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Yttrium iron garnet (YIG) is a well-known material extensively utilized in magnonics, spintronics, and spin cal-

oritronics. The development of YIG for practical applications has been the subject of considerable research. In

this study, we present the fabrication of YIG films through the thermalization of chemically synthesized YIG

using a microwave kiln. The YIG solution was prepared from yttrium and iron precursors in a stoichiometric

ratio and subsequently coated onto silicon (Si) substrates. After annealing the coated YIG film with a specific

microwave exposure duration, a crystallized YIG film was obtained, confirmed by grazing incidence X-ray dif-

fraction (GI-XRD) analysis. The static magnetic properties were characterized using a vibration sample mag-

netometer (VSM), revealing comparable parameters, such as coercivity (HC) = 33.9 ± 0.5 Oe and saturation

magnetization (MS) = 135.9 ± 1.1 emu/cm3 to those of YIG films annealed using conventional methods, includ-

ing graphited-based and halogen lamp-based furnaces. Additionally, by using Pt as a spin detection layer, the

spin thermoelectric efficiency was investigated via spin Seebeck effect measurements, indicating that YIG films

annealed in a microwave kiln exhibit potential as a fabrication technique for YIG applications in spin calor-

itronics.
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1. Introduction

Heterostructures composed of magnetic insulators (MIs)

and heavy metals (HMs), exhibiting large spin-to-charge

inter-conversion, have drawn considerable attention from

researchers due to their fascinating interaction [1-5]. The

magnon current can be pumped from MIs into HMs and

then converted into electrical charge current which can be

used for energy harvesting devices [6]. In contrast, by

flowing an electric current in the HMs, the magnetization

direction of the MIs layer can be controlled via a so-

called spin-orbit torque (SOT) due to the transferring spin

angular momentum from the electron in FMs into

magnetic moments in the MIs [7, 8]. Moreover, the

trilayer configuration of MI/FM/MI has experimentally

exhibited the magnon valve effect which can be a

noteworthy candidate for substituting the traditional spin

valves [9]. The fabrication of HM layers is normally

prepared using physical deposition at room temperature

[10, 11]. In contrast, the preparation of high-quality MI

films requires more careful investigation triggering the

attempt on searching for the optimal fabrication approach

[12-16]. 

Undoubtedly, yttrium iron garnet (YIG) stands out as

the most popular MI material in the spin-related fields,

attributed to its outstanding properties, especially its long-

distance spin wave propagation length [17, 18]. Hence

there are great efforts in fabricating YIG films which suits

to utilize for studying the spin wave behaviors as well as

multiple applications [12, 19-23]. The most widely used

methods are pulsed laser deposition (PLD), sputtering,

and the chemical-based spin coating method. The common

features shared by these methods are high-operating or

annealing temperatures [12, 13, 18]. Among the available

annealing techniques, graphite-based and halogen lamp-

based furnaces have gained significant popularity [16, 24-

29]. The former is widely used for annealing YIG films at

slow or moderate speeds, thus effectively minimizing the

effect of thermal shock such as cracks, particularly in

cases where there is a significant lattice constant mismatch

between the substrate and the film [30-33]. Meanwhile,

the latter allows for the rapid preparation of the films,

thereby preventing undesired inter-diffusion between the
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substrate and the film [27, 28]. Nonetheless, it is important

to note that both approaches necessitate dedicated designs,

and they incur substantial costs.

In this report, for the first time, we demonstrate the

facile fabrication of YIG thin film by annealing metal

organic decomposition (MOD) spin-coated YIG film in a

microwave kiln. We obtained the polycrystalline YIG/Si

films of which spin thermoelectric efficiency was also

investigated via the spin Seebeck effect (SSE) mea-

surement system.

2. Experimental Procedures

In this study, we used an optimized MOD-YIG solution

of which detail can be found in our previous report [13]

with 1g-PVP MOD solution condition. Before deposition,

the (100)-oriented silicon (Si) substrate was cleaned with

acetone and ethanol for 40 minutes each by ultrasonicator.

After that, plasma treatment was conducted at 100 watts

(W) and 70 kHz for 30 minutes in the argon environment.

The MOD solution was then coated onto the substrate

using a spin coater. The coated samples were dried in the

air on a hot plate set at 100 ºC for 30 minutes. To

crystallize the YIG thin films, we employed a microwave

oven to supply the heat while the sample was put in a kiln

made of SiC which is strongly responsive to microwaves.

We conducted the annealing process by placing the kiln

with the sample inside a commercial microwave oven

with a 600 W output. A 3 nm-thick Pt pattern of 3 × 6

mm was deposited through a shadow mask to measure the

SSE voltage. At the two ends of the Pt pattern, Au

patterns of 3 mm × 200 µm were deposited and acted as

the contact pads.

The crystallinity of each sample was confirmed using

high-resolution X-ray diffraction (XRD; Smart Lab model;

RIGAKU. Japan). The magnetic properties of the samples

were evaluated using a vibrating sample magnetometer

(VSM; model 7407; Lake Shore, USA). The morphologies

of the samples were assessed using scanning electron

microscopy (SEM; CLARA; TESCAN, Czech). The

measurement of the SSE voltage was conducted using a

homemade system comprising a thermal gradient generated

by a commercial strain gauge, with voltage monitored by

a Keithley nanovolt meter. 

3. Results and Discussion

Initially, we investigated the temperature dependence of

the central region of a kiln subjected to microwave

irradiation, with the primary objective being the confirmation

of the proper functionality of the microwave kiln. The

kiln can strongly interact with the microwave and then

convert it into thermal energy. Besides, it has a high

melting temperature and low thermal expansion coefficient

ensuring the safety and integrity of the annealing process

[34]. Real-time temperature monitoring was facilitated

through the utilization of a K-type thermocouple con-

structed from Inconel, which was strategically positioned

within the kiln. Fig. 1 illustrates the temperature variation

Inside the kiln as a function of microwave exposure

duration. It is evident from the data that, within the lower

temperature regime, there is a linear temperature increase

observed up to a microwave holding time of 20 minutes.

Beyond this point, the rate of temperature increment

diminishes with prolonged microwave exposure. Notably,

after 40 minutes of microwave operation, the temperature

attains a level of 778 ± 20 ºC. For context, it is pertinent

to reference the crystallization temperature range of YIG,

which is typically documented as 700-850 ºC for the

annealing process [13, 16, 30, 35-37]. Based on the time-

dependent microwave temperature data, we judiciously

selected annealing durations of 30, 35, and 40 minutes, all

of which are sufficiently prolonged to elevate the

temperature above 700 ºC, a crucial requirement for YIG

film annealing. To mitigate the potential contamination

resulting from the deposition of SiC powder originating

from the kiln, a protective quartz cover was employed

during the annealing process. Subsequently, we conducted

measurements of the static magnetic properties of the

fabricated samples under room temperature and ambient

atmospheric conditions using a VSM. The results are

depicted in Fig. 2. It is noteworthy that only the 40-

minute annealing process induced a substantial enhancement

in the magnetic moment, while the samples annealed for

Fig. 1. (Color online) The dependence of temperature inside
the kiln on the duration time of applying microwave with
power of 600 W.
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30 and 35 minutes exhibited negligible changes. Further-

more, the saturation magnetization (MS) of this sample

measured with the sample subjected to 40 minutes of

annealing was evaluated under both in-plane (Hin) and

out-of-plane (Hout) external magnetic field as presented in

Fig. 3. The (MS) and coercivity (HC) was determined to be

135.9 ± 1.1 emu/cm3 and 33.9 ± 0.5 Oe, respectively.

These findings closely align with the corresponding

parameters obtained for bulk YIG and YIG films via

conventional annealing processes, as referenced in previous

studies [12, 13, 16]. The YIG film has in-plane magnetic

anisotropy with the anisotropy field (Ha) ~ 1000 Oe,

which is defined as the minimum field to saturate the

magnetization along the hard axis. As a minor conclusion,

microwave annealing has successfully facilitated the pro-

duction of YIG films with desirable magnetic properties.

Moreover, our results suggest that a 35-minute annealing

duration falls short of achieving the YIG phase for the

MOD spin-coated samples, even when the applied

temperature exceeds 700 ºC. Beyond temperature, the

holding time during annealing emerges as a critical factor

influencing the crystallization of the film.

To ascertain the formation of YIG films and assess their

crystallinity, a rigorous investigation was undertaken.

Specifically, we conducted a grazing incidence (GI)-XRD

analysis on the sample subjected to a 40-minute annealing

process. Employing a low incidence angle, we ensured

that only signals emanating from the film were captured,

as illustrated in Fig. 4. The result shows that our film is

poly-crystalline YIG, which is a characteristic configu-

ration when YIG is grown on a Si. Importantly, no

discernible peaks corresponding to other phases were

observed, thereby affirming the high purity of our YIG

film. The (400), (422), and (420) [13, 35, 38] peaks are

the preferred orientation of YIG grown on the Si

substrate, consistent with the literature, underscoring the

reliability and validity of our results.

Surface quality and densification represent crucial para-

meters for assessing the quality of YIG films. To this end,

we examined the surface and cross-sectional morpho-

logies of our YIG sample employing SEM. The results

are presented in Fig. 5, with the top and bottom panels

displaying surface and cross-sectional images, respectively.

The surface analysis reveals the presence of discernible

holes within the YIG film. These anomalies can be

attributed to the rapid evaporation of solvents during the

annealing process. Notably, it is important to emphasize

that the temperature exhibited a continuous increase

without any pyrolysis processes, contributing to the rapid

solvent evaporation and consequent formation of these

Fig. 2. (Color online) Magnetic hysteresis loops of spin coated
films annealed with different duration time of microwave.

Fig. 3. (Color online) Magnetic properties of 40-minute
annealed YIG film.

Fig. 4. GI-XRD pattern of 40-minute annealed YIG film.
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holes. Additionally, the observation of cracks can be

attributed to the substantial lattice mismatch and variations

in thermal expansion coefficients between YIG and the

Silicon (Si) substrate [16]. While the resolution of this

issue may require a modified annealing procedure, it is

imperative to underscore that our primary focus here is to

demonstrate the feasibility of YIG film crystallization

through microwave annealing. Consequently, we employed

the simplest annealing approach for our samples. From

the cross-sectional image, we define the thickness of our

film as about 47 nm which is used to estimate the

saturation magnetization in Fig. 3. Besides, we also can

observe the thickness-uniformity of YIG film implying

the reliability of the spin coating process.

Spin thermoelectric based on SSE is one of the most

important applications of the YIG films. Accordingly, we

carried out the SSE measurement and subsequently

estimated the spin Seebeck resistivity (SSR) for our YIG

sample (40-minute annealed sample). The details of SSE

measurements and calculation of SSR can be found in our

previous report [39]. Fig. 6 shows the acquired SSR loop,

which was obtained while sweeping an external magnetic

field, accompanied by a heater power input of 216 mW. It

is noteworthy that these loops exhibit analogous behavior

to the magnetic hysteresis loop, as measured by the VSM,

as the SSE signal is intrinsically linked to the magneti-

zation orientation. Upon exceeding an absolute field

magnitude |H| of 500 Oe, corresponding to the sample

saturation state, we obtain the maximum SSR value of

46.02 ± 1.45 nm/A. This result aligns with the order of

values reported in existing literature [16, 39-41], high-

lighting the considerable potential of microwave-annealed

YIG films for applications in spin thermoelectric devices.

4. Conclusion

In this study, we realized the fabrication of YIG thin

films using a commercial microwave oven. We obtain

YIG film of which magnetic property is comparable with

those annealed by conventional method. The XRD result

confirms the crystallinity of YIG, which is polycrystalline

with a preferred orientation of (400), (422), and (420)

peaks. Furthermore, the SSR value of 46.02 ± 1.45 nm/A

is obtained from SSE measurement. Thus, based on this

study, there is potential for the introduced annealing

method to be considered an effective heat treatment

process for fabricating YIG thin films in spintronics.
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Fig. 5. (Color online) Surface (top image) and cross-sectional
(bottom image) morphologies of YIG film annealed in micro-
wave oven for 40 minutes. 

Fig. 6. SSR hysteresis loop of 40-minute annealed YIG film
covered by 3 nm-thick Pt.
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