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Abstract

This work deals with high efficient optical switching properties at°68of thermochromic vanadium dioxidé/O,) thin films
deposited on amorphous silica substraié3, thin films were deposited by radio frequency reactive sputtering process. Conditions
of deposition were optimized making use of parameters such as film thickness, gas ratio and substrate temperature. Process was
optimized adjusting the distance between target and substrate, and dimensions of target and substrates, to obtain a good uniformity
and reproducibility of the layers. X-Ray diffraction patterns and scanning electron microscopy convincingly illustraté@.that
thin films could grow on amorphous silica substrates with a specific preferential crystal orientatidd0ihg crystallographic
direction of oxygen octahedral chains is parallel to the substrate plane and corresponds with vanadium—vanadinsuletisg
state or with a maximum of electron delocalizatiogimetal stat¢. Optical switching properties in the mid-infrared range are
discussed: transmittance, reflectance and emissivity values are strongly modified at the thermochromic transition temperature
(Tc=68 °C). A maximum of optical transmittance contrast is observed for a thickness of 120-nm, then interpreted in terms of
absorption law. Using a specific software, theand k optical indices are determined and used to simulate the variation of
transmittance vs. film thickness.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction film continuity, density, porosity, grain boundaries,

] ] defects and finally film thickness. Presently, we will

The general aim of this study was to better control focys our attention on two main parameters: the film

the infrared switching properties of thermochromic thin tyickness and the final microstructural orientation of
flms of VO, vanadium dioxides. The doped gepgsited films.

V:-.M 0O, vanadium dioxides, in which M is an elec- To establish correlations between these parameters,
tron-doping element, are well known for their interesting  hermochromic vanadium dioxide thin films were elab-

i.nsulator.—metal tran;ition assoc;iated with strong varia- grated by radio frequency sputtering deposition on amor-
tions of infrared optical propertiefl]. The doping by yhous silica substrate. Pure vanadium dioxit®,

Mn.+ cations has two types of consequences: a modifi- gy pinits 4 reversible metal—insulator phase transition
cation of the transition temperatut&c =68 °C for pure (MIPT) at 68°C

VO,) and a modification of the optical contrast. In Using specific chemical substitutions for vanadium

addition, when th'n. films are 'deposned on specific cation, this transition temperature can be lowered: for
substrates, the optical transmittance, reflectance and

on e " instance, in the case of VvV, WJ[2], WE" stable
emissivity are generally conditioned by texture effects, cations are formed through the local reactiort Wo
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V4*. This doping effect is at the origin of the electrical, Table 1
magnetic and optical modifications. A lot of studies Influence of the substrate temperature on the color of the sample
were previously published, essentially on the infrared

. . T Sample Substrate Color
transmittance potentialities. Several applications such aSeeferences temperatufeC)
smart windows for thermal regulation could be envis-

. . . 380 Dark blue
aged. During the past years, numerous optical applica-,,, 395 Blue
tions were envisaged such as smart windows for thermaly/3 410 Blue
regulation of buildings(transmittance contrast{2—7], V4 425 Bronze
accordable IR mirror for LASER applicationgeflec- Vg 440 Bronze

_ ; ; V 455 Bronze
tance contragt [8—11], optical storage medid12], Ve 470 Bronse

uncooled microbolometef13,14. Various authors tried
to optimize the transmittance properties in thin films of
VO, [15-19. Recently, we have compared the optical 8—12um wavelength rangewas employed. The emis-
properties of nanosized polycrystalline samples with sivity values were directly determined by calculating the
those of thin films and we have obtained experimental luminance ratio between the sample and a blackbody
correlations between transmittance, reflectance andmaterial at the same temperature. X-Ray diffraction
emissivity [20,21]. experiments were performed using a Siemens—Brucker
Using chemical substitution or doping, the transition D5000 diffractometer, equipped with a copper source,
temperature can be modified. Many authors showed thatSoller slides, a secondary monochromator and a rotating
the optical contrast ineluctably decreases as the fractionsample holder. Scanning electron microsco{8EM)
of doping elementdanionic andor cationic substitu-  experiments were performed on a Philips XL30 micro-
tions) increased22,23. The first aim of this study is  scope to determine coating morphologies and grain size
to determine the most prominent parameters allowing distributions. To evaluate thickness of each film, profi-
obtaining good switching films in the mid-infrared lometry measurements were carried out using a Tencor
range. The second aim of this study will be to propose P1 profilometer equipmertfilm thickness is determined
a modeling of switching properties. with approx. +5 nm precisio.

2. Experimental section 3. Results and discussion

In this study, the influence of two independent para-
meters was considered: the substrate temperature during
the deposition process and the thickness of the layer.
From preliminary studies, we established that the depo-
sition rate was 2.1 npfmin at the deposition temperature

Thin films were made by radio-frequency cathodic
sputtering techniqugPVD process. Starting from a
pure vanadium targetHTC purity 99.99% and an
adjusted gas mixture AO,, VO, coatings were depos-
ited on an amorphous silica substrate. In the mixture . ; L .
Ar/O, reactive environment, the percentage of oxygen of 440°C. The thlckness was initially fixed to a mean
O, ranged between 0.5 and 2%. The total chamberv""lu‘.e of approximately 120 nm corresponding to the
pressure ranged from 5 to 30 mTorr. The temperature Ofpred|cted range of 30-220 nm.
the substrates was carefully controlled: the deposition
processes were performed between 380 and°€7T0he

deposition rate was very stable, linear and reproducible, The thickness of each film being fixed to 120 nm,
with a mean value 210.1 nm/min. So, the fim  the substrate temperature, as a unique parameter, was
thickness could be directly related to the sputtering time. jncreased from 380 to 476C. Modifications of color
Spectroscopic experiments in the mid infrared wave- aspect were observed. Table 1 shows the correlations
length range were carried out to determine the thermo- petween the experimental conditions used to prepare the
optic performances of the as-prepardd, films.  various samples and the resulting colors. Such a color
Transmittance spectra were measured using a Nicoletyariation corresponds with two different varieties of
Magna 860, equipped with a thermo-regulated environ- yanadium dioxide: the/O,(B) phase that is not ther-
mental cell. Hemispherical directional reflectometer mochromic, obtained for substrate temperatures lower
(HDR SOC100 extensionwas used to determine the than 420°C and the thermochromiZO, phase, obtained
infrared hemispherical directional reflectance. Hence, a for substrate temperatures higher than 420The same
blackbody heated at 600C was used. Diffuse and feature was observed for pigments elaborated from

specular components can be determined simultaneouslythermal treatment of ammonium hexavanadsie
To perform these studies, emissivity equipment devel-

oped in our laboratory was carried out for the normal 3.1.1. Optical transmittance analyses
integrated emissivity factors vs. temperature. A classical The optical variation ATr=Tr(LT)—Tr(HT), is
HgCdTe infrared sensdimaximum contribution in the  defined as being the difference between the low tem-

3.1. Influence of the deposition temperature
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Fig. 1. Influence of the temperature of deposition on the collimated
transmittance variations.

perature Transmittance, not@d(LT) and the high tem-
perature Transmittance, note@(HT). Tr(HT) and
Tr(HT) experiments were carried out at, respectively, 25
°C and 90°C, making room atmosphere as references
for the measurementdr(CT) and Tr(HT) experiments
clearly show that infrared contrast drastically increases
in the case of films deposited at a temperature of 425
°C. ATr is maximum for a deposition temperature of
Approximately 440°C. Above this temperature, it slowly
decreases$Fig. 1). The infrared spectrum of a thin film
deposited at 440C, in the 2.5—5.m wavelength range,

is reported on Fig. 2. In the semiconductor statd &t

Tc, a high transmittance is observed for wavelengths
ranging between 2.5 and 3.78n. Above 3.75um, the
transmittance strongly decreases: this absorption effec
is directly related to the optical absorption of the
substrate(the substrate transmittance is reported on the
figure). In the metallic stat€7>Tc), the transmittance
strongly decreases in the full wavelength range and the
film becomes opaque. A collimated transmittance hys-
teresis cycle was obtained, as reported on Fig. 3, for a
fixed wavelength(A=3.5 wm) vs. temperature. The
width of the hysteresis cycle is quite narrdw: 10 °C

at the full width at half maximum(A7r/2)). The
transition jump occurs with a strong contrast, in a very
tight temperature range: a switching propertyAdfr=
76% is observed for a temperature variation of only 4
°C.

3.1.2. Reflectance analyses

Reflectance measurements were carried out on the

same samples. The optical contrast is found to be
maximum for the films elaborated at 44C. Fig. 4
presents the reflectance variations for a film occurring
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Fig. 2. Fourier transform Infrared collimated transmittance spectrum
for VO, thin film deposited on amorphous silica at 44Din the 2.5—
5-um wavelength range.

strate is clearly visible in the 8—10m wavelength
range. The reflectance values are weak in this semi-
conductor state, however, they strongly increase in the
metallic state for7>Tc (the AR variation values are
found to range from 70 to 75%No substrate reflection

is observed. For temperatures higher than=68 °C,
electrons are delocalized and a screening effect appears
for the incident photons. For the film deposited at 440
°C, the infrared contrast was Approximatelyr =65%

for several wavelength, and, as for transmittance, the
contrast associated with the switching effect is higher
(Fig. 5). The reflection data were obtained by adding
diffuse and specular components of reflectance, making
use of a specular gold reference having a very low

Wiffusion contribution. Ours results are in good agree-

ment with reflectance values obtained by Hanlon et al.
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Fig. 4. Hemispherical directional reflectance ¥, thin film depos- Fig. 6. Influence of the deposition temperature on the emissivity con-

ited on amorphous substrate at 44D trast of V5 thin film.

[24]. Our V5 film exhibits 60% change in reflectance °C)— E(90 °C) was maximum for the V5 film deposited

in the infrared range, as these authors. Reflectanceat 440 °C. The |AE| variation was of approximately
values depend on the substrate temperature involved in60%. This result is in good agreement with the reflec-
the process, as observed in Fig. 5. In their film, Dillon tance and transmittance results discussed in previous
et al. [25] present a~60% change in reflectance, with sections. Using the relation8+R+7r=1 (or from
values noticeably higher than our own values. This can variation form AE+ AR+ AT=0), we can verify, from

be easily interpreted by the fact that their experimental specific numerical values at fixed wavelengtissee Figs.
conditions strongly differ from ours: they used a crys- 2-6), that the reflectance and emissivity measurements
tallized silicon substrate heated at 5%D. obtained from two types of independent techniques are

fully correlated.
3.1.3. Emissivity measurements

The results concerning the normal integrated emissiv-
ity measurements have been reported on Fig. 6. Emis-
sivity values(E) were directly integrated in the 8—12 o N
m range corresponding to the HgCdTe infrared sensor.  After optimization of the deposition temperature, the
Emissivity decreases when temperature becomes highetnfluence of the film thickness on the optical switching
than Tc=68 °C. The contrast in emissivity determined Properties was then studied. The deposition temperature

from the difference of the measured valua| =E(30  Was fixed at the optimal temperature of 44Q, as
suggested in the previous section. Using various depo-
sition times with a particularly stabilized depositing rate

3.2. Influence of the thickness

100

g Spectra of thermochromic VO, in the metalic state (approx. 2.1 nm deposited pe_r mmvanable. film
g 97 realised at 90°C thicknesses measured from profilometry technique were
§ 60 obtained in the range 30+ 3)—-220(+18) nm. A linear
o ] 440°C i iti i
% 0] //,%i,_\ fﬁ::frii?T;vballZ gbserved between deposition time and
© : NPT .
5 60 -/Wﬁ\\ﬁ“\——\&i
S 50 J 470°C
@ ] Table 2
5 404 Influence of the sputtering duration on the film thickness
= l
% 30__ Sample Sputtering Mean thickness
& 20 reference duratioimin) (nm)
£ ] ¥
g 104 V8 15 31
0 1 —7r r 1 rr r r 1 r T T * T T T 7 Vo 30 62
4 6 8 10 12 14 16 18 20 V10 45 92
Wavelength (um) V5 60 125
V11 75 155
. . . . V12 90 189
Fig. 5. Influence of the temperature of deposition on the hemispherical V13 105 217

directional reflectance ofO, thin film (data were obtained at 9C).
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Fig. 7. Influence of the thickness on the contrast in collimated trans-

mittance ath =3.5 m. Fig. 8. Influence of the thickness on the contrast of hemispherical

directional reflectance.

Infrared contrast values for collimated transmittance

experiments are reported on Fig. 7. It can be noticed jndices noted,k,i)y, or (h,k,l)= respectively, for mon-
that, for thickness between 90 and 120 nm, a satisfactoryociinic or rutile representationswere analyzed and
compromise could be obtained for applications such ascompared with the data corresponding to No 44-0252
reversible switching smart windows. The 120-nm thick jcpDs card27] (thermochromicvO, phase. All films
film presents a\7r variation of 75% and\7r/Tr=98%.  deposited on the amorphous silica substrate at a temper-
Alternatively, no optimal thickness was observed in atyre higher than 416C are crystallized and present a
the case of reflectance and emissivity measurementsyeferential orientation, parallel to tH@®11),, plane of
yvhlch was expectfed. In_fact, the_amplltude of variations the monoclinic systenfor (110) in the tetragonal rutile
increases when film thickness increases, as it can begystem. Lying in this (011),, (or (110)x) plane, the
seen on Figs. 8 and 9. In the metallic state, thin films [001], rutile axis of the structure can be found: this

are opaqué7r is approximately equals to zegano back  girection corresponds with the V-V linked pairs that
side effect or substrate effect can be observed, and thengre formed in the low temperature state and with the

reflectance (denoted R) and emissivity (denotedE)  maximum electron delocalization in the high temperature
measurements can be correlated through the derivedyetallic state[2]. Generally, such an electrical aniso-

Kirchoff relation [26]: tropy might be associated with a corresponding aniso-
R+E=1

This relation is derived from the classical relation of 100 : .
the conservation of energy from reflectiéR), absorp- & 904 . semiconductor state: 30°C
tion (A) and transmissiol7r): > 80l ﬁlf’ —t i f —
= ] i 9%
R+A+Tr=1 8 707 %%
5 60 49%
in which A=E for samples studied at the thermal g 50 ¢ 59% 60% 61% 62%
equilibrium and7r=0 for opaque systems. This relation £ 4o ] \
integrates the scattered component in the reflection and £ 30.] i\
transmission terms. Our measurements permit us tog . S - .
include the scattered contribution. So, a good agreement € 20 metallic state: 90°C
between integrated hemispherical directional reflectance 2 10+
and normal integrated emissivity values is observed. 04

20 40 60 80 100 120 140 160 180 200 220
3.3. Microstructure Thickness of the film (nm)

X-Ray diﬁré_‘Ction patterns were recoro_led at room Fig. 9. Influence of the thickness on the contrast of normal integrated
temperature(Fig. 10). The Bragg peakgwith Miller emissivity.
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Tr=K-(1—R)? exp—[a(N,T)x+ ag(\,T)+x0]

Thin film of VO,
deposited on with K=(1—R)?/[1—R3 exp(—2a4xy)] (let us recall
amorphous silica substrate that thisk term results from an approximatinn
In this simplified expression, the term-KL—R)?
represents the global reflectance of the bi-layered sys-
tem. These reflectance and absorbance characteristics
K-(1—R)? and a(A,T) strongly vary with temperature
close to the transition; they depend on substrate thick-
nessx,, but generally they do not depend &0, film
thicknessx.
The variation of transmittanc&Tr=Tr(LT) — Tr(HT)
in which LT and HT designate the low temperature and
high temperature states, can be expressed as follows:

(011)

Intensity (arb. units)

10 20 30 40 50 60 70 80 90 ATr =K (1= Ry )>exp| — o (M) — gV T) ]
26 (°) — (1= Ryp)?exp — apyr(N,T)x — oo(N,T)xol}

i _ ) ) o =ATr
Fig. 10. X-Ray diffraction pattern of the dfO, oriented thin film. =(I)LT'EXD[—0L|_T()\,T)°X]

Indexation is given in the monoclinic system.
- (I)HTeXﬂ - aHT()\1T) 'x]

tropy in optical properties. This is a reason why we With
expect improved contrast behaviors in sudb, films. O =K-(1-R)? expl —ao(\,T) x]

On the secondary electron imagig. 11), the film
appears as being continuous with a grain microstructureCalculating the zero of the derivativé7r/ ox, assuming
composed of primary particles having sizes of 50—-100 that the reflectanceR do not vary with material thick-
nm. The surface is characterized by a relative roughnessnessx in a significant way, a maximum of contrast in
Using AFM analysis, a roughness parameker,=12 transmittance is obtained with the resulting relation:
nm was obtained. This confirms the fact that the film is
dense with no crack, nor fissure. Xopt=[1/(apr—aD]-Ln (aur®pr/oar P r)

4. Modeling of the infrared properties If all « and® values were known, then this relation
could deliver the optimized thickness,. In fact, these
In this section, we propose a simple interpretation of @ and @ values cannot be strictly determined because

the optimal thickness observed in our experiments, thenthey depend on surface qualifgavities, irregularities,

we make use of a specific software well adapted to the grain boundaries..).

calculation of optical indices of thin films deposited on ~ This relation shows that, depending on the strongly

a substrate. different absorption coefficients of the semi conducting
The existence of optimal properties in layered systems and metallicvO, phases, the thermochromic contrast of

can be easily justified through the elemental expression

describing the transmittance in bi-layered systd2&:

Tr=(1—R)? (1—Ryp)? exp— [a(\,T)x+ oo\, T)xq/
[1—R2-exp(—20-x)][1— R3-exp( — 20 p°x 0)]

In this expressioR andRy, a(A,T) and ay(A,T) are the
reflectance and linear absorption coefficients of the
VO, film and substrate. The thicknesses are, respectively,
x andx,. When the optical transition occurs, tiReand
a(A,T) coefficients of VO, strongly vary, while the
substrate coefficients are assumed quasi constant. Taking
into account the fact that the denominatbr R? exp( —
2a-x)] is close to unity and slowly varies, we can
simplify the expression as follows: Fig. 11. SEM micrograph of the V5 thin film.
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Fig. 12. Optical indices of the V5 thermochronW©, for T< Tc andT> Tc, determined from thickness measurement, transmittance and reflectance
experiments.

thin films can be optimized by controlling deposition The code implements double precision calculations
time or film thickness. If all optical factoréabsorption, for greater accuracy and control of round off errors in
reflectancé could be well determined for the as prepared large designs.

films, then the film thickness could be optimized and  To perform such a calculation, it was necessary first
predictions of deposition times could be proposed, which to determine the optical indices of the SiO substrate

should be of high industrial interest. and then to compare these indices with data from the
literature[29].
4.1. Simulation of optical indices Finally, the n and k& values of theVO, film are

determined from the global film-substrate data, taking

For each wavelength, from thickness, transmittance into account the previously calculated substrate indices.
and reflectance measurements, optical indi¢es) The results are reported on Fig. 12.

could be determined. As the V5 film presents the best  Qurs (n,k) indices are in good agreement with the
emissivity contrast, we have selected this film to perform jndices obtained fovO, films deposited on Sapphire
the modeling calculation of optical indices. and silicon substratel49,3d, in the 2.5—15.m range.
Film Wizard software was used to determine (hg)  Our calculated curves present similar evolutions: how-
indices. In this software, Fresnel relations allow fitting ever, in the metallic state, our resultingand k values
the (n,k) indices directly associated with téO, layers  sensibly differ from the values obtained by these authors.
as deposited on amorphous silica substrates. GlobalThis might be attributed to the lower transmittance in
optimization of calculations allows avoiding local min- thjs state, which should involve difficulties for optical
ima and delivers the best solution. In addition, a con- simulations. In the semiconductor state,k) indices

strained optimization option is provided, in such a way are practically constant, however, they increase with the
that any user can input maximum and minimum bounds wavelength, in the metallic state.

for any variable that has to be optimized. Using the optical indices of this ‘V5VO, film, we
o . have achieved the simulation of transmittance and reflec-
4.2. Principle of the calculations tance functions as a function of thickness, for a fixed

wavelength ofA=3.5 pum. The results are shown on
Fig. 13. A good agreement between calculated and
observed curves is obtained for the different films.

Opticaln andk indices are fitted to experimental data
(reflectances and transmittang@saking use of classical
optical model. The approximations give rise to the

simplified relations: 4.3. Prediction of optimized thickness

® Linear absorption coefficientt=(47/A)-k
® Reflectance (semitransparent approximatipnR = Making use of the: andk simulated values, we have
[(n—1D?+k3/[(n+1)2+k7T calculated specifiax and R values for the HT and LT
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diagram is very slight, a fine optimization of the sput-
tering process was necessary. Excellent contrasts in
infrared transmittance, reflectance and emissivity were
obtained. An overview of the optical performances is
reported on Table 3.

The optimization of transmittance as a function of
. thickness was first interpreted from the classical Beer—
Lambert absorption law. Then a computer simulation of
optical properties delivered the optidad,k) indices was
given.

It can be emphasized that these high optical contrasts

100
9] "T—

” 1 \_\semiconductor state : 20°C
] .

70

60 -

50

m  Experimental values

40 ’ .
Simulation

30

Collimated transmittance (%)

20

metallic state : 90°C

directly result from high film densities, low particle

e
B S -

T

sizes(lower than incident light wavelength

Applications such as smart windows based on trans-
mittance properties, IR thermal detection or switched
modulations of the emissivity of space structure could
be now envisaged.

. . : ——
20 40 60 80 100 120 140 160 180 200 220
Film thickness (nm)

Fig. 13. Measured and calculated transmittance ftark) indices at
A=35pm.
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