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ABSTRACT
To investigate the crystallization behavior and controllability of the crystal structure of MoO3, we conducted crystallization of amorphous 
MoO3 (a-MoO3) and a structural phase transition of polycrystalline MoO3 through post-treatment processes, such as thermal or flashlamp 
annealing, followed by the crystal structure analyses by x-ray diffraction. These results clarified the relationship between the activation ener
gies of the crystallization of a-MoO3 to a-MoO3 or b-MoO3, as well as the structural phase transition of b-MoO3 to a-MoO3. Additionally, 
we demonstrated the controllability of MoO3 crystals using these processes.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0331910

Recently, electrochromic (EC) materials have attracted attention 
as optical materials.1,2 Electrochromic displays using EC materials are 
expected to be the next-generation of displays because EC materials 
have features such as visibility in bright environments, high contrast, 
independence from viewing angle, and scalability. Additionally, EC 
materials are expected to be used in electrochromic dimming glass for 
energy-saving devices that control sunlight exposure. Tungsten oxide 
(WO3) exhibits excellent EC properties, such as a fast response time, 
coloration efficiency, and a long lifetime. It is the most widely studied 
EC material.3–13 Molybdenum oxide (MoO3) is also an EC material 
that has attracted much attention.14–19 Since Mo has a relatively small 
atomic size, MoO3 is expected to exhibit superior ionic diffusion prop
erties. Additionally, the electrochromic response of MoO3 is character
ized by stronger and more uniform light absorption in its colored state 
compared to WO3. Furthermore, MoO3 shows high apparent colora
tion efficiency. This is because the optical absorption peak of molybde
num bronze is found closer to the sensitivity peak of the human 
eye.16,20,21 However, a limited number of studies have reported on the 
electrochromism of MoO3.22 The complete coloration mechanism of 
MoO3 is explained by the small polaron absorption model as well as 
WO3.11,17–19,23 In the small polaron absorption model, the absorption 
coefficient a is expressed by the following equation:11,13 

a �hxð Þ / exp
− �hx − e − 4Uð Þ

8U�hx0

� �

; (1) 

where �hx is the energy of incident light, �hx0 is the phonon energy, e 
is the site-specific potential variation, and U is the polaron stabiliza
tion energy (PSE). The polaron stabilization energy depends heavily 
on the crystal structure. In the amorphous structure, the PSE should 
be large because the electron–phonon interactions are stronger due to 
the localization of electrons in the random potentials in disrupted 
periodicity. In contrast, in the crystal structure, the PSE becomes 
smaller in a crystal structure because the electron–phonon interaction 
decreases as electrons become delocalized with increasing crystallinity. 
Thus, as the crystallinity increases, the PSE decreases and the absorp
tion peak shifts to lower energies. Thus, crystal structure strongly 
influences the optical absorption of EC materials. Controlling the 
crystallinity of EC materials is therefore important for their applica
tion in optical devices. MoO3 has two stable crystal structures: the 
thermodynamically most stable structure a-MoO3 and the metastable 
structure b-MoO3.17,23 These polymorphs and the amorphous state 
exhibit different behaviors regarding ion intercalation and structural 
stability. The a-MoO3 phase has an orthorhombic layered structure 
composed of stacked bilayers of distorted MoO6 octahedra. In each 
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bilayer, distorted MoO6 octahedra are interconnected via edge shar
ing, whereas adjacent bilayers interact via van der Waals forces. The 
a-MoO3 structure is the most extensively studied for electrochromic 
applications due to its high theoretical capacity and potential for high 
energy density.16,20,21 The b-MoO3 phase is a ReO3-type structure 
with corner-shared octahedra that facilitates higher reaction poten
tials. Moreover, as mentioned above, increasing crystallinity modifies 
the PSE and optical response.22 In contrast, a-MoO3 has been shown 
to provide superior long-term cycling stability because it undergoes 
less structural change upon ion insertion.22 It is therefore important 
to establish a method of controlling the crystal structure for applica
tion to devices since various material properties depend on the crystal 
structure, as mentioned above. In this study, we investigated the crys
tallization behavior of post-treated MoO3 to reveal its crystallization 
mechanism and verify the controllability of its crystal structure 
through post-treatment processes. In this study, thermal and flash
lamp annealing (FLA) were used for post-treatment.

In this study, the crystallization behavior of MoO3 was investi
gated using a-MoO3 and polycrystalline MoO3 thin films deposited by 
reactive DC magnetron sputtering using a molybdenum (Mo) metal 
target and a mixture of Ar-O2 gases. The MoO3 thin films were depos
ited on a quartz glass. The O2 flow rate during deposition was set to 
40.0%, the total gas pressure was kept at 0.5 Pa, and the sputtering 
power was set to 100 W. To investigate the effect of the post-thermal 
treatment process on crystallization, the fabricated a-MoO3 and poly
crystalline MoO3 thin films were treated by thermal annealing under 

atmospheric air. The a-MoO3 thin films were post-thermal annealed 
from 180 to 500 �C, and the annealing time was set from 60 to 
420 min. The polycrystalline MoO3 thin films were post-thermal 
annealed from 250 to 400 �C for 60 min. Additionally, the fabricated a- 
MoO3 and polycrystalline MoO3 films were post-treated by flashlamp 
annealing (FLA). FLA enables photoreduction and photocrystalliza
tion by instantaneously irradiating the sample with intense light.24–27 

FLA is expected to be the post-treatment process for electrical devices 
due to its high processing speed and minimal thermal damage. The 
FLA device used in this study was manufactured by USHIO INC. and 
irradiates light with wavelengths ranging from ultraviolet to visible 
and near-infrared. The intensity of the irradiating light was controlled 
by adjusting the forward voltage to the capacitor. To investigate the 
effect of flashlamp irradiation on crystallization, the a-MoO3 thin films 
were irradiated at intensities ranging from 70% to 140%, and the poly
crystalline MoO3 thin films were irradiated at 100%, 120%, and 140% 
intensity. Note that the light energy density in this experiment is about 
3.5 J/cm2 at 100%. The optical property of a-MoO3 and the spectrum 
of irradiated flashlamp are shown in the supplementary material (see 
Fig. S1 in the supplementary material). The crystallographic structure 
was analyzed by x-ray diffraction (XRD) with Cu Ka1 radiation at 
40 kV and 20 mA (XRD-6000, Shimadzu) and Raman spectroscopy 
(in Via Reflex, RENISHAW). In the manuscript, only the ranges of the 
crystallographic analyses that most clearly show the crystallization 
behavior are presented; the full-range measurement results are pro
vided in the Supplementary Material (see Figs. S2 through S6).

FIG. 1. XRD pattern and Raman spectra of the post-thermal annealed a-MoO3 with annealing time of 60 min. The red lines show the peaks corresponding to a-MoO3 and 
the blue lines show the peaks corresponding to b-MoO3. (a) XRD pattern, (b) Raman spectra.
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The structural change of the MoO3 films upon post-thermal 
annealing is first presented. Figure 1 shows the XRD results and 
Raman spectra of a-MoO3 samples that were thermally annealed for 
60 min. These results show that the XRD and Raman spectroscopy 
results were in good agreement. Specifically, the XRD results of the 
sample annealed at 200 �C showed a halo pattern and the Raman 

spectrum of the sample annealed at 200 �C showed no peaks corre
sponding to the crystalline structure. The results of samples annealed 
at 250 �C showed only the peaks of b-MoO3, and the results of sam
ples annealed at 300 and 350 �C showed the peaks corresponding to 
a-MoO3 and b-MoO3. Only the peaks of a-MoO3 were observed in 
the results of annealing temperatures above 400 �C. Note that the 
crystallization behavior is also analyzed using TEM observations and 
electron diffraction, and these results were in good agreement with 
the XRD results and Raman spectroscopy (see Figs. S7–S9 in the sup
plementary material). Figure 2 summarizes the crystal state of post- 
thermal annealed a-MoO3. These results show that the crystal struc
ture of a-MoO3 does not change with post-thermal annealing below 
190 �C. A single-phase b-MoO3 structure was confirmed at an anneal
ing temperature above 200 �C with a short annealing time of less than 
120 min. A mixed structure of a-MoO3 and b-MoO3 was confirmed 
at an annealing temperature above 200 �C with a long annealing time. 
A single-phase b-MoO3 structure was confirmed at an annealing tem
perature above 400 �C or at an annealing temperature above 350 �C 
with a long annealing time (more than 7 h). These results are consis
tent with the results of thermal treatment during deposition. That is, 
these results demonstrate that the activation energy for crystallization 
from a-MoO3 to b-MoO3 is lower than the activation energy for crys
tallization from a-MoO3 to a-MoO3. Figure 3 shows the XRD results 
for thermal annealed polycrystalline MoO3 samples. Note that these 
results are from polycrystalline MoO3 films deposited by heating the 
substrate at 250 and 350 �C. Figures 3(a) and 3(b) show the results of 

FIG. 2. Summary of the crystal state of the post-thermal annealed a-MoO3. The 
open circle represents the a-MoO3 structure, the blue circle represents the single- 
phase b-MoO3 structure, the purple circle represents the mixed structure of 
a-MoO3 and b-MoO3, and the red circle represents the single-phase a-MoO3 
structure.

FIG. 3. XRD pattern of the post-thermal annealed polycrystalline MoO3 with annealing time of 60 min. The red lines show the peaks corresponding to a MoO3 and the blue- 
lines show the peaks corresponding to b-MoO3. (a) The polycrystalline MoO3 deposited with substrate heating at 250 �C. (b) The polycrystalline MoO3 deposited with sub
strate heating at 350 �C.
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post-thermal annealed polycrystalline MoO3 deposited at 250 and 
350 �C, respectively. The crystalline structure of the as-deposited 
MoO3 deposited at 250 �C was a single-phase b-MoO3 structure. The 
crystalline structure of the as-deposited MoO3 deposited at 350 �C 
was a mixed structure of a-MoO3 and b-MoO3. As shown in 
Fig. 3(a), the b-MoO3 crystal structure did not change at annealing 
temperatures below 300 �C. The a-MoO3 structure appeared at an 
annealing temperature of 350 �C, and the a-MoO3 single-phase struc
ture was confirmed at an annealing temperature of 400 �C. As shown 
in Fig. 3(b), the mixed a-MoO3 and b-MoO3 crystal structures were 
almost unchanged by post-thermal annealing below 300 �C. Post- 
thermal annealing at 350 �C decreased the peaks corresponding to the 
b-MoO3 structure and increased the peaks corresponding to the 
a-MoO3 structure. In other words, the structural phase transition 
from b-MoO3 to a-MoO3 occurred by post-thermal annealing 
above 350 �C. According to the post-annealing results, the activation 
energy for crystallization from a-MoO3 to b-MoO3 was lower than 
the activation energy for crystallization from a-MoO3 to a-MoO3. 
Furthermore, crystallization from a-MoO3 to a-MoO3 occurred at an 
annealing temperature of 300 �C, while the structural phase transition 
from b-MoO3 to a-MoO3 occurred at an annealing temperature 
above 350 �C. These results reveal that the activation energy for the 

structural phase transition from b-MoO3 to a-MoO3 is higher than 
the one for crystallization from a-MoO3 to a-MoO3. The relationship 
between these activation energies can be summarized as follows: 

Ea a! bð Þ < Ea a! að Þ < Ea b! að Þ; (2) 

where Ea(a!b), Ea(a! a), and Ea(b! a) are the activation energies 
of crystallization from a-MoO3 to b-MoO3, from a-MoO3 to a-MoO3, 
and the activation energy of structural phase transition from b-MoO3 
to a-MoO3, respectively. The energy diagram showing the activation 
energies of crystallization and phase transitions is provided in the sup
plementary material (see Fig. S12 in the supplementary material).

Following the characterization of post-thermal annealed 
MoO3, we now focus on the structural change induced by flash
lamp annealing (FLA). Figures 4 and 5 show the XRD results and 
Raman spectra for flashlamp annealed a-MoO3 and polycrystalline 
b-MoO3 samples. As shown in the results of a-MoO3, the crystal 
structure of a-MoO3 did not change when irradiated at 100% 
intensity. The structure of b-MoO3 was confirmed by irradiation 
at 110% and 120% intensity, while the structure of a-MoO3 was 
confirmed by irradiation at over 130% intensity. In the results of 
flashlamp annealed b-MoO3, the structural phase transition from 
b-MoO3 to a-MoO3 was not confirmed even by irradiation at 

FIG. 4. XRD pattern and Raman spectra of the post-flashlamp annealed a-MoO3 with irradiation time of 0.2 ms. The red lines show the peaks corresponding to a-MoO3 and 
the blue lines show the peaks corresponding to b-MoO3. (a) XRD pattern (2h scan), (b) Raman spectra.
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140% intensity. These results indicate that a higher level of irradi
ation energy is necessary for the structural phase transition from 
b-MoO3 to a-MoO3. Note that the crystallization behavior is also 
analyzed using TEM observations and electron diffraction, and 
these results were in good agreement with the XRD results and 
Raman spectroscopy (see Figs. S10 and S11 in the supplementary 
material). These results are in good agreement with the results of 
thermal annealing: the crystallization energy from a-MoO3 to 
a-MoO3 is higher than the crystallization energy from a-MoO3 to 
b-MoO3, and the structural phase transition energy from 
b-MoO3 to a-MoO3 is even higher. To verify the effect of temper
ature increase by flashlamp irradiation on crystallization in FLA 
process, we irradiated the flashlamp with irradiation power of 
110, 120, 130, 140% on a-MoO3 cooled by liquid nitrogen. 
Figure 6 shows the XRD results of the cooled a-MoO3 samples. 
The b-MoO3 structure was confirmed with irradiation of 120% 
intensity, the a-MoO3 structure was confirmed with irradiation of 
over 120% intensity, and the single-phase a-MoO3 was confirmed 
with irradiation of over 130% intensity. These results are in close 
agreement with the results of FLA without cooling. Thus, we con
cluded that the temperature increase from flashlamp irradiation 
has a negligible effect on crystallization. Additionally, unlike the 
results of thermally annealed samples, the mixed structure of 
a-MoO3 and b-MoO3 did not appear in the results of flashlamp 
irradiation. We considered that the difference was due to the differ
ence in energy supply time for each process. In the thermal anneal
ing process, the temperature increases at a rate of 3–8 �C/min. 
Therefore, even at the temperature exceeds 250 �C, the temperature 
at which crystallization from amorphous MoO3 to a-MoO3 occurs, 

the MoO3 thin film first passes through approximately 200 �C dur
ing the heating, where crystallization from amorphous MoO3 to 
b-MoO3 can occur. Furthermore, the b-MoO3 cannot change 
into a-MoO3 in the thermal annealing process below 350 �C. 
Consequently, the mixed structure of a-MoO3 and b-MoO3 
appeared in the thermal annealing process. In contrast, in flash
lamp annealing, the light irradiation time is only 0.2 millisec
onds and delivers energy for a very short time compared to 
thermal annealing. In contrast, during photoirradiation at 
above 130% intensity, which provides sufficient energy for crys
tallization from amorphous MoO3 to a-MoO3, the films do not 
experience a lower-energy stage corresponding to irradiation 
below 120%, which induces crystallization from amorphous 
MoO3 to b-MoO3. Therefore, flashlamp annealing can be used 
to obtain a single-phase sample with only b-MoO3 or a-MoO3 
structures.

In this study, we investigated the change in the crystal structure 
of MoO3 using post-treatment processes such as thermal and flash
lamp annealing. We clarified the crystallization mechanism of MoO3 
and explored the possibility of controlling its structure. The results of 
the post-treatment process revealed that the activation energy of crys
tallization from a-MoO3 to a-MoO3 is higher than that from a-MoO3 
to b-MoO3, and the energy of structural phase transition from 
b-MoO3 to a-MoO3 is even higher. The relationship between the acti
vation energies is shown in Eq. (2). Regarding crystal structure con
trol, in the thermal annealing process, b-MoO3 structure, a mixed 
structure of a-MoO3 and b-MoO3 structures, and a-MoO3 structure 
can be produced by controlling the annealing temperature. In the 
FLA process, single-phase b-MoO3 and a-MoO3 structures can be 

FIG. 5. XRD pattern and Raman spectra of the post-flashlamp annealed polycrystalline MoO3 with irradiation time of 0.2 ms. The polycrystalline MoO3 thin films were depos
ited with substrate heating at 250 �C. The red lines show the peaks corresponding to a-MoO3 and the blue lines show the peaks corresponding to b-MoO3. (a) XRD pattern 
(2h scan), (b) Raman spectra.
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produced by controlling the irradiation power. In conclusion, we 
have demonstrated that the crystal structures of MoO3 can be con
trolled using post-treatment processes such as thermal annealing and 
flashlamp annealing.

See the supplementary material for additional characteriza
tion data, including full-range XRD patterns and Raman spectra 
for both post-thermal and post-flashlamp annealing processes as 
well as cross-sectional TEM images and electron diffraction pat
terns that support the crystalline phase identifications, along with 
detailed optical absorption spectra of the MoO3 films and energy 
diagram illustrating the activation energy of crystallization and 
structural transitions.

This study was supported by JST, PRESTO, under Grant No. 
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