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Abstract

Elaboration of VQ films with good thermochromic properties remainshallenge because it is
mandatory to avoid other intermediate phases beigrtg the vanadium-oxygen system. In this
work, we propose vanadium nitride (VN) as a newcpreor to obtain thermochromic VOVN
films were reactively sputter-deposited on Si swies by using an in-line semi-industrial
machine. The films of 175 nm thickness were sul@aito an annealing process implemented at
different durations at 450°C. X-ray diffraction afthman spectrometry were performed for
structural characterizations of the oxidized filsf®wing the presence of monoclinic ¥@ a
wide range of oxidation time. As the annealing timereased, %Os appeared to affect the
performance of the oxidized films. The TEM analysigried out on the oxidized sample for 25
minutes showed that there is an abrupt interfadcevdsn VN and V@ The thermal-induced

properties of the studied films were analyzed nmgeof their electrical resistance employing a
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four-point probe method and their emissivity modiolaproperties by infrared camera. The results
showed a thermochromic behavior for the sampledized in the range of 15-35 min. On the
contrary, the presence of residual VN layers inamoxidized for less than 15 min angOd in

the ones annealed for more than 35 min hinderedh#enochromic behavior of these films.
Bringing together all the characterization techegjused a phase diagram of VN oxidation was
plotted. The results of this work suggest that \6Nan interesting new precursor to synthesize

thermochromic VQfilms.

Keywords: Vanadium dioxide; Vanadium Nitride; ThermochromjsOptical and electrical
properties



1. Introduction

In 1959, Morin demonstrated that vanadium dioxM@4) exhibits a reversible metal-insulator
transition (MIT) approximately at c;T= 68°C [1]. At low temperature, VObehaves as a
semiconductor with a monoclinic structure, highngmittance in the infrared region and high
electrical resistivity, while at temperatures higtlen T a transition to a metallic tetragonal rutile
structure occurs and \A@xhibits low transmittance and low electrical sésity. The change of
these properties during the phase transition of Yftakes this material convenient for several
applications, such as infrared modulation in smamtows [2—8], thermal solar collectors [9,10],
dynamic thermal control of spacecraft [11-13], aftist electronic devices [14,15] and many
others. Although the research on this materiableas carried on for several decades, the synthesis
of VO films with good thermochromic properties on lasgefaces still remains a challenge. The
reason behind this defiance is the imperative needoid several other phases in the vanadium-

oxygen system [16].

Magnetron sputtering is one of the most used mathogroduced V& Among the different
approaches to obtain \(Oreactive sputtering in a mixture of Ar and Without a post-annealing
process is one of the most used [11,17-21]. Howévemeed to properly control the flow rate
makes this method not suitable on large surfacegh® other hand, a post-annealing process in
air or oxygen is commonly used to improve the duaif the deposited films [22—25]. Another
interesting and simple proposal is the Sputterizgd@ion Coupling (SOC) method. It is a two-
stage procedure, in which a vanadium film is dejedsand then annealed in a furnace outside of
the deposition chamber [26]. The possibility toulate the temperature and duration during the

oxidation process makes this method suitable amnalctive for the industrial process.



In this study, we chose to modify the SOC methadgianother precursor: vanadium nitride
(VN). At room temperature, the NaCl-like structafehe VN phase is more resistant to oxidation
than the body-cubic centered of the V one [27,B&kides, several studies have shown that the
oxidation of VN at elevated temperatures resultetthé formation of a series of vanadium oxides,
which significantly improved the tribological prapies of the film [29,30]. Nevertheless, to the
best of our knowledge, controlled oxidation of VMNshnever been performed to produce

thermochromic VQ.

In this paper, VN thin films are reactively sputtiposited on Si substrates. The air-oxidation
conditions of these films have been optimized. fidwilts indicate that VN is an interesting new

precursor to synthesize high-quality thermochrow@ films.

2. Experimental details

VN thin films were deposited on undoped (100) siicsubstrates by reactive magnetron
sputtering of a metallic vanadium target (330 mngta, 50 mm width, 6 mm thick and 99.95%
purity) in an Ar-N mixture with flow rates of 30 and 5 standard cutentimeters per minute
(sccm), respectively. The deposition pressure was to 1 Pa and no intentional heating was used
during growth. A pulsed-DC power supply (Pinnackdvanced Energy), working on a set current
of 1.5 A, provided power to the V target. The freqay of DC-pulses and their off-time were kept
at 50 kHz and 4s, respectively. The distance between target abstisie was 5 cm. The volume
of the semi-industrial chamber is around 350 L. Baavafer (4 inches diameter) fixed to the
substrate holder moved back and forth in fronthef V¥ target (to ensure films homogeneity) at a
speed of 50 cm/min during 1 h. The 175 nm thickredghe VN film was measured by a GBS

Smart WLI 3D optical profilometer.



The second step consisted of air-oxidation of thefms to form vanadium oxide films.
The as-deposited VN films were annealed in a medi€arbolite HRF 7/45 furnace equipped with
a quick sample tray loader to prevent any drofhéntemperature when the sample is introduced.
The furnace worked under atmospheric pressure @eleated temperature of 450°C during
different durations 7, 10, 15, 20, 25, 30, 35, 48 &0 minutes. The films were labeled “VN” for
as-deposited vanadium nitride films and “VN_timet the oxidized films for various annealing

durations.

X-rays diffractograms (XRD) were collected by usireg Bruker D8 Advanced
diffractometer with Cu k radiation § = 1.5406 A) in the Bragg-Brentano configuratiomnfan
spectra of samples were acquired on a Horiba Jébam LabRAM spectrometer. Samples were
excited by a Nd:YAG laser (532 nm) with a powerapproximately 10 mW. This laser beam
power was low enough to avoid any heating effegtl{sas oxidation from V@©to V20s). The
morphology of the films was studied by scanningcteten microscopy (SEM) in a ZEISS
GeminiSEM 500. All images were taken by using darla secondary electron detector and under
the same conditions: magnification of x100000 andow acceleration voltage of 1 kV.
Transmission electron microscopy (TEM) was caroetlin the sample oxidized for 25 minutes
with a JEOL ARM 200-Cold FEG (point resolution 01d®). The cross-section TEM sample was
prepared by a focused ion beam (FIB)-SEM dual b&gtem (FEI Helios Nanolab 600i). Electron
energy loss spectroscopy (EELS) experiments wareedaout in scanning electron transmission
microscopy mode (STEM). The spectrometer was sahtenergy dispersion of 0.1 eV/channel

and the resolution of the full width at half maxim{FWHM) of the zero-loss peak was 0.7 eV.



The study of the sheet resistance as a functiotheftemperature of the samples was
performed by the four-point probe method (Jandel)igped with a Linkafi HFS600E heater

system in the 30-120°C temperature range.

The dependence of optical properties of the filnith vemperature (30-120°C range) was
investigated by using an infrared camera (FLIR A3B@t supplies a cumulative response sensitive
in the 7.5-13um spectral range. The emissivity of the oxidized Mhs was calculated from the
slope of the temperature measured using the IRrea(ig) as a function of the real temperature
(Ts) of the sample. Measurements were carried oubhgideringe = 1 irrespective to the sample.
Besides, § was measured using a Prazitherm heater systememlssivity switchAe = ey —

e.r (eyr corresponds to the emissivity at high temperadnds, ; corresponds to the emissivity at
low temperature) was determined by the differenetvben the slopes corresponding to each

region of the MIT according to the procedure emptbipy Benkahoul et al [11].

3 Results

3.1 Microstructure and morphology

The X-ray diffractograms for as-deposited and anealed VN films deposited on silicon are
shown in Fig. 1. VN films (175 nm thick) exhibit dapeaks located at approx. 37.9° and 80.3°
corresponding to (111) and (222) planes of the-Gargered cubic VN structure (PDF no.00-035-
0768), respectively. No other peak is detectedgxt®se of silicon substrate. Fig. 1 also presents
diffractograms for the films after air-annealingd&0°C during different durations in the 7-50 min
range. For the lowest duration, the monoclinic\fbase is not detected. However, the intensity

of the VN peaks diminishes, which indicates that dixidation process has effectively begun. In



addition, these peaks are shifted to higher arlggeause of stress relaxation during the oxidation
process. As the annealing time increases, the \AKg@tensity decreases even more and the main
(111) peak is noticed up to 25 min, indicatingphesence of a remaining layer of vanadium nitride.
Monoclinic VO, is detected for the first time after 10 min of exidation. The most significant
peaks corresponding to m-¥@re located at®= 37.1, 42.3 and 72.1° (PDF no. 04-003-2035),
showing that the oxide layer corresponds to anae@uai structure (i.e. that it does not grow with a
strong preferred orientation). The most intense& P&/ O, appears at 30 min of oxidation and the
VN peak completely disappears at the same timthisnsample (VN_30), two new peaks with a
low intensity corresponding to orthorhombieQ4 phase are detected (PDF no. 00-041-1426). For
oxidation times greater than 30 min, the peaksesponding to V@decrease in intensity while
the opposite occurs with the peaks @Dy. For the VN_50 sample, the d@anishes, leading to
the V,Os being the only crystalline phase present. Thesglteeshow oxidation from 4 state to

V>* state as the oxidation time increases and areistenswith the findings of several authors

[24,31].

Due to the overlapping of the diffraction peakdh# various vanadium oxide phases, X-
ray diffraction is not a powerful method to evirtbe formation of a pure V&phase. To verify the
formation of VQ, cross-examination with Raman spectrometry iS@dout for all oxidized films.
Figure 2 presents room-temperature Raman specthe aixidized VN films, deposited on silicon

substrates.

The Si substrate signal (520 €jnis barely visible until 10 min of oxidation, thiesto the
presence of the VN film that exhibits metallic beloa. As the oxidation time increases the Si

signal becomes more perceptible indicating a deered the VN layer thickness. From sample



VN_25, the peak at 520 chis intense; suggesting that the sample is almasptetely oxidized,
as shown by XRD. Thus, the evolution of the Si Rainand is a powerful tool to monitor the VN

oxidation.

Oxidized samples in the range of 10 to 25 min shedatively similar vibration bands, with
most of the peaks (located at approx. 192, 223, 284, 331, 389, 499 and 622 ¢nassigned to

m-VO:. phase, in accordance with literature data [32—35].

In the case of the oxidized films during 40 andrbidutes, the shape of the spectra is
different from the other samples. The vibrationdsmdetected at approx. 195, 284, 303, 405, 528,

701 and 992 are readily assigned to th®s\phase [32,36].

The simultaneous presence of ¥@nd \,Os is detected by X-ray diffraction results in
oxidized samples between 30 and 40 min. Althouglersé bands may overlap, it is difficult to
notice a big change in the spectrum of these sanHbl@wvever, one can notice a slight shift of the
band located at 389 ch({VN_20 sample) until reaching 405 @niVN_40 sample). The Raman

results confirm the formation of \\Gnd \LOs as shown by the X-ray results.

Fig. 3 shows the top view SEM images of six relé¢xsmamples: the as-deposited VN films
and samples oxidized during 10, 20, 25, 30 andif0mspectively. The VN film exhibits a surface
morphology with small triangular grains in agreemeith the [111] preferred orientation observed
by XRD. Throughout the oxidation process, a drasti@nge in the morphology of the samples is
noticed when compared to as-deposited VN filmseA#f0 minutes of oxidation (Fig. 3 b)), the
surface changes and the triangular grains of VNnateperceived anymore. The oxidized VN

grains coalesce into an elongated structure, isgrgagrain size. As oxidation continued, the



morphology of the samples does not change signiiicand the grain size continues to grow. In

all the images, the grain boundaries are cleamaiddefined.

Fig. 4 a) shows transmission electron microscopyragraph for the VN_25 sample. The
figure displayed that there is no well-defined sh&qr the “supposed” VPgrains (two regions
with different morphologies) and there is stillicegal VN, as observed in XRD. Moreover, the
presence of vanadium nitride is not continuoushensurface of the sample. To check the presence
of VO2 in the sample, a high-resolution TEM (HRTEM) migraph with the corresponding fast
Fourier transform pattern (FFT) investigation isidocted in the area enclosed in red in Fig. 4 a)
(Fig. 4 b) and Fig. 4 c), respectively). It was sibke to identify the (111), (010) and (101) planes
of VO.. The obtained interplanar distances are 0.22%20a#d 0.484 nm for the (111), (010) and
(101) planes, respectively, in agreement with thheperted for monoclinic V&(PDF no. 04-003-

2035).

From Fig. 4 one cannot discern whether areas witerent colors and shapes belong to
the same compound. To better elucidate this, anSEtHaracterization is performed in a region of
the sample where VN and \f@oexist (Fig. 5 a)). The high angle annular da&ldfimage shows
different morphologies and colors. VN with a coluanrstructure is evidenced close to the
substrate. The region adjacent to the VN presenightaigray color and an almost rectangular
shape; it was already proved that corresponds ta @@ the other hand, the region close to the
film surface has a dark grey color and containsygdted grains. These grains present two
pronounced differences concerning the morphologyhef VN: they are thicker and are not
perpendicular to the substrate, indicating thatnduthe oxidation process a coalescence of the

oxide grains occurs.



EELS spectra are recorded in four zones (labelza ft to 4) of Fig. 5 a), the results are
shown in Fig. 5 b). In zone 1 there are only peakgesponding to V (M =513 eV and Vb= 521
eV) and N (M = 401 eV), confirming the presence of a remainiagadium nitride layer. It is
important to notice that region 3 is at the integfdetween the areas with different shapes and
intensities of gray. In zones 2, 3 and 4 the speate very similar. Only peaks belonging to V (the
same peaks of zone 1) and x(©532 eV) are evidenced, indicating that nitrogenot present
in this area anymore. Since the ratio of the V/@kgantensity and as well as the peak position are
constant, the zones labeled 2, 3 and 4 seem taindhie same oxide phase that corresponds to

VOo..
3.2 Optical and electrical properties

Near the MIT transition of V& some physical properties present a hysteresigeleet the
heating and cooling cycles. Within these propertteanges in electrical resistivity and emissivity
at low and high temperatures are considered asatats of VQ quality [25,37,38]. The higher
the difference, the better the thermochromic prisger

For all oxidized samples, the optical modulatioonparties in the infrared (IR) domain are
studied using an infrared camera. Fig. 6 repressparent infrared temperaturag)Tof samples
monitored versus the sample temperaturg (lUring both, heating and cooling for the studied
films. All the films of Fig. 6 exhibit hysteresiedps near the MIT region. Samples oxidized for 10
minutes or less show no representative thermoclerbehavior(Aeyy, , = — 0.03). This is due to
the presence of a considerable residual layer of3&d Fig. S1 in the supplementary information),
higher oxidation time is needed to observe thermamoit behavior. A thermochromic effect is not

observed for samples oxidized for a duration lormgexqual to 40 miMe,y 40 = — 0.03. In this
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case, this is attributed to the increased formatibiv>Os phase with oxidation time. On the
contrary, for samples oxidized in the range of 48 85 minutes, a thermochromic behavior with
values ofAe between -0.14 and -0.20 is evidenced, confirmimegptresence of m-V{ronsistent
with XRD and Raman results. Nevertheless, the ewtigxontrast obtains from our samples is
lower than that reported in the literature. Forreghke, Benkahoul et al. fountk = — 0.36 in 300
nm thick V& film deposited on Si [11]. Emissivity switchinggmerties can be improved by
modifying the temperature and duration of the amealing process (see Fig. S2 in the
supplementary information), thickness changes (g&d doping [2,9,13].

Fig. 7 shows the evolution of the sheet resistd8€9 as a function of the temperature for all
oxidized samples during both heating and coolinghis study, sheet resistance is calculated rather
than the resistivity, due to the presence of tineaieing metallic VN layer for films oxidized for
less than 25 minutes. Up and down triangles in Frgpresent the profiles for temperature ramping
up and down, respectively. The samples oxidizedndur and 50 min do not evidence any
hysteresis. For the low time oxidation duratiomifutes) there is no remarkable change between
low and high temperatures sheet resistance vahiess due to the presence of a remaining layer
of VN. On the other hand, the sample oxidized flore duration (50 minutes) displays no sign of
VO, only V20s. All other studied samples exhibit hysteresis oopthe near MIT region with
different magnitudes: from a feeble smoothed hgsisifor VN_10, that rises to maximum marked
hysteresis curves for VN_25 and then decreases agél an almost imperceptible hysteresis for
VN_50. The enlarging presence of(®% in the samples oxidized for more than 25 minutethe
reason for the reduction of the difference betwienvalues of sheet resistance at low and high
temperatures. These hysteresis loops are an iotfeaure of thermochromic VVOMIT and, again

confirm the XRD, Raman and IR thermometry resutslie series of studied samples.
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The thermochromic behavior of oxidized samples bdlaffected if they remain exposed to air open

contact because the oxidation process continuiraréa camera measurement of the oxidized sample
25 minutes was repeated 10 months later, showsignaficant decrease (50%) in the absolute value

of the emissivity switch (Fig. S3 supporting infation). To protect the films for further and undedi

oxidation anti-reflective layers such as 7i@0,41], SiQ [42], AZO [43] and SiN [44] are used.

3.2 Phase diagram of VN oxidation at 450 °C

Gathering the results of XRD and Raman, as welthasstudy of optical and electrical
properties, it is possible to obtain a phase diagr&dVN oxidation.

In Fig. 8 is displayed on the left axis (blue sggaithe logarithm of the ratio between the sheet
resistance at low (SR, measured at 30°C), and at high temperaturest(SReasured at 120°C)
as a function of the oxidation time for all the @ixed samples. The right axis (red circles) of the
same figure shows the dependence of the emisswitgh with the oxidation time for all studied
samples.

A color gradient is used in Fig. 8 to illustrate five different regions that exist in the oxidatio
of VN at 450 °C. The first region is a VN predommbaone. As the oxidation time progresses, a
region with the coexistence of VN and Y@ppears. By increasing the annealing duratiohim t
region, the ratio between $Rand SRt (the emissivity switch) increases (decreases)tduke
competing effect of V@ formation with simultaneous VN degradation. Duritige interval
between 25 and 30 min, there are the best thermotbmproperties due to the almost complete
oxidation of VN, where V@is the predominant compound. Beyond 30 min, thewarof V&
declines and begins the formation ofO¢. Continuing with the oxidation process in thisioegy

thermochromic performance decays as the amounOafdiminishes while the presence of(¥
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rises. This reduction of thermochromic behavioevwident at 40 min of oxidation. Finally, as
oxidation time continues to increase, there isggorewhere \Os is the only compound because

of the over-oxidation of the samples.

4 Conclusions

This study reveals that VN is a new efficient prmsoun to achieve a high-quality monoclinic
VO3 using a sputtering oxidation coupling method. émrespondence with previous studies of
oxidation of vanadium films, the importance of opiing the annealing duration to obtain
thermochromic vanadium dioxide is demonstratediduthe oxidation process at 450 °C, there
are only two phases corresponding to the V-O systéd and \Os. The first oxide formed is
VO, it is present in several samples oxidized betwigeand 40 min. On the other handOy is
only detected after the total oxidation of VN. Tdest thermochromic behavior is accomplished in
the oxidized samples in the range between 25-35 However, it is important to point out that in
these samples two phases coexist:

1- VN and VQ in the sample VN_25,

2- VO2 and W05 in samples VN_30 and VN_35.

In both cases, VN andX®s represent a small fraction compared to the ¥@ntent. Therefore,
we could expect to obtain a sample with only\fi©the range between 25-30 minutes of oxidation,
which could present better thermochromic behavior.

The TEM analysis performed on the oxidized sam@i@% minutes show that there is an abrupt

interface between VN and \\O
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Resulting VQ films exhibit thermochromic properties that aréahle for applications of V©

as smart windows or as thermal controllers.
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Figure Captions

Figure 1: X-ray diffractograms of as-deposited Vihfon silicon substrate and the resulting oxide

films after air-oxidation at 450°C for various dtioms.

Figure 2: Raman spectra of air-oxidized VN filmg1&0°C for various durations.

Figure 3: Top-view SEM images corresponding tole &s-deposited VN films and sample

oxidized during 10, 20, 25, 30 and 50 minutes forch d), e) and f) respectively.

Figure 4: a) TEM cross-sectional image of sample ¥5 b) HRTEM image of the highlighted

red area in Fig. 4 a). ¢) FFT from the region @f. Hi b).

Figure 5: a) High angle annular dark field imagéhef sample VN_25, EELS characterization was
performed in the four zones (labeled from 1 tob3)EELS spectra of the four different zones of
Fig. 5a). The color of each curve correspondsdatiea of the same color where the spectrum was

conducted.
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Figure 6: Thermal camera measurements of appariated temperatures g, as a function of
sample temperature §l'for VN films oxidized between 15 and 35 minutb&asurements are
carried out by considering= 1 irrespective to the sample. Up and down triangigsesent the
profiles for temperature ramping up and down, respely. The infrared camera works on the
range of 7.5-13 pm. The red lines obtained byeslifitting in the low temperature (LT) and high

temperature region (HT) enabled the determinatfeenussivity values before and after MIT.

Figure 7: Sheet resistance (SR) as a functionesieimperature for all oxidized VN films deposited

on silicon substrate.

Figure 8: Logarithm of the ratio of sheet resiseaat low and high temperature (left axis, blue
squares), emissivity switch (right axis, red cislas a function of oxidation time. We used a color

gradient to illustrate the different five regioms the structure of oxidized films at 450 °C.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6:
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Figure 7:
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Figure 8:
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