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Abstract: In certain applications, such as on-chip integrated inductors, ferrite materials are highly
desirable owing to their superior magnetic and insulation properties. Spin-spray deposition is a
promising method for producing high-quality thin films of ferrite, as it does not require a vacuum
and can operate at low temperatures. A comprehensive analysis was conducted to investigate
the influence of the substrate on the microstructure and magnetic properties of the thin films, and
the growth mechanism of this phenomenon was discussed. In addition, first-order reversal curve
measurements were used to study the coercivity and grain size distribution. The results indicate
that thermal conductivity played a significant role in determining the thin-film growth during spin
spray deposition. Polyimide is considered a more suitable substrate under this process due to its
appropriate thermal conductivity, which results in more uniform grain distribution and improved
magnetic properties, with maximum permeability and a cutoff frequency reaching 55 and 485 MHz,
respectively. Our results provide valuable insights into the mechanism of spin-spray deposition and
offer an effective way to tune the performance of ferrite thin-film materials.
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1. Introduction

In recent years, soft ferrimagnetic materials have garnered significant attention for
their exceptional performance in high-frequency applications, particularly in telecommuni-
cations. Ferrite materials, particularly in thin-film form, are predominantly utilized due
to their exceptional magnetic permeability and elevated resistivity [1-7]. Their strong
insulating properties effectively reduce eddy current losses due to skin effects in GHz
frequency applications. Integration with ferrite materials also leads to on-chip inductors
with higher quality factors than metallic magnetic films. Therefore, ferrite materials are an
attractive option for telecommunications applications that require high-performance and
low-loss components.

While conventional technologies such as pulsed laser deposition and sputtering have
been used in thin-film manufacturing, they have several drawbacks, including the need for
high annealing temperatures to achieve crystallization [8-11], limited deposition areas, and
low deposition rates of approximately 10 nm/min. As a result, the spin-spray deposition
technique proposed by M. Abe has garnered widespread research interest as a novel
deposition process for ferrite thin films [12,13]. This technique can be operated at a low
temperature of approximately 100 °C in the absence of a vacuum and offers high deposition
rates of up to 100 nm/min [14,15]. It is also compatible with various substrates such as
glass, silicon, and plastic [16,17]. Thus, the spin spray deposition technique is an attractive
option for ferrite thin-film manufacturing due to its efficiency, versatility, and ease of use.

O. Obi deposited spin-sprayed Nig7Zn,Fe; 73,04 (Where x = 0.03~0.1) thin films
onto glass substrates under a 360 Oe external magnetic field, and the films exhibited a
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permeability of 50 at 1 GHz [18]. By changing the pH value of the metallate and oxidant,
the effect of the process parameters of the spin spray deposition on the microstructure
and magnetic properties of the nickel zinc ferrite thin film was studied. High permeability
(' > 200 @ 0.5 GHz) with low loss (tandp, ~0.027) in the range of 3 to 5 GHz was fulfilled
when the pH value of metallate was 4.6 and the pH value of oxidant was 9.6 [19]. Afterward,
the inductance and quality factor of the inductor integrated with the film at the GHz
frequency are significantly improved compared with the air-core one. In addition, the
maximum quality factor of the solenoid inductor reached 23, which was a relatively high
reported performance [20].

Ray et al. conducted comprehensive research aimed at optimizing the deposition
process of ferrite thin films by examining various pertinent parameters. They demonstrated
that the proposed p-droplet deposition regime resulted in an increased Snoek’s product
in comparison to the continuous liquid layer regime. The optimal Snoek’s product was
obtained when the oxidant had a pH of 8.28. Furthermore, by employing Lorentz TEM,
the magnetic domains of NiZnCo ferrite were visualized, and the presence of multi-grain
domains in spin-sprayed thin films was experimentally observed for the first time. [21].

While there have been significant recent research efforts on the study of spin-spray
deposition for ferrite thin-film manufacturing, there are still several unresolved issues.
The hypothesis about the film-growth mechanism in spin-spray deposition has not been
directly verified by experimental results. Furthermore, prior studies employed various
substrates without extensively examining their influence on the magnetic properties of thin
films. In fact, the effect of the substrate plays an important part in tuning the structural and
magnetic characteristics of ferrite thin films [22-24].

As a critical component of integrated passive devices such as on-chip inductors, mag-
netic thin films face diverse substrate requirements. Common substrates in semiconductor
processes, such as silicon compounds and glass, are often used for integrated circuit sub-
strates. However, for spin-spray deposition, the adhesion and thermal conductivity of the
substrate can significantly affect the performance of the thin film. This study investigates
the impact of substrates on high-performance ferrite thin films using a self-developed
ultrasonic spray system and explains the film formation mechanism in-depth, providing
valuable references for new generations of integrated passive devices.

2. Materials and Methods

NiZnCu ferrite thin films were fabricated using a self-designed spin-spray deposi-
tion system based on Sono-Tek ultrasonic atomizing solution. The oxidation solution,
containing 5 mM/L NaNO,; and 20 mM/L CH3COONa, and the precursor solution, con-
sisting of NiCly, ZnCl,, and FeCl, dissolved separately in deionized water, were sprayed
through ultrasonic atomizing nozzles onto 0.2 mm thick substrates, including glass, poly-
imide, SiN, and SiO;. The substrates were fixed onto a spinning heating plate using a
vacuum pneumatic sucker and heated to 95 °C to produce thin films with a composition of
NigpZng 1Fep 7004 at a growth rate of 30~100 nm/min.

The ferrite thin films were characterized using various techniques, including X-ray
diffraction (XRD) measurements using a Maxima-X XRD-7000 (Shimadzu, Kyoto, Japan)
with Cu-Ka radiation, microstructural imaging using scanning electron microscopy (FE-
SEM, JEOL JSM-7800F, JEOL, Tokyo, Japan), contact angle measurements using Biolin Theta
Flex (Biolin Scientific, San Diego, CA, USA), room temperature magnetization measure-
ments using a vibrating sample magnetometer (Lake Shore 8604, Lake Shore Cryotronics,
Westmont, IL, USA) including FORCs and hysteresis loops, infrared thermal imaging using
a Fotric 220 series thermal camera, and permeability spectrum testing using an Agilent
N5227A PNA network analyzer (Agilent Technologies, Santa Clara, CA, USA) with a fixture
based on the principle of the shorted microstrip method. These characterization techniques
provide insights into the structural, magnetic, and physical properties of the ferrite thin
films and can help guide future optimization efforts [25,26].
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3. Results

Figure 1 depicts the XRD results of the nickel zinc thin films on different substrates.
The fine crystallization of the ferrite thin films was indicated by the characteristic peaks of
typical spinel structures. The Scherrer formula was used to calculate the average crystallite
diameters (d) of four specimens [27]:

0.9A
~ Bcosb’ @)

where A is 0.15408 nm for the wavelength of CuKa radiation, 6 is the Bragg angle, and
B equals B — b. B represents full-width at half maximum while b is the line broadening
originated from the instrument. Since the formula only applies to grains smaller than 200
nm, the latter two samples cannot be accurately estimated.
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Figure 1. X-ray diffraction results of spin-sprayed films on different substrates.

The presence of a preferred (222) characteristic peak in ferrite thin-film samples
deposited on glass and polyimide substrates indicates a specific crystallographic alignment.
To better understand this abnormal orientation, Figure 2 illustrates the crystalline structure
of the spinel unit cell, featuring a face-centered configuration of A sites for metallic cations,
represented by silver spheres. The unit cell contains eight A sites with metallic cations
coordinated by four oxygen atoms, and sixteen B sites with metallic cations surrounded by
six oxygen atoms, portrayed as golden spheres in the figure [28].

Figure 2. Schematic representation of the spinel ferrite crystal structure.
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Figure 2 highlights the close-packing facet (ih) of O?~ with a dashed line and shows
the interplanar distance d (= \/3a/6, the same for B sites) that is readily determined through
geometric calculations. Utilizing the equation for lattice spacing in cubic structures, the
lattice parameter can be subsequently calculated:

d=—"2 )
JRFRLE
X-ray diffraction reveals that h equals 2. This indicates that grains featuring the (222)
lattice face aligned parallel to the substrate made the dominant contribution to the growth
of the ferrite thin film. To provide further insight, FESEM was employed to investigate the
microstructure of all samples, as illustrated in Figure 3.

Figure 3. FESEM micrographs of spin-sprayed ferrite thin films on various substrates.

The X-ray diffraction analysis revealed that grains with a lattice face (222) grown
parallel to the substrate were predominant in the ferrite thin films, with h equaling 2, due to
the triangular cross-section of the {hhh} crystal plane in the cubic crystal. Figure 3 illustrates
the microstructure of all samples, as examined using FESEM.

Although all samples were prepared with the same composition and deposition pro-
cess, the microscopic photos revealed distinct morphology. The thin film on glass substrate
presented triangular grains. As stated in the determined (222) preferred orientation, and
the cross-section along the {hhh} crystal plane in the cubic crystal will be a triangular shape;
thus, these triangular grains can be easily understood.

The (222) facet orientation preference and triangular grain microstructure provide
direct evidence for understanding the atomic-level growth kinetics of thin films during
spin-spray deposition. This information helps resolve long-standing questions about the
deposition mechanism of spin-sprayed films and supports earlier hypotheses on ferrite
thin-film growth [29]. The initial layer forms as the substrate absorbs ferrous ions from
the sprayed droplets and these cations associate with OH™. Upon heating and oxidation
by NO?~, the absorbed ions convert to trivalent iron ions (B sites), while the adjacent OH"
dehydrates, forming the second layer of the thin film. This process leaves uncoordinated
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oxygen bonds to capture new cations, creating a new initial layer, and the cycle continues.
Other cations (A sites) contribute to the close-packed formation of spinel ferrite, following
the principle of minimum energy.

To assess the strength of orientation, the percentage of the (222) facet was determined
employing the Lotgering factor [30-32]:

_P-p
fu= 1R ®3)

Y100

1,
where P = & T for (222) preferred oriented sample and Py = L loaz2)

Y Iy(hi
oriented sample. Then, XRD peaks in the 2theta range of 20°-70° were utilized for calcula-

tion. The calculated proportions of the (222)-facet of glass and polyimide substrate are 0.26
and 0.22, respectively. It is worth noting that the samples without preferred orientation
had a higher deposition rate.

To explore the potential causes of substrates affecting film growth, the wettability (con-
tact angles) and thermal conductivities of different substrates were compared and analyzed.
Figure 4 shows the contact angles of the reaction solution used to spin-spray ferrite thin
films onto different substrates. As the parameters listed in Table 1 showed [33], no direct
relationship between microstructure and conduct angle was observed, which is inconsistent
with some conclusions obtained in previous studies. In contrast, the thermal conductivity had
a decisive impact on the growth of the film. To visualize the effect of thermal conductivity on
the reaction conditions, the real-time temperature of the substrate surface during the reaction
was measured and is presented in Table 1 and Figure 5. The average grain size and deposition
rate have a linear dependence on the thermal conductivity: as thermal conductivity increases,
they increase monotonously. Unfortunately, the deposition rate was increased at the expense
of bad adhesion compared with the (222)-oriented thin film. A reasonable interpretation
is that the excessively high thermal conductivity causes the reaction to diffuse from the
substrate surface into the infiltrating droplets, causing ferrite to crystallize in the droplets,
resulting in a high deposition rate and poor adhesion of the thin film.

Glass u Polyimide “

for the randomly

——75.95° 74.89° _
52.39° 52.62°
SN - u

_53.19° 521470 56.54° ‘ 55.54°

Figure 4. Contact angles of spin-sprayed ferrite thin films on various substrates.

Table 1. Crystalline structural parameters of the spin-sprayed ferrite thin films with different substrates.

Substrate Type a Grain Diameter Growth Bate Contacot Angle Thermal Qondgctivity Tempoerature
(A) (nm) (nm/min) ©) (W-m~1.K-1) O
Glass 8.4100 148.3 £22.3 52 52.51 0.8 92.3
Polyimide 8.4089 64147 42 7542 0.2 915
SiN 8.4103 >200 93 52.68 124.6 95.0
SiO, 8.4104 >200 72 56.04 12 94.3
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Figure 5. The surface temperature of the spin-sprayed ferrite thin films on various substrates.

Table 2 presents the saturation magnetization (M;) values for the different substrates,
highlighting that the types of substrates considerably impact the values of saturation mag-
netization. Hysteresis loops for the spin-sprayed ferrite thin films on various substrates
are presented in Figure 6. For identical chemical composition, the experimental saturated
magnetization is a result of the simultaneous impacts of several factors such as densifica-
tion and cation distribution. The pronounced variations in Ms may be attributed to the
redistribution of cations in the spinel sub-lattice. As is well known, the intensity of XRD is
mainly determined by the cation distribution despite the preferred orientation. Based on
the XRD results in Figure 1, an obvious redistribution of cations could be predicted.

Table 2. Magnetic properties of the spin-sprayed ferrite thin-film samples.

Substrate Type M; (KA/m) H, (Oe) fr (MHz) #' max
Glass 441 23 465 44
Polyimide 445 46 485 55
SiN 402 40 853 38
5i0, 315 31 1215 22

The coercivity, as an extrinsic attribute, exhibited a considerably intricate change
pattern. Among the substrates, except for glass, H. presented a declining trend that is
closely relevant to microstructure in accordance with the random anisotropy model [34,35].
As theoretically described, the coercive force of the ferrite thin film can be determined
according to the relationship between the exchange length L.y and the grain size d:

K3d®
(i) Small grain size (D < Lex) : He = W} 4

(AKy)!?

VOMSd * (5)

(ii) Large grain size(D > Lex) : He =
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Figure 6. Hysteresis loops for the spin-sprayed ferrite thin films on various substrates.

The exchange length, defined as Lex = (A/ Kl)l/ 2 is determined by the stiffness of
exchange (A) and the anisotropic constant (K1). The decreasing trend in H. with increasing
grain size indicates that all samples belong to the D > Lex case. It should be noted that the
random anisotropy model does not consider factors such as inner stress and grain shape,
which results in abnormal changes for thin films deposited on glass. In fact, samples with a
more uniform microstructure exhibit smaller H. To accurately assess the influence of inner
stress and grain shape, first-order reversal curves (FORC) measurement was performed to
quantify the grain size distribution of all samples.

To complete the FORC test, one needs to measure the first-order reversal curve, and
then convert it into a FORC diagram that can display the coercive force distribution [36,37].

At the starting point of FORC measurement, the sample was saturated by a large
magnetic field set at 500 Oe in this work. The magnetic field is decreased to the specific
reverse magnetic field (Hyp,) and then increases from Hj}, back to the original saturation. This
process generated a curve describing the hysteresis effect at the reversal point Hy,. The
magnetization point at the external magnetic field H, > Hj}, on the curve is denoted as the
magnetization point M(H,, Hy,), which is located inside the main hysteresis loop. For any
H, in the hysteresis region, there is an entire internal point group such as M(H,, Hp,), which
is categorized by their corresponding FORC reverse magnetic field Hj,.

Subsequently, the FORC curve was transformed by calculating the second derivative
of the function M(H,, H},) related to the external fields H, and Hj,:

1 1 02M(H,, H,
Pab(Ha, Hp) = 1 L 9M(Hs, Hy) (6)

2 Mg O0H,0H,
The distribution p,}, in the formula is defined as the derivative of M(H,, H,). When
(Ha, Hp,) is drawn as a contour, the coordinates were altered from (H,, Hy,) to He = (Hp, — Ha)/2
and Hy = (Hy, + H,)/2, which will cause the FORC distribution to behave as follows:
The distribution p,, in the formula is the derivative of M(H,, H},). To create a con-
tour plot, the coordinates were transformed from (H,, Hy) to Hc. = (Hp, — Ha)/2 and



Coatings 2023, 13, 690

8of 11

75

Hy = (Hp + Ha)/2. This transformation results in the FORC distribution behaving in the

following way:.
Pab(Ha, Hp) = pab(Ha(He, Hu), Hy (He, Hu)) = p(He, Hu) ()

Data processing was performed using a custom Matlab script, and the resulting FORC
diagrams are presented in Figure 7. The relationship between the distribution of coercivity
and grain size was identified through the utilization of the random anisotropy model. The
presented diagram reveals a unique coercive force distribution for samples with an oriented
structure deposited on a glass substrate. This result supports previous findings that a
uniform microstructure results in a narrower grain size distribution and lower coercivity.

x10° 10°
40 m 60

N 5o M Polyimide

H,(0¢)

i, (0e)
-
R o x

I

H,(0¢)

H, (0¢)

0 0 20 20 a0 s0 60 o 10 20 30 a0 so
H_(Oc) H_(Oc)

Figure 7. FORC diagrams of the spin-sprayed ferrite thin films with different substrates.

It is important to note that micromorphology can have a substantial impact on the
permeability of the material, which can ultimately affect the cut-off frequency. Figure 8
displays the permeability spectra of the four specimens, with the real and imaginary parts
presented separately.

Real Part

504 [\
‘

Permeability

75
—Glass . ——Glass
. . Imaginary Part y
Polyimide L Polyimide
SIN —SIN
—Si0, 55 Si0,

2 3
Frequency (GHz)

0-)

T
a

Frequency (GHz)

s
s

Figure 8. Permeability spectra of the ferrite thin films spin-sprayed on different substrates.

The Archer equation states that the maximum real part of permeability is inversely
proportional to the cutoff frequency [38]. Two magnetization mechanisms, domain rotation,
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and domain wall motion, exhibit different rules of change concerning grain size: (i) domain

poME _ poMZA® ;s : ; . MoMIA3
3 <K>S = 3K‘§)6 , and (ii) domain wall motion y; ~ K%Eé [39]. In both

cases, permeability is inversely related to grain size. The results confirm that the thin film
deposited on the SiO, substrate has a larger grain size than that on the SiN substrate, con-
sistent with the results of the coercivity. Furthermore, as the formulas above demonstrate,
the domain wall motion mechanism renders a permeability three times the value of domain
rotation under the same condition. A change in grain size can cause the microstructure of
a material to transition from a single magnetic domain state to a multi-domain structure,
resulting in a corresponding shift in the contribution of the magnetization mechanism. This
explains why the magnetic permeability of the sample on the SiN substrate exhibits a small
decrease for much larger grains compared to that on the glass substrate.

rotation y; =~

4. Conclusions

Based on the analysis of microstructure and magnetic properties, it can be inferred that
thermal conductivity is a critical factor in determining the spin spray deposition process.
The microstructure and magnetic properties of nickel zinc ferrite are affected by the thermal
conductivity of the substrate. Excessive heat conduction causes the crystallization of ferrite
to shift from the surface, and the chemical reaction occurs in droplets above the expected
temperature, resulting in a higher deposition rate and larger grain size, but deteriorated
magnetic properties. First-order reversal curve measurements revealed a narrower grain
size distribution for uniform samples with preferred orientation. The study revealed that,
among the listed Si compounds in the paper, polyimide is considered a more suitable
substrate under this process due to its appropriate thermal conductivity, resulting in more
uniform grain distribution and improved magnetic properties, with maximum permeability
and cutoff frequency reaching 55 and 485 MHz, respectively.
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