APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 12, 155-160 (1998)

Chemical Vapor Deposition of Tungsten Oxide

Rein U. Kirss* and Lamartine Meda

Department of Chemistry, Northeastern University, Boston, MA 02115, USA

Crystalline and amorphous thin films of tung-

sten(VI) oxide can be prepared by chemical
vapor deposition using a variety of volatile
precursors below 500°C. Deposition parameters
for preparation of WO 3 films from tungsten

hexacarbonyl [W(CO)e], tungsten hexafluoride
(WFg), tungsten ethoxides [W(OEt), x=5, 6]

and tetra(allyl)tungsten [W(%>-CsH5s),4] are sum-

marized. The electrochromic behavior of these
films is comparable with that observed for WO;

films prepared by evaporation, sputtering and
electrodeposition. © 1998 John Wiley & Sons,
Ltd.
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INTRODUCTION

literature contains several reports of electro-opti-
cally inactive WQ films prepared by sputtering,
evaporation or spray methods|though later work
has yielded electrochromic WYilms by these
methods" No attempt is made here to review the
literature pertaining to WeXilms prepared by these
methods.

The present review focuses on CVD of amor-
phous and crystalline tungsten oxide films, in-
cluding thermal CVD, plasma-enhanced CVD
(PECVD) and photo-assisted CVD (PACVD). The
principle advantage of chemical vapor deposition
of electronic materials over other methods is in step
coverage, the absence of radiation damage,
throughput and the possibility for selective
growth? For example, CVD of W@ occurs at
temperatures significantly below those for evapora-
tion (1300°C).>

FILM GROWTH

CVD of WOs3 from tungsten hexafluoride (VW
and tungsten carbonyl [W(Cg)) precursors has

The electrochromic behavior of tungsten(VI) oxide received the greatest attention. Both compounds are

makes WQ an attractive material for electronic volatile and commercially available. Tungsten

devices' Partial reduction of colorless WO trioxide films have also been prepared from

generates an intense blue color assigned to intetungsten alkoxides, W(O€ls), (n=5, 6). Re-

valence charge transfer in partially reduced YO cently, we have prepared thin films of W@om

The electrochemical reduction of tungsten(VI) to tetra(allyl)tungsten, WE-CsHg)s. A summary of

tungsten(V) is accompanied by uptake of cationsdeposition conditions and film composition is to be

(e.g. H", Li* etc.) to maintain electrical neutrality, found in Table 1.

and is reversible. Applications for thin films of

WO3 and other electrochromic materials include

‘smart windows’, electrochromic displays and other

electronic devices. TUNGSTEN HEXAFLUORIDE

Both amorphous and crystalline tungsten oxide

films have been prepared. The electrochromicTungsten hexafluoride, WFis widely applied as a

properties are strongly dependent on the preparagprecursor for the deposition of tungsten metal and

tive method and conditions. For example, sol-gel-has been used in the deposition of tungsten

derived WQ films do not exhibit electrochromism oxides®® Deposition of pure tungsten from WWF

unless they are annealed or laser-fitéthe early under H or SiH, results in inclusion of some
crystalline W,gOsg and possibly other tungsten
oxide impurities in body-centered cubic (bcc)

*Correspondence to: Rein U. Kirss, Department of Chemistry, tungsten films. ) ] ) ]
Northeastern University, Boston, MA 02115, USA. Tungsten oxide films have been intentionally
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Table 1 Comparisorof film depositionconditionsand composition

Growthtemp. Growthrate

Precursor (°C) (nm/min) Film thickness Structure O:W ratio Ref.
W(CO)g/O, anneal 500 —a 185-1500 Crystalline 31 15-17
W(CO)g/O,/O, anneal 500 —2 185-1500 Crystalline 3.12:1 15-17
W(CO)g/air 200-400 30-40 250 Amorphous 1.83:1 21-24
W(CO)g/air/hv 150-250 200-400 250 Amorphous 2.92:1 25
W(CO)s/O, (PECVD) 60 8-9 Amorphous 10
WF¢/O, (PECVD) 50-60 28 150-650 Amorphous 3.7:1 10
WFg/H-/air 50-60 18-24 250 ~ 31 11
W(OEt), (X=5, 6) 100-300 0.75-30 Amorphous 2.6-3.2:1 6
W(allyl) /O, anneal 250-450 —a 250 Crystalline 32

& For thesesamplesthe oxide is generatedy oxygenannealingof a previously preparedWO,C, film, so direct comparisonf

growthratesare meaningless.

depositedfrom WFg using pure oxygenor air. A
growth rate of 28nm min ! was reportedfor an
amorphousWO; grown from WFg in air using
plasma-enhance@VD.?° Films rangingfrom 150
to 650nm in thicknesswere depositedat low
substratetemperature(50—60°C) on indium tin
oxide-coatedsodalimeglasssubstratesiAnalysisof
fluorine-freefilms preparedn this fashiongavean
O/W ratio of 3.7:1by Auger spectroscopy.

WO; films have also been grown on a wide
variety of substrate$rom WFg androomair in the
presenceof radiofrequency-generatetiydrogen
atoms™® Growth ratesrangedfrom 18 to 24nm
min~* producing amorphous, producing films
250nmthick with a3:1ratio of oxygento tungsten.
Fluorineimpuritieswerenotdetectedn thesefilms,
butfluorine-dopedNO; films canbepreparedrom
pyrolysisof WFg in the presencef difluoroethane
and isopropanol as the fluorine and oxygen
sources:

TUNGSTEN HEXACARBONYL

Thermal decompositionof W(CO)s above400°C
in the absenceof oxygenproducegungstenmetal
contaminatedwith carbon and oxygen'*=** As-
depositedilms of thistype havebeenreferredto as
‘reflective tungsten’ to distinguish them from
‘black tungsten’films depositedfrom W(CQO)g in
the presencef oxygenunderthe sameconditions.
X-ray diffraction (XRD) and Reflection High
Energy Electron Diffraction (RHEED) data on
black tungstenfilms were consistentwith W;g0,49
and either tetragonal WO, g or monoclinic
W,Osg 't X-ray photo-electron spectroscopy
(XPS) confirmedthe presenceof tungsten(V)and

© 1998JohnWiley & Sons,Ltd.

tungsten(V1)in ‘black tungsten’films. Films were
successfulidepositedn quartz,aluminum,andtin
oxide-coatedylass.

XRD, RHEED and XPS data for ‘black’ or
‘reflective’ tungsten films annealedin oxygen
between 400 and 600°C were consistentwith
formation of polzycrystalline WOz containing
monoclinic WO.*? The oxygentungstenratio in
the transparenfilms rangedfrom 2.77:1to 3.57:1,
dependingn annealingemperatur@ndthe partial
pressureof oxygen'® Oxidationratesrangedfrom
1 to 2nm min_*, producing films from 185 to
1500nm thick.*°*’

Decompositionof W(CO)g in air between200
and400°C producesamorphoustransparentWO;
films with O/W =~ 1.83:1.Thefilms containmetal
andgrow atarateof 30—-40nmmin—*.**~?*Growth
temperaturesverefurtherreducedo ~ 150°C and
growth rates (200-400nm min~Y) were signifi-
cantly enhanced using photo-assisted CVD
(PACVD)2*72* The oxygen/tungsterratio in the
PACVD films (= 250nm thick) increasedto
~ 2.92:1.Growthratesfor plasma-enhance@VvD
usingW(CO}B in O, at60°C arein therangeof 8—
9nmmin*.

TUNGSTEN ALKOXIDES

Tungstenalkoxides are attractive precursorsfor

CVD of tungstenoxide thin films avoiding, in

principle, the need for oxygen annealing steps.
Thereis onereportof CVD of tungsteroxideusing
tungsterethoxidesW(OC,Hs), (N =5, 6).2° Penta-
kis(ethoxy)tungstenis a volatile liquid and hex-
akis(ethoxy)tungstenis a solid. Amorphous,
adherenfilms of WO3 (O:W ratio 2.7-3.2:1)were

Appl. OrganometalChem.12, 155-160(1998)
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Table 2 Summaryof electrochromicgropertiesof CVD WOs films
Responsgime

Depositionmethod Precursor Structure n® (cnC™Y) Coloration Bleaching  Ref.
ThermalCVD W(CO)s Amorphous 230 30s 30min 18-20

W(CO)g Crystalline 40° 0.330s 13s 13,14

255 60-120s 13-16

W(OEt), Amorphous n.rt n.r. n.r. 25

W(allyl) 4 Crystalline n.r. n.r. n.r. 31
PACVD W(CO)s Amorphous 222 2min 10min 21-24
PECVD WFg Amorphous 100 30s 8,9

21n 1M LiClO, or LiBF 4 unlessotherwisenoted.? 1M H,SOy. ¢ n.r., not reported.

grownon quartz,sodalimeglass,indium tin oxide-
coatedglassandsnlcon Growthratesrangedfrom
0.75to 30nm min~* over the temperaturerange
100-30C°C. Carbon contamination was below
2 atom%.Powderybluefilms weredepositechbove
350°C.

ORGANOMETALLIC TUNGSTEN
COMPOUNDS

A numberof organometallictungstencompounds
havebeeninvestigatedsprecursorgor the CVD of
tungstenmetal® mcludmg bls(cyclopentadlenyl)
tungstendihydride, [(#>-Cp),WH,]?® tns(methyl—
vinylketone)tungsten, [W(C4HGO)3] tris(buta-
dlene)tungster{W(C4H8)3] and tetra(allyl)tung-
sten, [W(13-CsHs) 42 Tungstencarbidefilms have
been grown from CpW(CO)xH, Cp*W(CO)sH,
(C/Hsg )Wg (CgH1W(CO)s, toluene-
W(CO),? and Me3C(CHz)2W CCMe;.%° Deposi-
tion of tungstenoxide films from theseprecursors
hasnot beenreported.

Dark, reflectlve films (250nm thick) deposited
from W(i>-CsHs), under vacuum contain both
carbonand oxygen(WC,0O,; X =~ 1, Y ~ 0.25by
XPS)? Theseamorphousﬁllmsturnblueln airover
a period of daysto weeksdependingon the film
thicknesd* Annealing under oxygen at 400°C
producestransparent,colorless films containing
crystallineWO; (by XRD) but retainingsignificant
amountsof carbon(17 atom%).

OPTICAL AND ELECTROCHROMIC
PROPERTIES

The quality of CVD-preparedungstenoxide films

© 1998JohnWiley & Sons,Ltd.

for applicationin electrochromicdevicescan be
assessedhrough measuremenof several para-
meters, including coIoratlon efficiency, response
time and cycle life'*2 The electrochromicproper-
tiesof CVD WO; films aresummarizedn Table2.
Thecolorchanges describedy Eq.[1] andin Fig.
1

WO3 + X M+ +xe - MXW(l—x)WxO3 [1]
colorless blue
bleached colored

M*=H* Li*

COLORATION EFFICIENCY

The colorationefficiency, 5, of an electrochromic
thin film is determinedrom Eq. [2], whereu is the
absorptioncoefficient,d the film thickness AA the
changein optical absorptionand Q the charge
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Figure 1 UV-Vis spectrumof WOz asa function of applied
voltage®®
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injectedper unit area.A largecolorationefficiency
is desirablefor electronic display and window
applications.The colorationefficiency dependson
the film growth conditionsandon the precursor.

(ad) _ AA
9 ~ o 2]

AmorphousWO; thin films preparedby PACVD
from W(CO)s can have coloration efficiencies
similar to thosepreparedy thermalCVD. Crystal-
line WO; films preparedby thermal CVD from
W(CO)s, however,haven valuesmore than five
times less than the amorphousfilms. Amorphous
WO; films preparedby plasma-enhancedVD
using WFg had coloration efficienciesof 100cm?
C', between the values for amorphous and
crystalline films preparedusing W(CO)s. There
are no data on coloration efficiencies of films
depositedrom tungsteralkoxidesor otherorgano-
metallic precursors.Coloration efficiency is also
dependenontheelectrolyte,i.e. LiCIO 4 or H,SO,.

RESPONSE TIME

The elapsedtime for conversionof WO; from a
colored,reducedform to the ‘bleached’, oxidized
form (or vice versa)is calledthe responsdime. A
responseime of the orderof secondsr minutesis
acceptablefor electrochromicwindows but much
fasterresponsdimes are requiredfor displays.A
direct comparison of responsetime values is
difficult as different criteria are employedin the
measuremeng&lectrochromicWO; films prepared
by CVD generally color faster than they are
bleached.The shortestcolorationtimes are of the
order of 0.33 secondsto achieve measureable
decreasef transmissior(increasesn absorption)
in the visible region of the spectrum->** The
bleachingtimesshowa far greatemrange requiring
up to 30min for completedecolorationin some
cases.

CYCLE LIFE

Thecyclelife of anelectrochromidilm reflectsthe
numberof coloration/bleachingyclesa particular
film cantoleratebeforea noticeablelossor failure
in performances observedLongercyclelives are

© 1998JohnWiley & Sons,Ltd.

desirablefor any deviceapplicationsLimited data
on cycle life for CVD WO; films have been
reported,but they appearto be stablefor tens of
cycles.

DISCUSSION

Tungstentrioxide films have been preparedby
chemical vapor deposition using a variety of
tungsten precursors.By comparisonwith other
deposition methods, CVD-prepared films have
similar electricaland optical characteristics.

Electrochemically deposited WO films with
responsetimes of ~ 0.1s have beenreported®
WO; films sputteredfrom the metal oxide have
responsetimes measuredin seconds,but recent
result$* showa strongdependencef the electro-
chromic propertieson preparationmethods.WO;
films sputteredfrom the metal in an oxidizing
atmospherehave longer responsetimes, ranging
from less than 30s for colorizing to more than
1 min for bleaching.Thesedataare similar to the
range of results observedfor CVD films using
W(CO) asa precursorSol—gel-derivedilms have
colorationtimesof 120s2 Thereis someevidence
that responseime is a function of film density>?
The electrochemicallydepositedfilms with the
fastestresponsdimes have densitiesbetween4.8
and5.0g cm~3 comparedwith 5.3-6.5gcm > for
vacuum-evaporatefiims and5.62g cm™~ for CVD
films preparedusing tungstenhexacarbonyt>”
Bulk WO5 hasa densityof 7.16gcm >,

The colorationefficienciesfor CVD WO; films
aregenerallycomparableandare sometimesetter
thanfilms preparedy otherdepositiontechniques.
For example,amorphousWO; films preparedby
thermalevaporatiorhavey valuesrangingfrom 76
to 115cm? C* comparedwith a valueof 222cnm?
C~! for amorphousCVD films. Polycrystalline
films grown by dc (direct current) or radio-
frequencysputteringhave  valuesranging from
42t0 115¢cm? Ct, comparedo 1 valuesbetweer26
and41cm? C* for crystallineWOs; films prepared
by CVD.

Our knowledgeof the effect of the precursoron
electrochromic properties is hampered by an
absenceof data on coloration efficiency and
responsetimes for all the precursors.Data on
WFg and W(CQO) indicate similar electrochromic
behavior for films grown from either precursor
(Table2). Theelectrochromigropertieshowever,

Appl. OrganometalChem.12, 155-160(1998)
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Figure 2 SEM of WO; film grown from W(;;®-C3Hs)..

areclearlydependenvngrowthconditionsandfilm
crystallinity.

Smooth,adherentand uniform films have been
grown using all four precursorscited in Table 2
(Fig. 2). The microstructure of the films is
dependenbn substrateand depositionconditions.
MOCVD using W(CO)s on borosilicate glass
producedsmoothfeaturelesdilms, whereasfiims
depositedon fluorine-dopedin oxide were coarse
and dull in appearancé Changing deposition
conditions for W(OEt)s and WFg results in
powdery,non-adherentilms %°

CONCLUSIONS

The deposition of electrochromic tungsten(VI)
oxide films by CVD hasreceivedlittle attention
in comparisorwith otherthin-film growthmethods.
A survey of the literature suggeststhat the
coloration efficiency of CVD WO;3; films is
comparablevith thatof thosepreparedy evapora-
tion, electrodepositionor sputtering. Response
times are adequatefor application in ‘smart
window’ technology.Unfortunately the films with
the bestcolorationefficiency and depositedat the
fastest growth rates do not coincide with the
shortestesponsdime. Investigationf alternative
precursorsto WOs; which combine rapid growth
with shortresponsgimesat high color efficiencies

© 1998JohnWiley & Sons,Ltd.

appear to be warranted although widespread
application of CVD WO; films in large-area
devices such as window coatings may not be
competitive with sol-gel or electrodeposition
techniques.

REFERENCES

1. P. M. S. Monk, R. J. Mortimer and D. R. Rosseinsky,
ElectrochromismVCH, New York, 1995, and references
therein.

2. D. J.Taylor, J.P.Cronin,L. F. Allard JrandD. P. Birnies

Ill, Chem.Mater. 8, 1396 (1996).

.H. R. ZellerandH. U. Beyler, Appl. Phys.13, 231 (1977).

.M. L. GreenandR. A. Levy, J. Metals37, 63 (1985).

.R. J. Colton, A. M. Guzmanand J. W. Rabalais,Acct.

Chem.Res.11, 170(1978).
6. A. A. Zinn, Chemicalvapor depositionof tungstenmetal.
In: TheChemistryof ChemicalVaporDeposition KodasT.
T., and Hampden-SmithM. S. (eds), VCH, New York,
1995.
7. M. L. A. Dass,S. SiviramsandB. Tracy, Mater Res.Soc.
Symp.Proc. 168 185 (1990).
8. C. E. Tracy andD. K. Benson,J. Vac. Sci. Technol.A 4,
2377(1986).
9.D. K. BensonC. E. TracyandJ. S. E. M. SvenssonProc.
SPIE823 72(1987).
10. W. W. LeeandR. R. ReevesMater Res.Soc.Symp.Proc.
250 137(1992).
11.J. W. Proscia,C. H. Winter, G. P. Reckand G. G. Wen,
Mater Res.Soc.Symp.Proc. 283, 933 (1993).

g~ w

Appl. OrganometalChem.12, 155-160(1998)



160

R.U. KIRSSAND L. MEDA

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

B. Yous,S.Robin,A. DonnadieuG. Dufour, C. Maillot, H.
RouletandC. Senemaudylater.Res.Bull. 19, 1349(1984).
D. Davazoglou,A. Donnadieuand O. Bohnke, Solar
EnergyMater. 16, 55 (1987).

A. Donnadieu,D. Davazoglouand A. Abdellaoui, Thin
Solid Films 164, 333(1988).

D. Davazoglou,A. Donnadieu,R. Fourcade,A. Hugot-
Legoff, P. Delichereand A. Perez,Revue.Phys.Appl. 23,
265(1988).

D. Davazoglouand A. Donnadieu,Thin Solid Films 147,
131(1987).

0. Bohnke,C. Bohnke,D. DavazoglouandA. Donnadieu,
J. Appl. Electrochem18, 447 (1988).

T. MaruyamaandS. Arai, J. ElectrochemSoc.141, 1021
(1994).

D. S. Gogova,K. A. Geshevaand G. |. Stoyanov,Proc.
SPIE- Int. Soc.Opt. Eng. 2255 (1994).

K. A. GeshevaG. Stoyanovand D. Gogova,Mater Res.
Soc.Symp.Proc. 415, 155 (1996).

T. MaruyamaandT. Kanagawa,). ElectrochemSoc.141],

2435(1994).

Z. CaoandJ.R. Owen,Thin Solid Films 271, 69 (1995).

© 1998JohnWiley & Sons,Ltd.

23

24.
25.
26.

27

28.

29.

30.

31.

32.
33.

34.

.A. D. Kuypers,C.l. M. A. SpeeJ.L. Linden,G. Kischner,
J. F. Forsythand A. Mackor, Surf. Coat. Technol.74-75
1033(1995).

T. Maruyama, JP07 26 384 (1995).

U. Riaz, Thin Solid Films 235, 15 (1993).

B. Niemer,A. A. Zinn,W. K. Stovall,P.E. Gee R.F.Hicks
andH. D. Kaesz,Appl. Phys.Lett. 61, 1793(1992).
.R.U.Kirss,D. G. GordonandP. S.Kirlin, Mater.Res.Soc.
Symp.Proc. 282, 275(1993).

J. Chen,R. B. Hallock and R. U. Kirss, Mater Res.Soc.
Symp.Proc. 250, 303 (1992).

K. K. Lai andH. H. Lamb, Chem.Mater. 7, 2292 (1995).
andreferencegsherein.

Z. Xue, K. G. CaultonandM. H. Chisholm,Chem.Mater.
3, 384 (1991).

L. J. Meda and R. U. Kirss, Abstr. 210th ACS National
Meeting Chicago,IL, 20—24,Aug. 1995,INOR No. 226.
K. BangeandT. Gambke Adv. Mater. 2, 10 (1990).

P.K. Shen,K. Y. ChenandA. C. C. Tseung,J. Electro-
chem.Soc.141, 1758(1994).

R. A. Batchelor,M. S. BurdisandJ. R. Siddle,J. Electro-
chem.Soc.143 1050(1996).

Appl. OrganometalChem.12, 155-160(1998)



