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Abstract: Vanadium dioxide (VO,) is a popular phase-transition material with broad applications
ranging from thermal management in smart windows to neuromorphic computing. Currently,
VO thin films are usually fabricated at high temperatures, making them incompatible in forming
on top of CMOS and flexible polyimide substrates. This study explores a low-temperature VO,
thin film formation approach that combines atomic layer deposition (ALD) with a post-deposition
anneal. With systematic material characterizations, we clearly demonstrate high-quality VO, film
formation on Si substrates at a significantly reduced annealing temperature of 300 °C. Further
reducing the annealing temperature to 250 °C is shown to lead to insufficient VO, crystallization
whilst elevating the temperature to 400 °C results in overoxidation into V,0s. We implement our
method on polyimide substrates and demonstrate that the high-quality phase transition is indeed
preserved. This work demonstrates the ability of low-temperature formation of VO, thin films,
and it will accelerate the adoption of VO, in emerging electronic devices as well as photonic
applications.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Vanadium dioxide (VO,) is a phase-change material that has attracted interest for its broad applica-
tions in various areas including smart windows [1,2], thermal management coatings for spacecraft
and terrestrial applications [3-6], optical switching [7,8], novel memories [9,10], neuromorphic
computing, and infrared camouflage [11,12]. The research interest in VO, originates from its
thermochromic response, which involves a structural transition from an insulating/dielectric
monoclinic structure (VO,(M1)) at low temperatures to a semiconducting/metallic rutile structure
(VO2(R)) at high temperatures. The transition temperature is usually around 68 °C [13,14], but it
can be lowered to room temperature by introducing dopants, e.g. W [15,16].

To synthesize high-quality VO, thin films, several deposition techniques have been explored,
including reactive sputtering [17,18], sputtering and oxidation [19], Pulsed Laser Deposition
(PLD) [20,21], Chemical Vapor Deposition (CVD) [22,23], Atomic Layer Deposition (ALD)
[24,25], and sol-gel processing [26,27]. Among these techniques, sputtering and ALD are
considered as the two most compatible routes for scale-up manufacture, the latter of which is the
topic of this work.

To possess the phase transition capability, a VO, thin film has to be crystalline in the monoclinic
phase (VO,(M1)), and this requirement represents a significant challenge in VO, formation. In
terms of sputtering, a vanadium film is normally formed and then oxidized into VO, (VO,(M1))
through an oxidation process at 400 °C or above [28]. This temperature is high for integration
with CMOS devices and polyimide substrates. ALD deposition can be at a low temperature
of 150 °C, but the as-deposited film is amorphous and lacks the phase transition capability.
A post-deposition anneal is therefore required to crystallize amorphous VO, into VO,(M1)
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[29,30]. This anneal also ensures the correct stoichiometry as VO, from various vanadium oxides.
However, the post-deposition annealing temperature is between 400 and 700 °C [24,25,29-39].
Like sputtering, this temperature is incompatible with the integration with CMOS devices [40]
and flexible polyimide substrates (e.g. Kapton 350 °C) [5]. To fully unlock the potential of
VO, in photonic, electronic, and optoelectronic applications, a low-temperature VO, formation
approach is therefore highly desirable.

Recently, we have demonstrated W-doped VO, formation through a novel ALD process and a
post-deposition anneal at temperature of 400 °C and the oxygen pressure of 1 Torr [37], but this
anneal condition is still above those required for polyimide substrates and CMOS integration.
In this work, we have investigated VO, post-deposition anneals at an increased oxygen partial
pressure. Through annealing optimization, we demonstrate that VO, can be formed with an
excellent optical contrast at the thermal budget of 300 °C. We have also identified that a lower
anneal at 250 °C results in no crystalline structure, indicating the existence of the lowest thermal
budget due to VO, crystallization. We further demonstrate the fabrication of VO, films on
polyimide substrates that possess a high infrared emissivity contrast of 0.30.

2. Experimental methods

2.1.  Film deposition

A series of VO, thin films were grown on silicon substrates and polyimide (DuPont FPC 300).
For the Si substrates, an initial stack was formed in a Biihler Helios reactive sputtering system
before VO, deposition, consisting of a 200 nm silicon dioxide (SiO) layer, and a 100 nm Al
layer and a 1000 nm SiO; layer from bottom to top. For the polyimide substrates, a similar initial
stack was fabricated by Consorzio CREO (Italy), including a 100 nm Al layer and then a 900 nm
SiO; layer. Compared with other underlying layers, e.g. sapphire, SiO, was chosen for its more
representative nature in CMOS integration and radiative cooling applications as sapphire has
a high cost and high temperature budget for formation, even offering a superior transmission
contrast [18]. The VO,/SiO,/Al stack layer formed a Salisbury screen with a high and broad
reflection contrast between VO, at high and low temperature states. In addition, this reflective
nature allows for easy optical characterization without the need of transmission and can also be
compared with those VO, works in radiative coolings.

For the VO, film growth, Tetrakis(ethylmethylamino)vanadium (IV) (TEMAV) was used as
vanadium precursor with a purity of 98% from Strem Chemicals, alongside deionized (DI) water
as the oxidizer. The ALD process was carried out in a Veeco Savannah S200 ALD system, with
the reaction chamber stabilized at 200 °C. The TEMAV precursor was heated to 85 °C to ensure
sufficient vapor pressure, and the carrier/purge nitrogen gas flow was set at 20 sccm. The ALD
growth cycle consists of the four steps of TEMAYV dose, TEMAV purge, water dose, and water
purge, and the duration of each step is listed in Table 1. The VO, ALD process was developed
and reported in our previous work [37]. The growth rate was measured to be 0.05 nm/cycle, and
1200 cycles were used for a VO, film thickness of about 60 nm.

Table 1. ALD Cycle Parameters for VO, Deposition.

Step Sequence Duration (sec)
TEMAV Dose 0.4

TEMAV Purge 9

H,O Dose 0.03

H,O Purge 12
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2.2. Post-deposition anneal

The annealing process was conducted in an Oxford Instruments Agile NanoFab chemical vapor
deposition (CVD) system. This system is equipped with an oxygen flow (up to 100 sccm) and
temperature (up to 800 °C), making it ideal for the investigation of various annealing conditions
reported in this work. From the insights and knowledge reported in [41] and our previous works
[4,37], a high oxygen partial pressure is beneficial in lowering the annealing temperature. In
this work, we set the O, pressure as 2.5 Torr, which is the maximal pressure achieved through
its 100 sccm Oy flow. In this study, our target was to identify the lower limit of the annealing
temperature. The annealing temperature was varied from 250 °C to 400 °C, and the anneal
durations were set as 3 hours.

2.3. Material characterizations

The VO, composition was analyzed using a Thermo Scientific Theta Probe X-ray photoelectron
spectroscopy (XPS) system in high vacuum, with a base pressure of approximately 5.0 x 1078 Pa.
Notably, no argon ion etching was applied immediately before measurements. This precaution
was taken because such sputter can preferentially remove oxygen atoms from the target, which
would subsequently affect the material’s stoichiometry [42].

Raman spectroscopy measurements were conducted using a Renishaw inVia Laser Spectrometer
equipped with a 532 nm laser. The laser exposure power was set at a relatively low level of 1 mW
to avoid triggering any VO, transition during the measurement. All samples were measured at
room temperature.

2.4. Optical characterizations

The annealed VO, films were optically characterized using a Fourier transform infrared microscopy
(FTIR) system (Thermo-Nicolet Nexus 670 with a continuum microscope). The measurements
were taken using a X 15 optical objective and an MCT-A detector, and with a measurement area
of 100 x 100 um?. The experiment used a KBr beam splitter and an IR source. The reflection
was normalized using a gold mirror as a reference. The VO, sample temperature was regulated
by placing the sample on a Linkam THMS 600 stage equipped with a cap with a ZnSe window.
Due to the ZnSe infrared transmission windows, the setup has a reflection measurement range
from 1.6 to 18 um. The temperature sweep was conducted by first heating up and then cooling
down. The measurement was performed 1 minute after the temperature stabilization for each set
temperature.

Infrared emissivity has been chosen as the parameter for evaluating the infrared optical contrast
of the VO, films. This choice follows our recent works [37], where we have shown that this
parameter is an effective benchmark in assessing the film quality for thermal management. Based
on Kirchhoff’s law, the spectral emissivity is equal to its spectral absorptance when at thermal
equilibrium conditions. For an IR opaque reflector without transmission, the emissivity, e(\),
can be described using the relation: e(A) =1 — R(A), where R(}A) is the reflectivity at wavelength
\. The infrared emissivity (shortened as emissivity in the following discussions) is calculated
by integrating absorption over a range of wavelengths, weighted by the theoretical blackbody
spectrum at a given operating temperature (7) in Kelvin. This is mathematically represented as

43]:
3l _ J(I = R(A))B(A,T)dA
B [B(A,T)dA

where B (A, T') denotes the blackbody spectral distribution at the absolute temperature 7. The
integration range is defined by the measurable range of the FTIR system, which spans from 1.6
to 18 um. The emissivity contrast (A¢) is defined as the difference between the emissivity of
VO, in its high-temperature state and its low-temperature state.

ey
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3. Results and discussion

Figure 1(a) shows a cross-sectional SEM of an ALD-fabricated VO, film before any anneal.
The thicknesses of the stack are measured to be 63, 996 and 108 nm for the VO,, SiO, and Al
layers, respectively, which are consistent with the design. Only the top three layers (i.e., VO3,
SiO, and Al) are optically functional in this work, as the incident light cannot penetrate the 100
nm thick Al layer. Figure 1(b) shows a top view of an unannealed as deposited VO, film. No
clear crystalline grain can be identified but large defects are presented. It is worth noting that
no defect was found on VO, directly grown on SiO;-coated Si substrate as shown in Fig. S1
(Supplement 1). We might attribute these defects to the non-smooth surface due to Al underlying
layer. Figures 1(c)-1(f) show the morphology of VO, samples annealed at different temperatures.
It is worth noting that the stoichiometry of the film can be affected by the VO, anneal, which will
be discussed in detail in later sections.

unannealed

Fig. 1. (a) cross-sectional SEM image of as-deposited VO, thin film in a stack of
VO,/Si0;,/Al, and (b)-(f) Top-view SEM images of VO, films (b) unannealed, and under
anneal of (c) 250 °C, (d) 300 °C, (e) 350 °C and (f) 400 °C. The scale bar is 200 nm.

For the film annealed at 250 °C (Fig. 1(c)), the sample morphology is close to that of the
unannealed VO, film (Fig. 1(b)), with defects clearly identified. With the annealing temperature
increased to 300 °C (Fig. 1(d)), the film shows a pattern of small grains and the defects have
disappeared. With the annealing temperature further increasing to 350 °C (Fig. 1(e)), the
film shows similar patterns to those of 300 °C. For the film annealed at 400 °C (Fig. 1(f)),
a significantly different pattern is seen with large needle-like grains, indicating that the film
is distinctive from the other anneals. By comparing these five films, we can conclude that
the morphology of ALD-deposited VO, thin films can change with annealing temperature
and those defects due to underlying layers can be cured under certain anneal conditions. The
distinctive morphology of 400 °C annealed film will be investigated through further material
characterizations in later sections.
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To further investigate the crystallinity of the annealed samples, Raman spectroscopy was
performed at room temperature and the spectra are presented in Fig. 2 for VO, films annealed at
different temperatures, together with an unannealed VO, film. As reference, the figure also shows
two spectra of VO, from previous work [4] and V,Os from a sputter target. For the unannealed
VO, film, no Raman peak can be identified which indicates, consistent with literature, that the
film is amorphous. For the anneal at 250 °C (the purple line), it is similar to the unannealed film
that no Raman peak can be identified except for that around 490 cm™! (Si0») [44], indicating
that the film remains amorphous and 250 °C is not sufficient for the film crystallization. At a
higher annealing temperature of 300 °C (the yellow line), several peaks can be clearly identified,
including the characteristic A, peaks of the V-V vibrations at 194 cm™! and 224 cm™!, along
with the V-O A, vibrational peak at 614 cm™!. These peaks reveal the monoclinic phase of VO,
indicating that the anneal condition forms VO, (M1). At 350 °C, Raman peaks are similar to
those at 300 °C, indicating that a similar VO, (M1) film is formed at this temperature. For the
sample annealed at 400 °C, the main peaks are at 146cm™!, 285cm™ !, and 996 cm™!, which
correspond to the V,Os reference. There are also minor peaks at 194 cm™" and 224 cm™'. These
indicate the 400 °C anneal predominantly forms crystalline V,Os through an overoxidation from
the amorphous VO,, with little presence of VO,. The smaller peak at 166 cm™" and another three
peaks at 840cm™!, 880cm™! and 930 cm™! are attributed to the characteristic peak of V+/v>*
mixed valence states [45], and V307, respectively. Therefore, Raman spectra clearly show that
annealing at 350 °C and 300 °C results into the phase-change material VO, (M1). An anneal of
400 °C is too high and results in V,0s, and an annealing temperature of 250 °C is too low for
crystallization.

V,0, peak VO, (M

A | 400 °C |
I

I I |
/LJ\ILW N— ,350 o :
l : 300°C |
I I I
: : 250 °C |
| ] |
I I unannealed

Intensity (a.u.)

T e R
@ ' V,0, ref |

| " VO, ref |

200 400 600 800 1000
Raman shift (cm™)

Fig. 2. Raman spectra of VO, thin films formed on Si substrates after anneals at different
temperatures as well as one as-deposited (unannealed).

The quality of the films was further characterized using X-ray photoelectron spectroscopy
(XPS). Figure 3 shows XPS spectra of (a) unannealed sample and samples annealed at (b) 250 °C,
(c) 300 °C, (d) 350 °C, and (e) 400 °C. The spectra feature prominent peaks corresponding to
oxygen Ols and vanadium V2p orbitals. For each temperature, the spectra are deconvoluted into
component peaks representing different oxidation states of vanadium (green and purple lines for
5 +and 4 + states, respectively). The black line in each plot represents the sum of fitted peaks,
indicating the combined contribution of each state to the overall spectrum. For all annealing
temperatures, both V4 and V>* appear as two sets of doublet peaks at approximately 516.0 eV,
523.0 eV and 517.0 eV, 524.3 eV, respectively [46]. For the unannealed film, it shows the
presence of both V#* and V>* peaks with similar area contributions of both peaks. The 250 °C
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annealed film shows an increased peak height of V3* over V#* in peak, indicating oxidation at
the surface of the film from the anneal. At a higher annealing temperature of 300 °C both V4*
and V>* peaks present with roughly equal area size, indicating an increase of VO, composition.
Compared with the VO, dominance seen in the Raman spectra, XPS shows the film as a mixture
of VO, and V,0s and this could be attributed to the shallow XPS measurement depth giving a
count of the film top surface, which is potentially overoxidized as V,0s. For the 350 °C sample,
the XPS spectra is similar to that of the 300 °C sample, with a presence of V4" peak together
with V3* peak. For the higher anneal at 400 °C, V* peak becomes dominant over V#* peak,
indicating the film is mainly V,Os. This is consistent with the V,0Os identification in the Raman
spectra. Therefore, XPS analysis confirms that 300 °C and 350 °C result in presence of VO,
and the higher 400 °C leads to predominantly V,0s. Regarding the increased V,Os presence in
250°C annealed sample, we attribute this to the potential influence of temperature on oxygen
migration deeper into the film.

Figure 4 shows infrared reflection spectra of the annealed samples measured at temperatures
from 20 °C to 100 °C. For the sample annealed at 250 °C, no reflection change can be identified
with the temperature change (Fig. 4(a)). The reflection is consistently above 90% with several
dips between 7 and 14 pm, which are attributed to SiO, absorption as seen in our previous work
[47]. The lack of temperature response is consistent with the absence of VO, Raman peaks
(Fig. 2), indicating that the 250 °C anneal is insufficient for film crystallization. At a higher
annealing temperature of 300 °C (Fig. 4(b)), the reflection decreases considerably with increasing
temperature, showing the film transitioning from dielectric to metallic. This significant reflection
change is consistent with the VO, composition verified by Raman and XPS. It is also worth
pointing out that the reflection dips at 10 um redshifts at a higher temperature, indicating its
correlation with metallic VO, [48]. We can therefore confirm that the VO, film with phase
transition capability is achieved through the 300 °C anneal. At 350 °C anneal (Fig. 4(c)), a
similar trend is seen that the reflection decreases significantly over a broad spectrum as the
temperature increases, confirming that a high-quality VO, film is formed. For the 400 °C anneal,
some reflectance reductions are seen with the temperature increase at approximately 2 pm and
around 6 um, indicating that minimum phase-transition (Fig. 4(d)) typical of V,0s, which has
no phase transition at this temperature range. From XPS results (Figs. 3(b) and 3(e)), 250°C
and 400°C have a high presence of V,05. However, the corresponding FTIR spectra (Figs. 4(a)
and 4(d)) indicate that the V,Os behaves as dielectric with little absorption and thus small V,0s5
presence is expected little impact on IR emissivity.

To further visualize the phase transition of the two anneals at 300 °C and 350 °C, IR emissivity
hysteresis is calculated and presented against the measurement temperature in Figs. 4(e) and 4(f),
respectively. For the 300 °C VO, sample, the transition temperatures (T, and T) are extracted to
be 50 °C and 38 °C, respectively, and an IR emissivity contrast of 0.47. The 350 °C VO, sample
has transition temperatures (7, and 7) of 68 °C and 53 °C for the heating and cooling cycles,
respectively, and an IR emissivity contrast of 0.46. Here, we can see both anneals provide high
quality VO, with a consistent and excellent emissivity contrast, well agreeing with VO, films
from higher thermal budgets in our previous works. Here, we also identify some variations in
phase transition temperatures and this variation is also found for VO, reported in the literature.
One possible cause could be the strain induced by the composition of different VO phases, which
in turn affects the crystalline transition between VO,(M1) and VO, (R). Further investigations
would be needed to elaborate on its cause.

To demonstrate the developed low-temperature VO, thin film, a VO, film was also formed on
flexible polyimide substrates. In this demonstration, the post-deposition annealing temperature
was 300 °C. Figure 5(a) presents a photo of a Kapton strip coated by a stack of VO,/SiO,/Al
ordered from the top down. Figure 5(b) presents the room temperature Raman spectrum with
two references of the VO, and V,05. The Raman spectrum shows pronounced VO, peaks and
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Fig. 3. XPS Spectra of VO, thin films with (a) no anneal, and anneals at (b) 250 °C, (c)

300 °C, (d) 350 °C, and (e) 400 °C.




Vol. 15, No. 3/1 Mar 2025/ Optical Materials Express 472

PLCAIVEASIEXPRES S - %«
L

therefore confirms the dominant presence of the VO,(M1) phase. The infrared response of
the sample is presented in Fig. 5(c) in the form of FTIR reflection spectra measured at various
temperatures. A similar reflection contrast is seen to those on Si substrates. The IR emissivity
hysteresis is presented in Fig. 5(d) and the VO, stack gives transition temperatures of 70 °C and
50 °C for heating and cooling, respectively. The IR emissivity contrast (Ag) is extracted to be
0.30, lower than that of 0.47 on Si substrate under the same 300 °C annealing temperature. The
SiO; thickness impact on the spectra is presented in Fig. S2 (Supplement 1). The simulated
spectra closely match the experimental spectra (Figs. 4(b) and 4(c)) on Si substrates but less
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Fig. 4. Reflection spectra of the VO, stacks annealed at (a) 250 °C, (b) 300 °C, (c) 350 °C,
and (d) 400 °C and the extracted IR emissivity hysteresis for anneals at (¢) 300 °C and (f)

350 °C.
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agreement with those on the polyimide substrate. Therefore, the reduction in emissivity contrast
is unlikely caused by the SiO, thickness variation, suggesting that the substrate plays a significant
role in the film quality, and further optimization of the anneal conditions is necessary to achieve
the highest film quality. Despite these challenges, our works clearly demonstrate the successful
VO, formation on polyimide substrate with a remarkable phase transition capability.

B (b) V,0, peak VO, (M1) peak

Intensity (a.u.)
<
Kel
e

200 400 600 800 1000
Raman shift (cm™)

1.0
Ag = 0.30 —=— Heating
’ —s— Cooling
S 0.81
=
>
& O 6 __._‘_,._-n;._.—l—c—
= T,.=50°C /
O .
»
o4
=gt
0.2 T : x
6 9 12 20 40 60 80 100
Wavelength (um) Temperature (°C)

Fig. 5. VO, thin film deposited, and post-deposition annealed on a flexible polyimide
substrate by ALD. (a) Photograph of VO, grown on a polyimide. (b) Raman spectra of
VO, grown on the polyimide (black), with references of VO;(blue line) and V,05 (red).
(c) FTIR reflectance spectra of the VO, thin film on polyimide measured at from 20 °C to
100 °C, and (d) IR emissivity hysteresis of the VO, on polyimide under heating (red line)
and cooling (black line).

Table 2 lists the process information of ALD VO, films in the literature. Most ALD VO, films
based on TEMAV precursors were grown at temperatures at 150 °C whilst those by VCls require
high growth temperatures at 275 °C and 300 °C. In all cases, the post-annealing temperatures
are higher than the film deposition temperatures, ranging from 400-700 °C. Thus, the thermal
budget for the VO, formation is limited by the anneal condition. Compared with ALD VO,
films reported in the literature (Table 2), the VO, formation (including post-deposition anneal) in
this work demonstrates a significantly lower thermal budget of 300 °C, which makes the VO,
formation fully compatible with integration on CMOS devices and polyimide substrates.

By correlating the annealing temperature with the oxygen partial pressure, there is a clear
trend that high partial oxygen pressure corresponds to a low annealing temperature. This trend is
attributed to the thermodynamic chemical equilibrium condition of the correct VO, stoichiometry.
Two previous works [41] and [49] provided some insightful phase formation diagrams between
temperature and oxygen partial pressure through in siftu XRD measurements. Unfortunately, these
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Table 2. Summary of ALD VO, annealing conditions in recent research works.

Ref Anneal temp. O, partial Anneal duration Growth temp. Precursor
°C) pressure (mTorr) (hour) °C)
[35] 550 and 700 0.008 4 80 VTOP + H,O
[34] 660 and 670 0.01-0.1 1and 2 150 TEMAV + O3
[31] 585 0.01 2 150 TEMAV + O3
[30] 560 0.0008 - 0.005 2 150 TEMAV + O3
[24] 550 ~0.01 1 350 VCly +H,0
[25] 500 ~210 3-6 150 - 250 TEMAV + H,O
[36] 500 113 2 150 VO(OC3H7); + H,0
[32] 480 ~8 1 150 TEMAV +H,0
[33] 475 N/A 1.5 150 - 200 TDMAV +H,0
[29] 450 and 500 60 - 1130 2 and 0.5 150 TEMAV +H,0
[39] 450 13100 0.08 275 - 300 VCls + H,0
[37] 400 1000 2 200 TEMAV +H,0
This work 300 2500 3 200 TEMAYV + H,0

in situ XRD measurements were not done at the film equilibrium state. Thus, a further increase in
oxygen partial pressure is expected to achieve correct VO, stoichiometry at a lower temperature.
However, on the other hand, this work has identified that no crystalline structure is formed from
Raman spectra after 250 °C anneal. For VO, crystallization, the process typically starts with
nucleation during annealing, followed by the formation of grain structures. There is limited
research on VO, nucleation, and we therefore draw insights from the extensively studied silicon
crystallization. The nucleation rate for silicon follows an Arrhenius relationship, significantly
decreasing with annealing temperature [50]. Similarly, VO, nucleation at 250 °C is expected
to take considerably longer. The trend seen in this work suggests that the lowest achievable
temperature for VO, formation could be limited by the VO, crystallization process even if the
desired stoichiometry is obtained.

4. Conclusions

In conclusion, this work presents a detailed study on low-temperature anneals of ALD-deposited
VO, thin films. Through an increased oxygen partial pressure of 2.5 Torr, a VO, film can be
formed with a thermal budget of 300 °C, showing an excellent infrared optical contrast of 0.47.
The VO, film quality and crystallinity have been verified through SEM, Raman spectroscopy and
XPS. The higher temperature anneal at 400 °C was found to lead to the formation of V,Os whilst
a lower temperature anneal at 250 °C is insufficient to crystalline the film, indicating the lowest
thermal budget for VO, formation is limited by the crystallization. We successfully demonstrated
high-quality VO, formation on a polyimide substrate (Kapton) within its thermal budget with a
phase transition capability.
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