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Mg doping of thermochromic VO, films enhances the optical transmittance
and decreases the metal-insulator transition temperature
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Thermochromic films of Mg, V,_,0O, were made by reactive dc magnetron sputtering onto heated
glass. The metal-insulator transition temperature decreased by ~3 K/at. %Mg, while the optical
transmittance increased concomitantly. Specifically, the transmittance of visible light and of solar
radiation was enhanced by ~10% when the Mg content was ~7 at. %. Our results point at the
usefulness of these films for energy efficient fenestration. © 2009 American Institute of Physics.

[doi:10.1063/1.3229949]

Thermochromic VO, films transmit more solar radiation
below a “critical” temperature 7. than above this tempera-
ture. As shown in this letter, Mg doping of VO, enhances the
luminous transmittance 7),,, and lowers 7., thus demonstrat-
ing that such films are interesting for windows of energy
efficient buildings.

Worldwide, 30%—40% of all primary energy is used in
buildings, and well insulated envelopes as well as radiation
control of window apertures are keys to energy efficiency
and associated CO, abatement." Optimized radiation control
requires chromogenic materials,” and thermochromic coat-
ings are interesting options either for stand-alone uses, be-
cause a single coating can be applied, or for boosting the
performance of electrochromic “smart windows.”

VO, is a well studied thermochromic material.* Bulk
VO, is monoclinic and insulating at 7<<7,. and is tetragonal
and metallic at 7>17,., where 7 is temperature and 7.
~68 °C.” The nature of the metal-insulator transition (MIT)
has been much debated, but recent work indicates a Mott
transition.”™® Doped bulk oxides, denoted M,V,_0,, can
have lowered 7, (with M being W%, Mo%*, Ta>*, Nb>*, and
Ru**) or increased 7, (with M being Ge**, AI**, and Ga3").?
Dopants with a valency 2+, such as Mg?*, apparently have
not been investigated before.

M, V,_0, films have shifted 7., as in the bulk, but the
transition temperatures are also influenced by thickness and
stress.'™!! There has been much recent work on W, Vi_0,
focused on films made by techniques suitable for large area

depositions such as reactive dc magnetron sputtering,12
chemical vapor deposition,ls’14 and sol-gel deposition.15 It
has been found that a few percent of W can decrease 7,. to 20
to 25 °C, i.e., to a comfort temperature suitable for practical
fenestration. However, the requirement of a high relative
modulation of the transmittance at 7, has invariably limited
T\um to <40%, which in general is too low.*

Our Mg, V,_,0, films were made by reactive dc magne-
tron sputtering onto substrates of glass (and simultaneously
onto carbon plates for compositional analysis) from
5-cm-diameter targets of V (99.5%) and Mg (99.99%).
After evacuation to 0.4 mTorr, Ar and O, (both 99.997%)
were introduced via mass-flow-controlled regulators so
that the Ar/O, ratio was ~19 and the total pressure was
~92 m Torr. Cosputtering took place at powers being 210
W and 0-29 W for the V and Mg targets, respectively. The
substrates were kept at 450 °C, and the target-substrate sepa-
ration was 13 cm. Deposition rates, via sputtering time and
thickness d by surface profilometry, were 0.083 nm/s from V
and 0-0.008 nm/s from Mg.

Spectral normal transmittance T(\,7) was measured
for 300 nm<<A <2500 nm and 20 °C<7<120 °C as de-
scribed  before.!! Figure 1(a) refers to VO, and
Mgy 072V 0.9280, films with d=50%5 nm. The VO, film dis-
plays expected thermochromism.*"" Importantly, Mg doping
yields a significantly larger value of T(\,7) for A <600 nm
at both temperatures. Quantitative enhancements were evalu-
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ated for the luminous (lum) and solar (sol) transmittance,
defined by

Tlum,sol(T) = f d)\golum,sol()\)T()\’ T)/f d)\golum,sol()\)v (1)

where ¢, is the spectral sensitivity of the light-adapted
eye = and ¢, is the solar irradiance spectrum for air mass
1.5 corresponding to the sun standing 37° above the
horizon.'” The spectral ranges used in the evaluations were
385 nm<<A <760 nm and 300 nm<\<2500 nm for T,,
and T, respectively. Figure 1(b) shows, for 7< 7., that the
Tyum increases from 39% to ~51% when x goes from O to 7.2
at. %Mg. Corresponding T}, for 7> 7. lay between 43% and
~52%, and corresponding T, for 7<<7. and 7> 7, lay be-
tween 45% and ~54% and between 41% and ~50%, respec-
tively.

We inferred 7, from T(\,7) at A=2300 nm. Figure 2(a)
shows data for films of VO2, Mg0'040V0_96002, and
Mg 058 V0.04205, taken for temperatures increasing and de-
creasing by ~10 °C/min. The MIT is hysteretic and shifted
toward lower temperatures when x is increased; the transmit-
tance change then became less pronounced, whereas the
width of the transition remained rather unchanged. Taking
7.=(7.1+7.,)/2, where 1 (2) refers to increasing (decreasing)
temperature, at half of the transmittance change one obtains
the data in Fig. 2(b). Clearly 7. decreases linearly by
~3 K/at. %Mg. This can be compared with our data for
W.,V,_0, for which 7. drops by ~25 K/at. %W."® Our
data are not accurate enough to tell whether the decreases in
7, are strictly proportional to the doping content.

Structural characterizations were made by x-ray diffrac-
tion (XRD). Figure 3 displays results for films of 50-nm-
thick V02 and 100-nm-thick Mg0~058V0'94202 at 7=22 °C.
The former film shows multiple diffraction peaks consistent
with monoclinic V02 The Mg0.053V0_94202 film has a less
distinct XRD pattern, but the features—excepting the tiny
peak at 20 = 18°—agree with a monoclinic structure as
might be expected from data in the literature."”

Elemental compositions were inferred from Rutherford
backscattering spectrometry (RBS) and x-ray photoemission
spectroscopy (XPS). Figure 4(a) shows RBS data for a
Mg, V,_,O, film backed by carbon from which x
=0.058+0.015 was obtained from a simulation routine
based on the SIMNRA program20 which iteratively produces a
least-squares fit to the experimental spectrum subject to ion
scattering and energy loss equations (indicated by the curve).
The absolute errors are significant because of the low signal-

to-background ratio of the Mg feature. However, relative er-
rors are much smaller, and therefore the trends seen in Fig.
1(b) and Fig. 2(b) are well established. The RBS data also
verified that the O/V atom ratio was 2 to within simulation
errors and gave unambiguous evidence for Mg, Ar, and Si, as
well as for C ensuing from the substrate. A small peak is due
to Ar, presumably incorporated during film growth via sput-
tering, and there is also some contribution—of unknown
origin—due to Si.

Consistent compositional data for Mg, V,_,0, films on
glass, shown in Fig. 4(b), were obtained from XPS and dis-
plays the Mg 2s feature whose intensity grows in proportion
to x.

Summarizing, we have shown that Mg, V,_,O, films dis-
played thermochromism with a luminous transmittance that
went up by ~10% and a metal-insulator transition tempera-
ture that dropped to ~45 °C in proportion to x as this pa-
rameter increased from zero to 0.07. Mg is the first dopant
with this combined effect on VO,, and our work hence
makes thermochromic window coatings a more viable alter-
native for energy efficient fenestration than with previously
known materials. The lowered luminous absorption makes it
very interesting to make multilayer films of the type
D/MgV,_,0,/D and D/Mg,V,_,0,/D/MgV,_.0,/D,
where D is a dielectric material, in order to create induced
transmittance as well as favorable angular properties; films
of the latter type—though with x=0—have been investigated
recently.21 Finally, we note that Mg doping is capable of
increasing the transmittance also in electrochromic Ni-oxide-
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FIG. 3. (Color online) XRD data for Mg,V,_,O, films with x=0 and x
=5.8 at. %. The peaks are designated by the pertinent crystallographic
planes as obtained from Refs. 27 and 28 (an asterisk designates data from
the latter file). The broad peak at a diffraction angle 20 =~23° originates
from the glass substrate.
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FIG. 4. (Color online) Data from RBS (a) and XPS (b) for 50-nm-thick
Mg, V,_,0, films. The RBS results, taken at the Uppsala University Tandem
Laboratory, are denoted by circles and model results are indicated by the
curve. The film contains the shown elements and the part showing the Mg
feature is magnified. XPS data were recorded with a SCIENTA ESCA 300
spectrometer.

based films** and in ZnO films and nanoparticles.m’25 Band-
gap widening in Mg,Zn;_,O has been modeled recently in ab
initio calculations™ and it is conceivable that a similar ap-
proach can account for Mg, V;_,O,.

Dr. Jens Jensen and Dr. Jun Lu are thanked for RBS and
XPS measurements, respectively. One of us (NRM) is grate-
ful to the International Science Programme of Uppsala Uni-
versity for a scholarship.

'UNEP, Buildings and Climate Change: Status, Challenges, and Opportu-
nities (United Nations Environment Programme, Paris, 2007).

Appl. Phys. Lett. 95, 171909 (2009)

2Large—Area Chromogenics: Materials and Devices for Transmittance Con-
trol, edited by C. M. Lampert and C. G. Granqvist (SPIE, Bellingham,
1990); C. G. Grangyvist, Crit. Rev. Solid State Mater. Sci. 16, 291 (1990).

3C. G. Granqvist, P. C. Lanséker, N. R. Mlyuka, G. A. Niklasson, and E.
Avendano, “Progress in Chromogenics: New Results for Electrochromic
and Thermochromic Materials and Devices,” Sol. Energy Mater. Sol. Cells
(to be published).

*C. G. Granqvist, Sol. Energy Mater. Sol. Cells 91, 1529 (2007).

SF. J. Morin, Phys. Rev. Lett. 3, 34 (1959).

M. M. Qazilbash, M. Brehm, B.-G. Chae, P.-C. Ho, G. O. Andreev, B.-J.
Kim, S. J. Yun, A. V. Balatsky, M. B. Maple, F. Keilmann, H.-T. Kim, and
D. N. Basov, Science 318, 1750 (2007).

B.-J. Kim, Y. W. Lee, S. Choi, J.-W. Lim, S. J. Yun, H.-T. Kim, T.-J. Shin,
and H.-S. Yun, Phys. Rev. B 77, 235401 (2008).

8G. Xu, C.-M. Huang, M. Tazawa, P. Jin, D.-M. Chen, and L. Miao, Appl.
Phys. Lett. 93, 061911 (2008).

°J. B. Goodenough, J. Solid State Chem. 3, 490 (1971).

19C. B. Greenberg, Thin Solid Films 110, 73 (1983).

s, M. Babulanam, T. S. Eriksson, G. A. Niklasson, and C. G. Granqyvist,
Sol. Energy Mater. 16, 347 (1987).

12C. Batista, V. Teixeira, and J. Carneiro, J. Nano. Res. 2, 21 (2008).

R. Binions, G. Hyett, C. Piccirillo, and 1. P. Parkin, J. Mater. Chem. 17,
4652 (2007); C. Piccirillo, R. Binions, and I. P. Parkin, Thin Solid Films
516, 1992 (2008).

“p. Vernardou, M. E. Pemble, and D. W. Sheel, Chem. Vap. Deposition 13,
158 (2007).

5B, G. Chae, H. T. Kim, and S. J. Yun, Electrochem. Solid-State Lett. 11,
D53 (2008).

15G. Wyszecki and W. S. Stiles, Color Science: Concepts and Methods,
Quantitative Data and Formulae, 2nd ed. (Wiley, New York, 2000).

7ASTM G173-03 Standard Tables of Reference Solar Spectral Irradiances:
Direct Normal and Hemispherical on a 37° Tilted Surface, Annual Book of
ASTM Standards, Vol. 14.04, American Society for Testing and Materials,
Philadelphia, PA, USA, http://rredc.nrel.gov/solar/spectra/am1.5.

B0ur results on W.V,_,0, films will be presented separately together with
data for other dopants. 7. falls off by ~28 K/at. %W in bulk W,V,_.0,
crystals (Ref. 9), whereas the decrease typically is slower in films. Earlier
work [M. A. Sobhan, R. T. Kivaisi, B. Stjerna, and C. G. Granqvist, Sol.
Energy Mater. Sol. Cells 44, 451 (1996)] on films deposited onto sub-
strates at 400 °C, and hence likely to be less crystalline, gave a 7, drop of
~8 K/at. %W.

YA, Akroune, J. Claverie, A. Tazairt, G. Villeneuve, and A. Casalot, Phys.
Status Solidi A 89, 271 (1985). This paper shows data for well character-
ized Mg, V,_,0,_,.F,, crystals and demonstrates that a monoclinic struc-
ture prevails at low 7 and x; the drop of 7. is ~6 K/at. %Mg for x
<0.035.

M. Mayer, AIP Conf. Proc. 475, 541 (1999)

2IN. R. Mlyuka, G. A. Niklasson, and C. G. Granqvist, Sol. Energy Mater.
Sol. Cells 93, 1685 (2009); Phys. Status Solidi A 206, 2155 (2009).

g, Avendaio, A. Azens, G. A. Niklasson, and C. G. Grangvist, Sol. En-
ergy Mater. Sol. Cells 84, 337 (2004).

A, Ohtomo, M. Kawasaki, T. Koida, K. Masubuchi, H. Koinuma, Y. Saku-
rai, Y. Yoshida, T. Yasuda, and Y. Segawa, Appl. Phys. Lett. 72, 2466
(1998).

A Ji, Y. Song, Y. Xiang, K. Liu, C. Wang, and Z. Ye, J. Cryst. Growth
265, 537 (2004).

»G.-H. Ning, X.-P. Zhao, and J. Li, Opt. Mater. 27, 1 (2004).

%B. Amrani, R. Ahmed, and F. El Haj Hassan, Comput. Mater. Sci. 40, 66
(2007).

*’JCPDS Card No. 43-1051.

*JCPDS Card No. 81-2392.

Downloaded 02 Nov 2009 to 130.238.21.142. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1080/10408439008242184
http://dx.doi.org/10.1016/j.solmat.2007.04.031
http://dx.doi.org/10.1103/PhysRevLett.3.34
http://dx.doi.org/10.1126/science.1150124
http://dx.doi.org/10.1103/PhysRevB.77.235401
http://dx.doi.org/10.1063/1.2972106
http://dx.doi.org/10.1063/1.2972106
http://dx.doi.org/10.1016/0022-4596(71)90091-0
http://dx.doi.org/10.1016/0040-6090(83)90175-X
http://dx.doi.org/10.1016/0165-1633(87)90029-3
http://dx.doi.org/10.4028/www.scientific.net/JNanoR.2.21
http://dx.doi.org/10.1039/b708856f
http://dx.doi.org/10.1016/j.tsf.2007.06.009
http://dx.doi.org/10.1002/cvde.200606527
http://dx.doi.org/10.1149/1.2903208
http://rredc.nrel.gov/solar/spectra/am1.5
http://dx.doi.org/10.1016/S0927-0248(95)00051-8
http://dx.doi.org/10.1016/S0927-0248(95)00051-8
http://dx.doi.org/10.1002/pssa.2210890129
http://dx.doi.org/10.1002/pssa.2210890129
http://dx.doi.org/10.1063/1.59188
http://dx.doi.org/10.1016/j.solmat.2009.03.021
http://dx.doi.org/10.1016/j.solmat.2009.03.021
http://dx.doi.org/10.1002/pssa.200881798
http://dx.doi.org/10.1016/j.solmat.2003.11.032
http://dx.doi.org/10.1016/j.solmat.2003.11.032
http://dx.doi.org/10.1063/1.121384
http://dx.doi.org/10.1016/j.jcrysgro.2004.02.083
http://dx.doi.org/10.1016/j.optmat.2004.01.013
http://dx.doi.org/10.1016/j.commatsci.2006.11.001

