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Thin films of MoQ, coated with platinum as a catalyst were prepared by dc magnetron sputtering
from a molybdenum target in an oxygen and argon atmosphere. The films were colored and
bleached by exposure to diluted hydrogen gas and air, respeclivediju measurements of x-ray
reflectance and substrate curvature were performed during switching cycles. Upon hydrogen
exposure a remarkable thickness decrease of 11% and a density increase of 6.5% are observed by
x-ray reflectance measurements. Corresponding changes in optical transmittance and mechanical
stress up to several hundreds of MPa are also observed. These changes are not fully reversible as
revealed by measurements of multiple switching cycles. Both the change of thickness and density,
as well as the change of optical transmittance and mechanical stress can be explained by the
existence of a mixed phase of edge and corner sharing ;Mm@ahedra whereupon the first
coloration the ratio between edge and corner sharing octahedra is change&tl042American
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I. INTRODUCTION properties:’ Upon coloration it shows a less pronounced
color change, even though a sufficiently pronounced absorp-

Optically switchable coatings offer a wide range of tion occurs in the IR to render this material useful for smart
promising applications, such as hydrogen sensors, nonglaigdow applications.

rear view windows, displays, and smart windoWsThe re-
newed interest in such materl_als IS drlyen by the de_swe aN8ments in terms of their electronic structure, molybdenum
need to develop energy saving solutions for architectural . . . .

o . xide has not been fully exploited as a window coating ma-
buildings as well as the recent discovery of a new class of

materials, namely rare earth metals, which show optica}e”_alh"_"nd afs a gasf_lsen_éo?. This is du? to t:z fact th?
switching®~* The switching process involves the incorpora- switching of MoQ films is more complicated due to the

tion of hydrogen into the film, leading to a change of its competition of several different phases which coexist in sub-
optical properties. These optical changes are prompted b§;oichiometric films. In order to exploit the potential of
injection of charges(electrochromism or gases(gaso- MoOy as a gasochromic material and gas sensor, it is impor-
chromism. Gasochromic smart windows exploit switching tant that the physical processes that take place in the films
under hydrogen exposure from a state which is transparent iwhen exposed to hydrogen are clearly understood. Of par-
the visible and near infrared to an absorbing state in theicular importance is the correlation between the deposition
infrared region, which leads to a decreased transmission afonditions and the resulting phases and their relation to the
the solar energy flux. In a recent paper we have shown in ghysical properties of these structures. This knowledge
comparison of several different classes of switchable coafygyld also be important for the improvement of the long
ings that WQ should be the material of choice for many tem cyclability and the switchability of the material. Suit-
applications since the switching in this material is fully re- ably designedn situ techniques during hydrogen exposure

versible and is accompanied by the smallest stresses Ogbuld help clarify some of the microscopic processes in-
served in any materialOther materials, such as simple met- . o
volved in switching.

als, e.g., Mg and rare earth metals such as Gd are In thi K binati f o i tarv tech
characterized by much larger mechanical stresses upon n this work, a combination ot two compiimentary tech-

switching which lead to irreversible deformatichsvhile ~ NiGues, namelyin situ x-ray reflectance measurements to--
WO, shows the superior behavior in terms of mechanica@€ether with experiments to determine the change of mechani-
stresses upon switching, the blue color the material obtaingal stresses during switching in diluted hydrogen and air,
upon switching is considered a disadvantage for certain agespectively, have been used to study the physical changes
plications where color neutrality is a requirement. Molybde-that take place in thin Mogfilms. A possible mechanism for
num oxide is another oxide which exhibits chromogenicthe observed changes is discussed.

Although tungsten and molybdenum are very similar el-
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Il. EXPERIMENT ] . L 2 L Moo;
A. Deposition 7 t: 59.5nm )

The samples were reactively deposited from a molybde- {@ p: 3.20g/cm
num target in an oxygen and argon atmosphere on unheated ]
Si (100 wafers for x-ray reflectanc&RR) (thickness~525 )} ““:;;ﬁ:t’:g
um), and glass substratéthickness~150 um) for wafer - - . r .
curvature measurements. The vacuum chamber has a back- > | :-Aos%snm
ground pressure of I mbar. In the present study, the non- g {®) p'_ 34'1g/cma
stoichiometric MoQ films were prepared at a constant pres- 2 o
sure of 9.0 Pa at a cathode current of 800 mA while the e
oxygen flow was kept constant at 19 sccm. A 2 nm thin g i
platinum layer was deposited from a platinum target in an = . .
argon atmosphere at a constant pressure of 0.8 Pa at a cath- 3 ] :‘_"05‘3, onm
ode current of 170 mA. The purpose of this Pt layer is to : A 3
catalyze the dissociation of hydrogen and its incorporation in 1@ P 3.38g/cm
the film. In both cases, the substrates were placed at a dis-
tance of 78 mm from the target. Tt thickness

p: density

B. In situ stress measurements s 10 15

Wafer curvature measuremetftsvere employed to de- o[°]

termine the mechanical stress induced in the film during theg 1. xrr measurements of Mqdilm covered ly a 2 nm Ptcatalyst
switching process in 2% hydrogen gas in argon. The wafefayer on a Si100 substrate during the switching cycles. Measurements are
curvature is measured by a laser scanning technique usingfigst carried out with the film in ambient air in the gas ced, during the
rotating mirror. This method utilizes a position sensitive de-c0/0ration process in 1% hydrogen in nitrogén, and after evacuating the

. . gas cell and allowing in ambient air. Loading of hydrogen leads to a thick-
tector to determine the substrate curvature. An additional den'ess decrease and a density increase which are not completely reversible.
tector situated below the sample allows the determination of
the transmittance changes of the film during the switching

cycles. This makes the simultaneous monitoring of the stress RD ‘ q Il attached to th le hold
and optical transmittance changes possible during coloratio ) system and a gas cell aftached 1o the sample holder.
ein situ gas cell consists of a polyethylene bag mounted

cycles. The stress change is determined from the Stone

equation! n the goniometer and connected to a gas feed system. This
bag can hold moderate overpressures of about 200 mbar of a
1/ E¢ \t3(1 1 gas mixture containing 1% Hin N,. In this setup, the
Ao= 6(1_ ,,S)ﬂ R R,/ (1) hydrogen/nitrogen mixture is preferred because of the lower

, . i loss of x-ray intensity as compared with an argon filled
whereE,/(1—vs) is the biaxial elastic modulus of the Sub- gisching chamber. Simulations were performed to repro-
strate, ands andt; denote the thickness of the substrate andy e the measured data. The thickness of the films was de-
the film, respectively, while H, and 1R represent the cur- o mined from the intensity oscillations and the density was
vature of the substrate before switching and during SW'tChaetermined from the position of the total reflection edfye.

ing, respectively” Equation(1) applies to biaxial stresses in y,q x-ray diffraction equipment was also employed to siudy
a film-substrate combinatiort:°In using this equation here o structure of the films

we neglect the 2 nm Pt layer on top. This is justified since

previous work by Peders&hhas shown that a single 8 nm Pt

fllm shows a stress change of gbout 200 MPa upon swnchmgl_ RESULTS AND DISCUSSION

with hydrogen. Hence for a thickness of about 2 nm we can

assume a maximum contribution to the stress of about 50 X-ray reflectance measurements and their simulation for

MPa. The loading with hydrogen is carried out in a gas cellan approximately 60 nm thick MaGilm covered with a thin

equipped with windows to give the laser beam access to thpt catalyst at different stages of coloration and bleaching are

sample. The intensity transmitted through the film and th&hown in Figs. la—9. Figure 1a) displays the measured and

substrate is determined at the laser wavelengthNof simulated spectra for the system in the gas cell exposed to air

=632.8 nm. The same setup is also used to measure chanqmor to any exposure to hydrogen. The Mp@im has a

in stress during the annealing process. For the wafer curvahickness of 59.5 nm and a density of 3.2 gicithis density

ture measurements the samples on glass substrates wegeconsiderably lower than the bulk density of the crystalline

used, while the samples on silic¢h00) were only used for & phase of Mo@, which corresponds to about 4.71 gitm

XRR measurements. The low density is indicative for a porous structure of the

amorphous film which is a prerequisite for switchable MoO

films. The high pressure of 9 Pa employed during sputtering
The film thickness and density of the samples on Sienabled the fabrication of the porous oxide films. Lower

(100 were determined by XRR, employing a Philips X'pert sputtering pressures lead to higher film densities and films

C. In situ x-ray reflectance
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that were considerably more difficult to switch. The thick- 400 T T T 180
ness of the Pt layer was determined to be 2.5 nm, while a 350 T wgar .,...m- 75
density of 5.66 g/crhwas measured. This density is much a00] | | tenemitancelizo
lower than the bulk density of Pt of 21 g/@nThis Pt layer is . . 185 %
deposited at an Ar pressure of 0.8 Pa. Hence the low density = f Vsl {s0%;
of the Pt film is not a signature of a porous film but rather % 200p {55 ¢
evidence for dispersed Pt clusters distributed on the MoO § 150 - / 5‘°'§,
film surface. 100} = 145§
Upon exposure to a mixture of 1%,Hn N, with an so \;4.0“
overpressure of approximately 200 mbar the film thickness 0 b 435
decreases by about 11% to 52.6 nm, while the density of the ety y y . v 3.0
MoO, film increases by 6.5% to 3.41 g/énfiFig. 1(b)]. 0 500 1000 1:00 2000 2500 3000 3500
These two changes are rather surprising. First of all, practi- me [sec]
cally all other systems investigated so°f& show an in- b 100
crease of film thickness upon exposure to hydrogen which is 2001 f 95
explained by the incorporation of hydrogen into the film. 150 90
This incorporation typically leads to a decrease in density so & N/\ 485 9
that the product of density and film thickness is virtually Z 1004]: ~~ J80 o
constant. The latter finding is explained by the conservation  $ §\1$tswn g A m g
of the mass of the film, where the rather small amount of 7 501 in H/Ar 170 §
incorporated hydrogen has a negligible effect on the entire odl 18§
mass. Upon subsequent evacuation of the cell, the film den- g £ 160 ~
sity and thickness do not return back to the initial values -50-; g 155
[Fig. 1(c)]. The film thickness is now 54 nm and a density of '

e r 50
0.0 05 1.0 15 2.0 230235 24.0245 250 255

3.38 g/cni is reached. This implies that the switching pro- e ]

cess is not fully reversible. All changes noted above are nei-
ther observed in stoichiometric M@Qilms nor for substo- FIG. 2. Stress changétull curve) and transmitted intensitidotted curve
ichiometric MoQ, films without the Pt catalyst. These of a 200 nm MoQ film coated with Pt on a 15@m glass substrate during
. imolv th h itchi : | kéra) short time switching cycles antb) long time switching cycles. The
observations |mp_y that the SWItC mg process can O_n Y takgansmitted intensity and stress changes were monitored during the vacuum
place when atomic hydrogen is available and the M&n phase, in 2% hydrogen in argon and back in air. A tensile stress is observed
contains sufficiently many oxygen vacancies before |oadingvhen air is sucked out of the film pores in the vacuum phase. The switching
the film with hvdrogen. which can be accomplished b ro-n hydrogen is first associated with a compressive stress change as the pores
. y . 9 - p, y PIO-are filled with the hydrogen/argon mixture but later turns tensile. This
ducing substoichiometric films. These vacancies are iMmpOrghange as well as the related increase of the transmitted intensity in the
tant for the transport of oxygen atoms to the film or porehydrogen phase can be explained by a structural transformation. In air a
surface where oxygen atoms react to fora(H This leads to relaxation process in stress is observed as the film partly switches back. The
. . . long time measurement shows the changes in the transmitted intensity and
t_he formauqn of more vacancies v_vh|ch cause the subsequeﬁ ess in the hydrogen phase more clearly.
film coloration. We note in passing that, as expected, the
properties of the Pt catalyst do not show any significant
change upon exposure to hydrogen and the subsequeas the film tries to shrinkFig. 2(a)]. We believe that this
evacuation of the gas cell. effect is caused by the emptying of microscopic pores in the
To understand the behavior depicted in Fig. 1, we firstfilm, which are now evacuated leading to a change of stress
compare our findings to the gasochromic switching ofstate. It should be noted that a similar behavior has been
WO, .° In this case perfect reversibility is observed uponobserved for WQ films, where the amount of stress change
multiple switching cycles both for the film transmittance andupon evacuation scaled linearly with the film poroSifhis
the mechanical stress. Furthermore, the observed thicknegstial stress change, however, is not accompanied by a
changes are below 1% for the switching of WO'his isin  change in the transmitted intensity in agreement with our
striking contrast to the behavior observed for Mowhere  findings for WQ, films. During the first coloration cycle,
thickness changes of more than 10% are observed for thehich is performed by exposing the sample to a gas atmo-
first switching cycle. To fully comprehend this difference for sphere consisting of 2% JHAr at a total pressure of 0.6 bar,
two seemingly similar systems the change of optical transthe stress initially becomes compressive but subsequently the
mission and the change of mechanical stresses have bestiess change reverses direction to become slightly more ten-
monitored for MoQ as well. Figure 2a) shows changes in sile. Compared with the vacuum phase, a compressive stress
stress(full line) together with the transmitted intensitsiot-  change of approximately 50 MPa is observed after hydrogen
ted curve during the coloration cycle of a 200 nm thin exposure.
MoO, film covered with 2 nm Pt catalyst layer. Vertical bars We first discuss the size of the stress change observed
denote the different steps in the switching procedure. In @and then comment on the sign of the stress change. The
first step, in the left hand side of Fig(&, the gas cell is irreversible change of the film thickness already implies that
evacuated before the hydrogen/nitrogen mixture is introplastic processes proceed. This is in contrast to the behavior
duced. Evacuation leads to a high tensile stress of 170 MPabserved for WQ. Further evidence for irreversible plastic
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behavior can be derived from the size of the stress change. (a) .
Assuming an elastic volume change enables us to calculate
the corresponding expected stress change. Using Hook’s law
we can calculate the change in mechanical stress for a purely

; " ‘”i’f%m
elastic transition, HeatN
E, E. AV 20{MoOSi Wi,

= Heated up to 200°C ik
I-v¢° 1-v;3V, @ (b‘;'a A r ;

50 100 150 200
whereE; /(1— vy) is the biaxial modulus of the film\V/V,

[=]
1

Mwng

A Stress [MPa]
¢

Ao=

100+ Temperature [°C]

is the volume change of the phase considered, saargdthe 801

change in film thickness upon switchititje is determined to K 601 e

be 0.11 from the observed change in film thickness for the 2 404 é: 1h
first switching(the value of 0.11 fog is even smaller than 3 o) §25

the difference between the bulk densities @fMoO, and & ol & <o

B-MoO,), while a value of 20 GPa is a reasonable estimate T 0 loag o Tmetne

for the biaxial modulus. This leads to a calculated stress '2°‘,Moox/s,- Bucliliannen.

change of 2.2 GPa which is larger by a factor of approxi- -40Heated up to 350°C

mately 40 than the observed stress change. This clearly dem- 0 50 100 150 200 250 300 350 400
onstrates that the observed stress change must be related to a Temperature [°C]

plastic deformation and hence an irreversible process in con-
trast to the behavior of WQwhere reversible elastic behav- FIC: 3. Stress changes of 200 nm Mo@m as a function of annealing
. temperature up tqa) 200 °C and(b) 350 °C and as a function of time
ior was observed. To better understand the cause for the p|a§nseb Annealing at 200 °C does not lead to significant changes in stress
tic, irreversible behavior observed for M@Q a second and the film merely relaxes back upon subsequent cooling. At higher tem-
switching cycle, displayed in Fig.(B), was monitored as peratures significant tensile stress arises, which is indicative of densification.
well, which reveals that the second SWItChlng cycle shows ghls stress change is attributed to a structural changf In the inset, the
change in stress as a function of annealing time at 350 °C is shown.
monotonic decrease of transmission and stress with hydrogen
exposure. The same holds for all further switching cycles
(not shown. Hence only the first switching cycle shows an a smaller amount of edge sharing. This explains why the
initial decrease of stress and transmission, followed by a suldfilms with @ phase have the higher density. In addition, éhe
sequent increase of both quantities, which must be due to phase has a higher transmission than ghehaset*®
process that is only observed upon the first switching in hy-  We can use the information provided above to better
drogen. The irreversible process therefore already proceedmderstand the behavior of the Mp@Im upon hydrogen
during the first exposure to hydrogen, while all further exposure as already depicted in Fig. 1. When substoichio-
switching cycles show the characteristic features of reversmetric MoQ, is deposited, amorphous films are formed. De-
ible switching. spite the fact that the present films are amorphous, as evi-
As already outlined in the Introduction, MQMas sev- denced by the absence of diffraction peaks in the x-ray
eral metastable phases. This raises the question if irreversibtiffraction pattern, one may assume that the short range or-
behavior in the first cycle is caused by a structural transforder observed in crystalline materials is maintained. This will
mation. Annealing is another approach to modify the filmgive rise to a mixture of phases with corner and edge sharing
structure. We have followed the annealing of a Mdim octahedra, i.e., the so-calledand 8 phases, respectively. In
with stress measurements, where the sample was heatedtte first hydrogen phase, when the stress changes from com-
different temperatures as depicted in Fig. 3. Heating tqressive to tensile, a phase transformation from the meta-
200 °C is not sufficient to induce a structural transformationstable g to the « phase takes place, which reduces the film
as shown by the marginal stress change displayed in Fighickness and increases the film dengifyg. 1). This sce-
3(a). Heating to 350 °C on the contrary shows clear evidenceario can also explain why the colored film becomes more
for irreversible changes of film properties. The tensile stressransparent upon continued exposure to hydrogen, since the
which starts to build up above 250 °C is clear evidence fora phase is more transparénf’ In Fig. 2 therefore, the
film densification. Previous studies have shown that abovéncrease in transmittance in the hydrogen phase points also to
250 °C the transition from thg to the « phase proceeds™®  a phase transformation to the more transparephase. In
This is confirmed by our x-ray diffraction experiments on thethe second hydrogen phase, the change in stress from tensile
as-deposited samples, which show an amorphous structure taf compressive is not observed, nor the reduced transmit-
the porous film. Presumably, this amorphous structure is gance in the hydrogen phasEig. 2), an indication that the
mixture of nanocrystalline regions ef and 8 phase, which change frompB to « phase is not reversible and that the
cannot be resolved by x-ray diffraction. This mixture thendensera phase is more difficult to color as evidenced by
transforms to a multicrystalline state e MoOj; after an-  switching a film annealed above the phase transformation
nealing above 250 °C. Thig phase has a higher density than temperaturdFig. 4).
the B phase. Thex phase involves distorted Mgctahedra Hence subsequent coloration only affects the remaining
with a considerable amount of edge sharthiThe 8 phase film fraction with 8 phase. This phase, which closely re-
on the other hand is based on distorted Ma®tahedra with  sembles the structural arrangement observed in gasochromic
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200 pr—— vacaum 190 tion accompanies gasochromic switching. However, at
180 - l —tsr‘a'::;mam l present our data are insufficient to completely rule out hy-
160 - 180 drogen incorporation into the film as the atomic switching

IR S N 1z mechanisnt?

= 120f Jeo =

@ 100l § IV. CONCLUSIONS

% 80 H/Ar Jao % Substoichiometric MoQthin films were prepared by dc

< eof / 2 magnetron sputterindn situ changes in stress and x-ray re-
401 120 £ flectance were observed during the switching cycles. During
20F \\M}"" the first switching cycle there is a partial phase transforma-

0 tion from the B to the @ phase as evidenced from a tensile

T T ¥ Ll T T J o
0 250 500 750 1000 1250 1500 1750 stress and higher density. This also explains the higher trans-
FIG. 4. Stress changeolid line) and transmitted intensitydotted curve mitted 'mtensny Observ_ed- The pu&ephasg Obtameq af.ter
upon exposure to different gas environments for a 200 nm M@ after ~ annealing does not switch, presumably since the film is too
annealing at 350 °C. No significant changes in the transmitted intensity angompact to enable switching. Ti#phase, on the contrary, is
stress are observed, indicating that the annealed films do not switch. responsible for the observed reversible switching and be-

haves like WQ where both the transmittance and stress

o o ] change are indicative for reversible and elastic behavior.

WO, is either switching due the formation of color centersgigre 5 summarizes schematically the observed behavior

created by hydrogen incorporation into the film or by oxygengng the assumed film morphology during the whole process.
removal from the film, which causes water formation at the

film pores and an increasing concentration of vacancies i cxNOWLEDGMENTS
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