only factor
which chemically differentiates the n- and p-GaN substrates.

The self-organization of the PTCDI-C8 molecules deposited on p-GaN(0001) begins
when the film reaches an average thickness of 0.4 nm, at which the first 2D islands are
observed. The islands have an ordered row structure. The analysis of the STM patterns of
the films, for this range of thickness, reveals that the molecules in the row are in stand-up
positions, as evidenced by the island’s height of 1.5 nm (the thinnest observed), with a
linear molecule packing density of 1.7 × 107 molecules/cm. This corresponds well with the
arrangement of PTCDI-C8 molecules shown in Figure 12a. Although the dominant factor
in self-organization is the interaction between molecules, the substrate structure influences
the orientation of the island. The rows are parallel to the closely packed crystallographic
directions of the substrate, in this case to [2110]. This means that the island’s growth is
epitaxial. The structure of the layers constituting the thin films on GaN(0001) surfaces
proposed here is schematically shown in Figure 12. The molecules set in the way shown in
Figure 12a interact through π bonds formed between the cores of the molecules creating the
row. Tilted rows stacked one beside another compose the layer as it is shown in Figure 12b.
The height of the layer depends on the tilting angel of the rows. For the layer depicted in
Figure 12b, the tilting angle is equal to ~30◦, which makes the layer 1.5 nm high, with the
distances between the alkyl tiles of the molecules forming a row equal to 1.0 nm, just like
for the PTCDI-C8 layer shown in Figure 9.

Figure 12. Schematically sketched structure of the first monomolecular layer of PTCDI-C8 film
grown on a p-GaN(0001) surface: (a) view from the side of the row, positioned along the [2110]
direction of the substrate, (b) view along the tilted rows which constitute the layer (or along the GaN
[2110] direction).

The growth of 2D islands transforms into 3D growth when the average thickness of
the film exceeds 1.2 nm. PTCDI-C8 molecules do not form a wetting layer. The substrate
is not fully covered by the first layer when the second starts to grow. The increase in the
average thickness d of the film results in the growth of consecutive layers of adsorbate on
top of the bilayer. Three-layered islands bordering with uncovered by the adsorbate areas
of the substrate are observed even for the 5.5 nm thick films. The molecular structure of
the second and consecutive monomolecular layers is like the one sketched in Figure 12.
It seems that height of the monomolecular layer increases following the increase in the
quantity of the molecules composing the layer. Usually, the bottom layers of the island are
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thicker than the top one. This may be caused by a change in the tilting angel of the rows
or the angle between the core and the alkyl tiles of the molecule. Similar mechanisms of
growth and similar results concerning the morphology of the growing films of PTCDI-C8
and PTCDI-C13 were observed on SiO2 surfaces [11,31].

The PTCDI-C8 films on GaN(0001) grow following the Volmer–Weber growth mode.
The rewetting mechanisms observed in the PTCDI-C8/GaN(0001) system relax the ther-
modynamic instabilities in the morphology of the growing or already-grown films. The
formation of instabilities is a kinetic effect that depends on growth parameters such as
the flux of the deposited molecules or substrate temperature during deposition, as well as
the intra- and interlayer surface diffusion controlled by Ehrlich–Schwöbel barriers (ESB).
All these factors significantly influence the islands’ nucleation and morphology evolution
under conditions far from thermodynamic equilibrium [32]. The fundamental molecular
building blocks of the PTCDI-C8 films on GaN(0001), produced by self-organization, are
molecular rows formed by π–π bonds between the cores of the molecules and the layers
assembled into rows by Van der Waals forces. Interactions between the layers constituting
the 3D islands is also of a Van der Waals type. Under the growth condition used in this
study during film deposition, the supersaturation of the 2D gas of the organic molecules
adsorbed on the surface favors the formation of the critical nuclei of monomolecular layers
on top of the already existing PTCDI-C8 layers, and as a consequence of the growth of the
3D terraced mounds. The terraces of the PTCDI-C8 mounds are clearly distinguishable
from the terraces of the substrate (compare Figure 1a or Figure 1b with Figure 10a). The
rewetting observed during the aging at RT or annealing at 100 ◦C results from the decay of
the top-most layers, which are smaller, in the favor the lower ones, which are larger; this
is the so-called “Ostwald ripening” [33]. The rewetting also shows that the ESB is lower
for the diffusion of the organic molecule down-step of the terraces of the grown organic
mounds than for the diffusion up-step. As observed here, Volmer–Weber growth is a kinetic
effect; it seems possible to find such growth conditions as those at which the organic films
could grow layer-by-layer, according to the Frank van der Merve growth mode.

5. Conclusions

The chemical composition and electronic structure of the surface and subsurface
region, as well as the atomic structure and morphology of the bare n- and p-type GaN(0001)
samples were characterized prior to PTCDI-C8 film deposition using XPS, UPS, LEED and
STM—the differences between both types of the surfaces used as substrates have been
discussed. We did not notice at the measured XPS spectra, any variations in the electronic
structure of the substrate or adsorbed molecules due to PTCDI-C8 film growth; therefore,
it has been assumed that the film–substrate interaction is of a Van der Waals character.
Work function changes have been measured using UPS as a function of the average film
thickness. The UPS measurements have allowed us to determine the position of the HOMO
level for thicker films with an average thickness 3.2–5.5 nm. Energy diagrams of the
interface between the n- and p-type GaN(0001) substates and the PTCDI-C8 films have
been proposed. On the basis of STM observations, the fundamental molecular building
blocks of the PTCDI-C8 films on GaN(0001), assembled by self-organization, have been
identified. The first type of such blocks are rows of PTCDI-C8 molecules stacked in a
“stand-up” position in reference to the substrate, supported by the π–π bonds which are
formed between the molecular cores of the molecules. The second type are monomolecular
layers constituted by rows which are tilted in reference to the layer plane. The layers are
epitaxially oriented. The epitaxial relationship between the rows and the crystallographic
directions of the substrate has been determined. Assuming that the interaction between the
rows and between the layers is also of a Van der Waals forces origin, a model of the PTCDI-
C8 film’s growth on the GaN(0001) substrate is presented. The 3D islands of PTCDI-C8
molecules formed on the substrate surface during film deposition are thermodynamically
unstable. The Volmer–Weber type of growth observed here is a kinetic effect. Rewetting
processes are noticeable after film aging at room temperature or annealing at up to 100 ◦C.
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Anisotropy and the complexity of the interactions inside the PTCDI-C8/GaN(0001)
system produce a wide spectrum of basic phenomena, which are of great importance for
understanding the growth of organic films on the surfaces of inorganic semiconductors. But
there are also practical aspects to such studies. Elements of the organic film’s morphology,
such as the structure of the molecular building blocks of the film, its texture, its epitaxial
relationship toward the substrate, etc., are key factors that determine its performance
in various applications. A proper tuning of the growth parameters allows us to control
all these elements; therefore, they may be used as tools for the engineering of hybrid
organic–inorganic electronic devices.
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Abstract: A sol–gel deposition approach was applied for obtaining nanostructured Li-doped ZnO
thin films. ZnO:Li films were successfully spin-coated on quartz and silicon substrates. The evolution
of their structural, vibrational, and optical properties with annealing temperature (300–600 ◦C) was
studied by X-ray diffraction (XRD), Fourier Transform Infrared (FTIR), UV-VIS spectroscopic, and
field emission scanning electron microscopic (FESEM) characterization techniques. It was found
that lithium doping maintains the wurtzite arrangement of ZnO, with increasing crystallite sizes
when increasing the annealing temperature. Analysis of the FTIR spectra revealed a broad main
absorption band (around 404 cm−1) for Li-doped films, implying the inclusion of Li into the ZnO
lattice. The ZnO:Li films were transparent, with slightly decreased transmittance after the use of
higher annealing temperatures. The porous network of undoped ZnO films was transformed to a
denser, grained, packed structure, induced by lithium doping.

Keywords: sol–gel; ZnO; film coatings; doping; structural properties; optical transparency

1. Introduction

Zinc oxide (ZnO) has been shown to be a remarkable material with interesting physical
and chemical properties [1]. ZnO is a wideband semiconductor, possessing a direct optical
band gap (Eg) of 3.37 eV at room temperature, a large exciton binding energy (60 meV), and
good transparency in the visible spectral range [2]. It is known to be a non-toxic, low-cost
material with high radiation hardness and high thermal conductivity, while exhibiting a
strong non-linear optical behavior [3]. Due to these promising properties, ZnO materials are
extensively researched for their application in optoelectronic and nanoelectronic devices [4],
photocatalysis [5], piezoelectric devices [6], sensors [7], surface acoustic wave devices, as
antireflection coatings and windows in solar cells [8], and as transparent electrodes [9].

Doping ZnO is a successful method for modifying and improving its electronic, chem-
ical, optical, and morphological properties, such as modifying grains’ sizes and shapes,
porosity, smoothness, etc. For example, doping ZnO with trivalent donor dopants such as
Al3+, Ga3+, and In3+ on Zn2+ sites typically results in improved n-type conductivity [10];
meanwhile, p-type ZnO can be achieved by introducing nitrogen (N), phosphorus (P), ar-
senic (As), antimony (Sb), and lithium (Li) dopants [11]. The ZnO band gap can be tailored
by doping with such materials as Mg [12]. Rare-earth metal doping of ZnO is reported to
be an effective way for the adjustment and control of gas-sensing efficiency [13]. Generally,
doping alters the ZnO-based materials in view of different applications by enhancing the
desired properties through choosing the appropriate dopant.
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Lithium-doped ZnO structures are interesting for scientific research, as Li doping
can induce enhanced optical, electrical, magnetic, and photoluminescence properties [14].
ZnO:Li has been reported to exhibit improved crystal quality, high sensitivity as a UV
sensor [15], piezoelectric response [16], p-type conductivity [17], etc. The evident photocat-
alytic properties of ZnO:Li have also been reported [18].

Undoped ZnO films exhibit n-type conductivity as a consequence of deviation from
their stoichiometry and of the presence of native donor defects, such as zinc interstitial
(Zni) and oxygen vacancy (V0) [19]. For different applications, such as p–n junction-based
devices or bipolar device applications, it is necessary to obtain stable p-type oxide semicon-
ductors [19,20]. There are two ways of inducing p-type conductivity in ZnO: one is doping
with group I elements (Li, Na, K) at the Zn site; the other is substitution at the O site by
group V elements (N, P, Sb) [19]. Lithium is a prospective dopant candidate, as it possesses
a small ionic radius (0.68 Å) that is very close to the ionic radius of Zn (0.74 Å) [21,22].
Experimentally, it has been shown that Li doping provokes p-type semiconductivity by
creating deep acceptor levels due to the Li atoms occupying Zn sites in the wurtzite host
lattice and the Li1+ ions acting as shallow acceptors [14]. On the other hand, Li1+ ions can
also occupy the interstitial positions (Lii), where they become electron donors [23,24].

ZnO:Li films have been fabricated by numerous deposition techniques, including
pulsed laser deposition [25], spray pyrolysis [26], sol–gel [15], electron beam evapora-
tion [27], magnetron sputtering [28], etc. The sol–gel method exhibits several advantages,
such as control of the film composition, easy film fabrication on large-area substrates, and
low cost [29,30].

In this work, we present the sol–gel deposition of Li-doped ZnO thin films. ZnO:Li
films were obtained by the spin-coating method on quartz and silicon substrates. The
prepared sol solutions (Zn and mixed Zn/Li sols) remained stable for a period of five
months, which is a very good technological achievement. In addition, a detailed study of
the properties covering a wide temperature range, from 300 to 600 ◦C, is performed. The
obtained samples are structurally characterized using XRD analysis and FTIR spectroscopy.
Their optical properties are analyzed using UV-VIS spectroscopy in the spectral range of
240–1800 nm. The change in the optical band gap and refractive index with annealing is
discussed. The influence of a lithium dopant on the ZnO film morphology is revealed.

2. Materials and Methods

A sol–gel spin-coating approach was applied to preparing ZnO and ZnO:Li thin films.
A 0.4 M Zn sol solution was prepared: First, zinc acetate dihydrate Zn(CH3COO)2·2H2O
(Riedel de Haen, Hannover, Germany) was dissolved in absolute ethanol (Merck KgaA
Darmstadt, Germany, absolute for analysis) [31]. Secondly, monoethanolamine (MEA,
Fluka AG, Buchs, Switzerland, 98%) was added to bring the MEA/Zn molar ratio to unity.
Finally, lithium nitrate LiNO3 (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) was
added to reach a 0.04:1 Li:Zn molar ratio. Then, the solution was stirred using a magnetic
stirrer (MS-H280-PRO, DLAB Scientific Co., Ltd., Beijing, China) at 55 ◦C for 1 h, followed
by treatment in an ultrasonic cleaner (ELMA Elmasonic Easy 10H, Elma Schmidbauer
GmbH, Singen, Germany) at 45 ◦C for 2 h. The obtained sols (pure and mixed solutions)
were transparent with no precipitations. They were stable for a period of 5 months.

ZnO and ZnO:Li films were deposited on cleaned substrates by spin-coating (spin
coater P 6708, PI-KEM Limited, Staffordshire, UK) at a 4000-rpm rotational speed for 30 s.
The substrate cleaning included the following steps: cleaning in acetone, then treatment
in ethanol (both steps were performed in an ultrasonic bath at 45 and 60 ◦C, respectively),
and rinsing in double-distilled water. The final films were obtained after repeating the
spin-coating process five times and, after each cycle of spin-coating, the substrates were
preheated at a temperature of 300 ◦C for 10 min in a chamber furnace (chamber furnace,
Tokmet—TK Ltd., Varna, Bulgaria) to evaporate the solvent and to decompose and remove
the organic compounds. The sol–gel ZnO and ZnO:Li films were annealed at 300, 400, 500
and 600 ◦C for 1 h in air. Si wafers (FZ, p-type, resistivity 4.5–7.5 Ω, orientation <100>) were
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used for XRD, FESEM and FTIR studies, and UV-graded quartz-glass substrates (thickness
1 mm ± 0.1), for optical measurements.

The films’ thickness was measured using an LEF 3 M laser ellipsometer (Siberian
Branch of the Russian Academy of Sciences, Novosibirsk) with a He-Ne laser at the wave-
length of 632.8 nm. The films’ thickness values were 160 and 165 nm for ZnO and ZnO:Li
films, respectively. These values were close so that the comparison of the films’ optical and
structural properties was appropriate.

The FTIR spectra were taken by an IR Prestige-21 FTIR spectrophotometer (Shimadzu
Corporation, Kyoto, Japan) in the spectral range 350–4000 cm−1 (resolution of 4 cm−1)
using a bare Si wafer as background. The X-ray diffraction patterns were recorded by
a Bruker D8 XRD diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) using a Cu
anode (Kα radiation) at a grazing angle of 1◦, a step time of 2 s and a step of 0.04◦.
The optical spectra were recorded using a Shimadzu 3600 UV–VIS–NIR double-beam
spectrophotometer (Shimadzu Corporation, Kyoto, Japan) in the 240–1800 nm spectral
range and at a resolution of 0.1 nm. The transmittance was measured against air. The
reflectance spectra were taken by using the specular reflectance accessory (at a 5◦ incidence
angle) with an Al-coated mirror as reference. A four-point probe (model FPP-100, Veeco
Instruments Inc.) was used for determining the samples’ sheet resistance.

The films’ morphologies were studied by field emission scanning electron (FESEM)
microscopy (Philips XL 30FEG-ESEM, FEI, FEI Europe B.V., Zaventem, Belgium). A Au
coating was deposited over the samples’ surfaces before the measurements.

3. Results and Discussions

3.1. FTIR Investigation

FTIR spectroscopy is a technique used for identification of chemical bonds and func-
tional groups [14]. The shapes and intensities of the absorption features depend on the
sample’s crystallinity, chemical composition, impurities, stress, and morphology, as well
as on the crystallite’s size and shape [32]. Figure 1a presents FTIR spectra of ZnO:Li films
annealed at different temperatures; Figure 1b shows a comparison of the spectra of a ZnO
and a ZnO:Li film after annealing at the highest temperature (600 ◦C). Introducing a dopant
into the ZnO lattice can change the characteristic IR lines and give rise to new bands.
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Figure 1. FTIR spectra of (a) ZnO:Li films treated at 300, 400, 500 and 600 ◦C and (b) comparison
of the FTIR spectra of ZnO and ZnO:Li films annealed at 600 ◦C. The insets present the enlarged
spectral region 350–475 cm−1, where the main absorption bands appear.

The ZnO:Li film treated at 300 ◦C showed a strong and broad band at 3420 cm−1,
which was assigned to the stretching modes of hydroxyl groups. The corresponding OH
bending vibrations were manifested by the characteristic line at 1605 cm−1 [14].

The hydroxyl groups’ absorption bands vanished as the annealing temperature was
increased, and the two IR lines at 3420 and 1605 cm−1 disappeared after the 500 ◦C thermal
treatment. The absorption lines at 2346 and 2378 cm−1 observed in the spectra were
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related to CO2 since the FTIR spectra were recorded in air [33]. The hydroxyl absorption
bands were absent in the undoped ZnO spectra, even for the sample treated at the lowest
annealing temperature (300 ◦C).

The characteristic metal-oxide absorption bands arising from inter-atomic vibrations
generally appeared in the fingerprint IR region, i.e., below 1000 cm−1 [34]. The main
absorption band of ZnO:Li films was observed at 404 cm−1; its intensity rose with the
annealing temperature (as can be seen in the inset in Figure 1a). This band was associated
with the stretching Zn–O vibrations [34,35].

The comparison between the undoped and doped samples (Figure 1b) revealed that
Li doping shifted the strongest IR line from 395 to 404 cm−1. The absorption band of the
ZnO:Li sample had an asymmetrical shape and a clear feature at 376 cm−1. Another peak
at 356 cm−1 was also seen. These lines were attributed to Zn-O stretching vibrations [32].
For all of the annealing temperatures, the main band of the Li-containing ZnO films was
wider, proving that the Li ions were embedded into the host lattice [33].

The FTIR study revealed that adding Li was manifested by changes in the absorption
features. Raising the annealing temperatures led to stronger IR lines, suggesting that the
film crystallinity was improved. XRD analysis was applied for revealing the crystallinity
evolution with annealing.

3.2. XRD Structural Study

Figure 2 presents the XRD patterns of Li-doped ZnO films deposited on Si substrates;
the XRD patterns of undoped ZnO and ZnO:Li films annealed at 600 ◦C are shown in
Figure 3. The X-ray diffraction patterns matched well with the standard values of hexag-
onal wurtzite ZnO (JCPDS PDF card no. 00-036-1451) and confirmed the sol–gel films’
crystallization. The structural results revealed the polycrystalline nature of all samples.

All peaks observed could be indexed to zinc oxide. No diffraction peaks related to
Li-containing phases were detected; this may suggest the incorporation of lithium in the
ZnO crystal structure, but the low Li concentration could also be responsible for the absence
of a signature in the XRD patterns.

Table 1 summarizes the ZnO lattice parameters, the crystallite size, the dislocation
density and the c/a ratio of undoped ZnO and ZnO:Li films. These parameters were
determined using the equations given in [36,37]. The crystallites’ average size (d) was
estimated by the Scherrer equation [37] using the full width at half maximum (FWHM) of
the (100), (002) and (101) diffraction peaks. In order to allow a comparison with reference
data, we also quoted 1/d2, which many authors call the dislocation density [36], although
this formula is a simplification of Williamson and Smallman’s work on annealed and
cold-worked metals [38].
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Figure 2. XRD patterns of sol–gel ZnO:Li films treated at 300–600 ◦C. The asterisk (*) marks a peak
arising from the Si substrate.
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Figure 3. XRD patterns of sol-gel ZnO and ZnO:Li films treated at 600 ◦C.

Table 1. Crystallite size (d), dislocation density (1/d2), lattice constant (a), (c) and c/a ratio of undoped
ZnO and ZnO:Li films estimated using XRD data.

Tannealing [◦C] Parameter Undoped ZnO ZnO:Li

300

d [nm] 11.8 (7) 11.6 (7)
1/d2× 10−4 [1/nm2] 71 74

a [Å] 3.241 (3) 3.243 (3)
c [Å] 5.199 (6) 5.201 (6)

c/a ratio 1.604 1.604

400

d [nm] 15 (1) 19 (1)
1/d2× 10−4 [1/nm2] 44 28

a [Å] 3.243 (3) 3.244 (3)
c [Å] 5.199 (6) 5.200 (6)

c/a ratio 1.603 1.603

500

d [nm] 30 (1) 29 (1)
1/d2× 10−4 [1/nm2] 11 12

a [Å] 3.244 (3) 3.243 (3)
c [Å] 5.197 (6) 5.197 (6)

c/a ratio 1.602 1.603

600

d [nm] 36 (2) 31 (1)
1/d2× 10−4 [1/nm2] 8 10

a [Å] 3.243 (3) 3.243 (3)
c [Å] 5.193 (6) 5.194 (6)

c/a ratio 1.601 1.602
The uncertainties in the cell parameters and the crystallite size are estimated by assuming a 0.02◦ uncertainty in
the peak positions and in the FWHM.

Increasing the annealing temperature induced an increase in the crystallite size in both
cases. The differences in the crystallite size between undoped and Li-doped ZnO were too
small to draw conclusions, although the fact that the crystallite size was somewhat larger
for undoped ZnO at 600 ◦C agrees with the trend observed by Fujihara et al. [30] for the
sol–gel films.
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As noted above, both undoped ZnO and ZnO:Li films crystallized in a wurtzite phase.
The wurtzite structure had a hexagonal unit cell with two lattice parameters, a and c, in the
ratio of c/a = 1.633 (an ideal wurtzite crystal) and belonged to the P63mc space group. In a
real ZnO crystal, the wurtzite structure deviates from the ideal arrangement—the c/a ratio
is close to 1.60. Many factors have been reported to affect the lattice parameters and the
c/a ratio: (i) lattice distortion, (ii) impurities and defects (iii) differences in the ionic radii
of O2−, Zn2+, and Li+, (iv) external strains induced by the substrate and the temperature,
(v) electrostatic interactions between the ions in the lattice (these interactions influence the
optimal distances between the ions in undoped and doped zinc oxide) [39], and (vi) defects
in the real lattice [40]. However, in the present case, the lattice parameter variations caused
by Li doping and thermal treatment were not significant given the uncertainty in the peak
positions. Indeed, the percentage of lithium was rather small. Hjiri et al. [41] also did not
observe any (002) peak shifts for Li doping concentrations up to 3 at%. Both Song et al. [16]
and Jeong et al. [28] reported a small decrease in the c parameter in the case of a Li-doped
film prepared by magnetron sputtering, a technique allowing one to reach higher levels of
lithium trapped in the ZnO matrix in comparison with the sol–gel routes. The c/a ratio
values of sol–gel ZnO and ZnO:Li films differed slightly from the reference value of 1.602
of ZnO (PDF card no. 00-036-1451). A more significant effect of Li addition was observed
regarding the intensity distribution between the (100), (002) and (101) peaks illustrated in
Figure 4 as the texture coefficient (TC) calculated from the following equation [42]:

TC (hkl) =
I(hkl)/Io(hkl)

N−1∑N I(hkl)/Io(hkl)

(1)

where I(hkl) is the measured relative intensity; Io(hkl) is the (hkl) plane standard intensity;
and N is the number of diffraction lines. The standard intensities for (100), (002) and (101)
were taken from PDFS card 01-070-8070. Considering the small 2θ range for these three
reflections, combining the experimental intensities collected in grazing incidence with the
standard intensities in a Bragg–Brentano geometry did not affect the qualitative conclusions.
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Figure 4. Comparison of the texture coefficients of (100), (002), (101) peaks of ZnO and ZnO:Li films
as a function of the annealing temperature.

Figure 4 presents the annealing temperature effect on the estimated texture coefficients
(TC) of the (100), (002), (101) diffraction planes. It is known that the TC value represents the
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texture of the particular plane—its exceeding unity implies a preferred crystallite growth
with this orientation. The ZnO and ZnO:Li films considered here both had TC (101) and
TC (100) below unity, which indicates that the preferred orientation was along another
direction. The TC (100) values were near 0.8 for ZnO and in the range 0.73–0.86 for ZnO:Li
(Figure 4). TC (002) was greater than unity for both undoped (1.36–1.53) and Li-doped ZnO
(1.30–1.64). Thus, it was found that Li doping brings about a higher degree of orientation
along the 002 plane for annealing temperatures in the 400–600 ◦C range. The highest value
of 1.64 was measured for the ZnO:Li film treated at 500 ◦C.

The XRD studies showed that Li doping had a slight impact on the wurtzite structure of
the ZnO films. The sol–gel ZnO:Li films crystallized with a preferential growth orientation
along the c-axis. The hexagonal wurtzite structure was maintained without the formation
of an additional phase. The small Li doping level did not modify significantly the lattice
parameters and the crystallite size, while the thermal treatment favored the growth of
larger crystallites.

3.3. Film Surface Morphology

The ZnO:Li surface morphology evolution with the annealing was studied by FESEM.
The samples were deposited on Si wafers and treated at 300 and 600 ◦C. Figure 5 shows
the FESEM images (at two magnifications) of the sol–gel Li-doped ZnO film annealed at
300 ◦C. The surface morphology has a wrinkle-type surface structure with thinner and
thicker wrinkles (at the magnification of 20,000, Figure 5a). The formation of wrinkles on
the surface of sol–gel ZnO coatings was reported previously in [43,44]. Some authors [45]
proposed that voids appear as a result of elimination of residual organic solvents during
the preheating and annealing procedures, so that the stress imbalance arising in the films
causes wrinkle-like surface features [46].

  
(a) (b) 

Figure 5. FESEM micrographs of a ZnO:Li film deposited on Si and treated at 300 ◦C. The images
show the film surface at (a) 20,000 and (b) 80,000 magnification.

The image at higher magnification (Figure 5b) illustrates a rather porous structure with
tiny grains with sizes below 20 nm that are difficult to distinguish. The average crystallites
size determined by XRD was 11 nm, as estimated from the diffraction planes (112), (103),
(110), (101), (002) and (100). The FESEM study revealed similar or slightly bigger grains;
however, as known, the crystallite size is assumed to be the size of a coherently diffracting
domain and does not represent exactly the particle size [40].

The annealing at 600 ◦C produced different morphologies. A comparison of the
FESEM images of undoped ZnO and ZnO:Li films obtained under the same technological
conditions is given in Figure 6. The lithium dopant provoked a significant change in the
film morphology. The undoped ZnO film exhibits wrinkles with a very porous structure,
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with the grains having irregular shapes in sizes varying from 30 to 100 nm (Figure 6a,b).
Annealing the sol–gel ZnO:Li film at the highest temperature resulted in a wrinkle-type
surface structure (Figure 6c) with well-defined fibers (or wrinkles) consisting of distinct
nanoparticles (Figure 6c). The grains of the ZnO:Li thin film annealed at 600 ◦C clung
closely to each other. The highest annealing temperature transformed the porous film
morphology to a denser structure without pores and with well-defined grains, some of
which were of spheroidal shape. The grain size (as determined from the micrograph with
80,000 magnification, Figure 6d) varied from 30 nm to 110 nm.

  
(a) (b) 

  
(c) (d) 

Figure 6. FESEM micrographs of undoped ZnO and ZnO:Li films deposited on Si and treated at
600 ◦C. The images show the film surface morphology of (a) ZnO film at 20,000; (b) ZnO film at
80,000 magnification; (c) ZnO:Li film at 20,000; and (d) ZnO:Li film at 80,000 magnification.

The morphology of undoped ZnO is porous, while the ZnO:Li films manifest a denser
structure with closely packed grains. The FESEM images confirmed that the ZnO:Li films
are nanostructured materials, with the thermal treatment causing structural and surface
modifications of the films.

3.4. Optical Characterization

Figure 7 presents the spectra of ZnO:Li thin films annealed from 300 to 600 ◦C and
recorded in the 200–1800 nm spectral range. The thermal treatment reduced slightly the
films’ transparency. The difference appeared after the annealing at 600 ◦C. The ZnO:Li
films annealed at temperatures above 400 ◦C showed exciton absorption peaks around
340 nm, confirming the good crystallinity of the films [46]. Figure 8a provides the average
values of the transmittance and reflectance in the visible spectral region (450–750 nm)
of undoped and Li-doped ZnO films. Following the post-annealing, the average optical
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transmittance slightly decreased. The average reflectance was below 9% and changed
weakly with the annealing temperature. The average transmittance and reflectance of
the bare quartz substrate were 93.5% and 6.7%, respectively. The Li doping improved
the optical transparency. The ZnO:Li films’ reflectance was lower than that of the ZnO
films. The undoped films exhibited a trend of increasing the reflectance at higher annealing
temperatures. The FESEM analysis and the microscopic images revealed denser and
smoother surfaces of the sol–gel doped films. The smooth morphology resulted in an
improved average transmittance of the Li-doped ZnO films.
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Figure 7. Transmittance and reflectance spectra of ZnO:Li films annealed at temperatures of
300–600 ◦C. The substrate used is quartz.
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Figure 8. Comparison of (a) the average values of transmittance and reflectance in the visible spectral
range 450–750 nm; and (b) the optical band gaps of ZnO and ZnO:Li films as a function of the
annealing temperature.

The optical band gap is derived from the first derivative of the transmittance versus
the energy [47]. The estimated optical band gap (Eg) values for ZnO and ZnO:Li films are
shown in Figure 8b as a function of the annealing temperatures; the results are in good
agreement with the literature data for ZnO-based materials [48,49]. A narrowing trend
was seen in the Eg of the ZnO and ZnO:Li films annealed at the higher temperatures. The
optical band gap can be influenced by several factors, including crystallization, grain sizes,
structural parameters, impurities, etc. [50]. The decrease in the band gap energy with
annealing correlated with the growth of crystallites of greater size [50].
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The lower values of the optical band gap of ZnO:Li films compared to undoped ZnO
after annealing at 300 and 400 ◦C can be related to the change in the lattice parameters and
the formation of a tail band [51]. The higher-temperature thermal treatments (at 500 and
600 ◦C) reversed this tendency, as ZnO:Li samples have wider optical band gaps than those
of ZnO (Figure 8b). The widening of Eg can be due to the Burstein–Moss effect and to Li
occupying interstitial sites in ZnO [51].

The refractive index, n, is an important parameter characterizing the optical properties
of a thin film. The refractive index for the wavelengths ranging from 240 to 1700 nm
was calculated using the measured reflectance spectra of the ZnO and ZnO:Li films. The
following relation was used [52]:

R =
(n − 1)2 + k2

(n + 1)2 + k2
(2)

where k is the extinction coefficient and R is the reflectance. If k << n, then:

n =
1 +

√
R

1 −√
R

(3)

Figure 9 displays the obtained values for the refractive index of undoped ZnO
(Figure 9a) and ZnO:Li (Figure 9b) films annealed at 300–600 ◦C.
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Figure 9. Refractive index, n, values for (a) undoped ZnO and (b) ZnO:Li films after annealing at
300–600 ◦C. The inset figures show the refractive index values in the spectral range 450–750 nm.

The values of n depend strongly on the wavelength. The wavelengths of the undoped
ZnO films revealed that n increases as the annealing temperature is increased, especially
in the visible spectral range (Figure 9a). A similar tendency was observed for the ZnO:Li
films in the near IR region above 1000 nm. For wavelengths below 750 nm, the refractive
index of the doped samples treated at 300 and 500 ◦C reached its highest values. Generally,
the refractive index of the ZnO:Li is lower than that of the ZnO films in the wavelength
region 240–990 nm. In the NIR spectral range, the ZnO:Li films’ n values exceeded those
of ZnO. The decrease in the refractive index with Li doping in the range 300–900 nm has
been reported by other authors [53]. In contrast, other researchers [50,54] reported higher
refractive index values for Li-doped ZnO films. The refractive index of single-crystal ZnO is
2.047–2.063 at 500 nm [55]. The obtained n values are in agreement with the reported values.
It must be noted that there is a large dispersion in the reported values of the refractive
index of ZnO-based materials depending on the deposition methods, the technological
conditions, stoichiometry, crystallinity, dopants and packing density [55].
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The optical characterization of the studied ZnO:Li films demonstrated an improved
transparency (up to 82%) and a change in the optical band gap (a narrowing from 3.281 to
3.258 eV with the temperature). The refractive index reduction in the visible spectral range
was caused by incorporation of Li in the zinc oxide host lattice.

3.5. Electrical Properties

The transparent conductive films’ performance can be evaluated by using the concept
of the figure of merit (FOM) (Haacke [56]) and Equation (4):

FOM =
Taverage

10

Rsheet
(4)

where Taverage is the average transmittance in a certain spectral region (in our case, 450–750 nm)
and Rsheet is the sheet resistance of the samples. The FOM yields a numerical value de-
rived from the two most important parameters of a transparent conductor, namely, trans-
mittance and sheet resistance. It is known that these parameters in semiconductors are
interdependent—this is why the figure of merit is used [57]. Improving the optical trans-
parency (or electrical conduction) will result in a reduction in the electrical conduction (or
transmittance) [57].

Table 2 presents the FOM values estimated for the sol–gel Li-doped ZnO films treated
at 300, 500 and 600 ◦C. The values quoted for the average transmittance were evaluated in
the visible spectral range 450–750 nm by extracting the quartz substrate transmittance. The
sheet resistance was measured using the four-probe technique.

Table 2. Average transmittance, Taverage, (estimated for the spectral range 450–750 nm), sheet resis-
tance, Rsheet, and figure of merit (FOM) of ZnO:Li films treated at different temperatures.

Tannealing [◦C] Taverage [%] Rsheet [Ω/sq] FOM × 10−4 [Ω−1]

300 88.10 380 7.42
500 86.74 396 6.08
600 82.75 250 6.02

In order to highlight the effect of the sol–gel method on the FOM of the ZnO thin films,
a comparison of the properties of thin films with similar doping in terms of dopant and
doping level is necessary. Unfortunately, to the best of our knowledge, data on Li-doped
ZnO thin films are not available. Table 3 presents a comparison of reported sheet resistance
and FOM values for ZnO-based films prepared by different deposition methods [43,58–62].
As can be seen, the Rsheet and FOM values vary widely. Comparing the results of the sol–gel
ZnO:Li films studied in the present work, it is seen that they approached the reported
values, but there are doped and undoped ZnO films with better electrical properties. It must
be emphasized that this study was focused on the effects of Li doping and the annealing
temperatures on the structural, optical and morphological properties of ZnO films.

Table 3. Comparison of Taverage, Rsheet and figures of merit (FOM) of undoped and doped ZnO films,
prepared by different deposition methods.

Material Deposition Method Taverage [%] Rsheet [Ω/sq] FOM [Ω−1] Reference

ZnO Spray pyrolysis 96.30 388 1.76 × 10−3 [58]
ZnO:Al Sol–gel 84.19 0.94 × 10−4 [43]

ZnO:Al:In RF sputtering 88.00 (550 nm) 9.6 2.65 × 10−2 [59]
ZnO:Al (implanted) ZnO Sol–gel 82.20 156 9.03 × 10−4 [60]

ZnO Sol–gel 91.75 1950 2.17 × 10−4 [61]
ZnO:Ga Atmospheric pressure plasma jet 83.40 (550 nm) 12 1.48 × 10−2 [62]
ZnO:Li Sol–gel 82.75 250 6.02 × 10−4 This work
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Regarding the electrical properties of sol–gel ZnO:Li films, further research is needed
on optimizing the preheating and post-annealing procedures and the films’ thickness and
transparency. In this respect, the results obtained in the present work are promising.

4. Conclusions

Thin films of lithium-doped zinc oxide were successfully prepared on Si and quartz
substrates using the simple sol–gel spin-coating method. The FTIR analysis showed that
including Li in ZnO thin films markedly modified and shifted the absorption bands. No
absorption bands related to Li oxides were detected. The XRD patterns demonstrated
the polycrystalline structure of the ZnO:Li films, which kept their wurtzite structure;
no Li-containing crystalline phases were detected. The crystallite sizes increased as the
annealing temperature was increased, and doping with lithium changed the temperature
evolution of the texture coefficients (TC) in ZnO. The preferential (002) orientation was
enhanced in the ZnO:Li films compared to the undoped samples. Introducing the dopant
annealing modified the surface morphology. The FESEM observations showed a more
uniform and compact structure of the ZnO:Li films, which were composed of closely
packed spherical nanograins, in contrast to the very porous structure of the undoped ZnO
consisting of randomly distributed irregular grains. The Li dopant improved the ZnO
optical transparency across the visible spectral range, as the average transmittance was
found to be higher than 80% for the ZnO:Li films annealed at 300–500 ◦C. The preliminary
electrical study yielded encouraging results. In summary, we can conclude that lithium
doping affects the structural, optical and morphological properties of sol–gel prepared ZnO
thin films. Further, the ZnO:Li nanostructured thin films deposited using the cost-effective
sol–gel process are promising candidates for practical technological applications.
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