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I ABSTRACT

I The insertionof lithium(lithiation)into tungstentrioxideresultsin theformationof thetungstenbronzeLi_WO3. Polycrystalline,rfsputterdepositedthinfilmsofLizWO3 wereinvestigated
fortheirapplicationinSmartWindow Devices.The opticalbandgapstudiesofthesefilmsrevealed

I the narrowing of the intrinsic band gap as a consequence of lithium insertion. The results suggest thattherigidbandmodel,whichisgenerallyadoptedininterpretingtheelectronicstructureofthetungsten
bronzesmay notbe applicableinLizWO3.

I INTRODUCTION

i Thin films of tungsten trioxide (WO3) have been extensively researched for their potentialapplications in electrochromic devices [l 2.]. Our attention was drawn to this material for it showed
promiseastheprincipalelectrochromiclayerinanelectrochromic"SmartWindow" device[3],useful
forenergy,conservationpurposes.When alkalimetalatomsareincorporatedinto tungstentrioxide

I it results in the formation of bronzes and the from
tungsten opticalstatechanges a transparent to a

reflective state. High reflectivities, approximately 80% in the near infrared (NIR) region, has been
reported [4] for rf sputtered polycrystalline W03 films when inserted with lithium atoms resulting in

I theformationoflithiumttmgstcnbronze(Li_WO3).
The electronic,opticaland structuralpropertiesofthetungstenbronzes,mainlythesodium

bronzes(Na_W03)have been investigatedindepth.The band structureof thebronzeshas been

I qualitatively intermsof model In theconduction
explained a developedby G _enOU _ [5]. short,

band in WO3 is derived from the three _ (5d) tungsten orbitals and the valence band from the oxygen
2p momic orbitals. The inserted alkali metal atom merely contributes one electron into the otherwise

I empty conduction band of WO3 suggesting a rigid band model for these bronzes. The band structurecalculationsofWO3 and Na_WO3 [6,7]aswellasthedataon theopticalconstantsofNa_WO3 [8]is

supportiveofthismodel.Howeverthevalidityofthistheoryhasbeenquestionedby severalauthors

I basedonXPS studies [9,10].
In this paper we would like to report that our results from optical band gap studies of

D'-.. polycrystalline thin films of Li,WO3 suggests the narrowing of the optical band gap as a function of

I ¢3 lithium contem [Li] and would like to show that the rigid band model may not be applicable in

,i.wo, MASTER
I EXr' ,L

Tungstentrioxidefilmsin thepresentstudywere preparedby an rfsputterdeposition
I t technique. The target was a 5-inch diameter partially reduced WO3 - obtained from Cerac, Inc. The
I a3 deposition parameters were the following: 200 Walls of power (13.5 MHz), an atmosphere of 10 mT

<b of oxygen and a substrate temperature of approximately 430"C to 4400C. The film thicknesses were

I L.b 0.2 ± 0.02 tun for f'tlm 5-804, and O19:1:0.02 lain for films 5-875 B2, CR, Al and 0.21 + 0.02 _rnL_ for film 5-875 B 1. The polycrystalline nature of these films were confirmed by transmission electron
microscopy (JEOL 200CX) and X-ray Diffraction (Nicolet 12) studies. The crystallite sizes, as

I determined by TEM measurements, varied from 50 to 300A with a larger percentage of 300crysta_itcs. The lithiation of the film 5-804 was achieved by ff sputtering a lithium aluminum borate
('LABO) compound. The LABO deposition was performed for 15, 30 and 50 minutes representing

I three different lithium concentrations, using an rf power of < 50 watts, at ambient temperature, and _0



5 to 6 mT of argon. The samples 5-875 (B2, C2, BI, Al) were lithium carbonate (LCO) deposited

i for 5 minutes (B2), 8 minutes (CR), 15 minutes (Bl), and 20 minutes (Al) at 100 watts, ambienttemperature and 10 to 11 mT of argon. A qualitative measure of lithium content was obtained from
an atomic absorption measurement.

I The reflection and transmission spectra of these ftlms were measured using a Beckman DK-2spectrophotometer. The optical band gap as a function of lithiazion was obtained from the measured
tmn.maission spectra for the two sets of films. The open circuit voltage measurements of the samples

I 5-875 alrr lithiation were measured in an electrochemical cell as described elsewhere [11].
RESULTS

I Figures la lb represent the optical reflectivity R(L) modulation for various lithiation states in
and

f'tlms 5-804 and 5-875 respectively.
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I Figure 1. Reflectivity vs. wavelength for f'dms (a) 5-804 (LABO depositr_ and Co)5-875 (]..CO
deposited), as a function of lithiation. (Symbols: measured data, Lines: Drude model fit).

I The near infrared (NTR) R (X), is observed increase with the lithium
reflectivity, to content.

The spectra exhibits a typical Drude free elec:ron like [12] behavior with the plasma edge (o_ shifting
to higher frequencies in accordance with the equation,

I _ [rile 2
_j, = (I)li

m_eo
where [n] is the carrier density (number of electrons per unit volume) and m°" is the conduction band

I effective mass. A good fit is obtained between the measured R (X) and the R rX) calculated using theDrude equatiom,

I ¢1 e_ are imaginary parts of the dielectric constants, _ is the contribution
where and therealand

tothedielectricconstantfromtheboundelectrons,Er isthescatteringparameter,whichisinverse]y

i proportional m the relaxation time. E; is the plasma energy _ = ?i ¢_).
13
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A best fit was obtained for the parameters as tabulated in Table I below.

i Sample [Li] Ev _ r_
(ev) (ev)

I 5-804 15 rains 1.92 3.50 4.030 0.96 3.99 4.75
50 0.75 4.78 6.0

i 5-875C2 8 1.56 3.28 4.0
B 1 15 1.21 3.80 4.25

I A1 20 1.10 3.95 4.75

Table 1. Drude parametersthat give a best fit for _ R O,).

| "lt is apparent from Table 1 that Ev decreases as [Li] increases. This suggests that the
scattering due to impurities (lithium ions in this case) may not a play a dominant role. Furthermore,

I _ increases with [Li]. According to the Lorentz oscillator model [12] for bound electrons in a solid,this would imply that the intrinsic band gap decreases with [Li].

Optical transmission T _) modulation as a function of lithiation presented in Figures 2a and

I 2b the shift in the band towards
displays optical gap higherenergies.
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U Figure 2. Transmissionvs. wavelength for films (a) 5-804 (LABO deposited) and Co)5-875 G.,COdeposited), as a function of lithiation.
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i Figure 3. Square of the absorption coefficient vs. energy for fdms (a) 5-804 (LABO deposited) and
Co)5-875 0.,CO deposited), as a function of lithiation.
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The absorption coefficient ((_) is calculated using the relation

d

I where d is the thickness the film. plot versus energy (lav) as Figures
of A of od shown in 3a and 3b

yields the (direct) optical band gap, when the curves are extrapolated to zero absorption coefficient.
The values are presamted in Table 2.

I Sample Reference [n]xl0 z7 Er Em
# m"_ (ev) (ev)

I 5-804 WO3 3.39
15 rains 4.45 0.95 3.47

I 30 mim 5.78 1.13 3.5250 rains 8.29 1.43 3.66

I 5-875 WO3 3.385 rains 3.48
• ,

8 rains 3.91 0.87 3.48

i 15 rains 5.24 1.06 3.5520 rains 5.66 1.1 3.60

i Table 2. Electron density In], Fermi energy EF,and optical band gap E,_ for f'tims5-804, 5-875 as a function
of [Li].

[ni is calculated from Eq. 1, assuming an effective mass of 0.5mo [13] and the Fermi energy

I EF is calculated using the relation,

I takingintoaccounttheorbitaldegeneracyoftheconductionband.
From Table2 itisclearthatas[n]increasestheFermilevelincreasesandtheopticalband

I gap shiftstohigherenelfliesdue tothefillingup oftheconductionband. The opticalbandgap isrelatedto thecarrierconcentrationac,cordingtotheBurstcin-Moss[BM] effect[14]as shown in

Figure4a andisrepresentedby Equation6.

| _2

2m r

I
where Es is the intrinsic band gap,/_J_s is the MB shift, m, is the reduced effective mass such that,

I 1 1 1• lD

mr //I c /9111,

I where mo"and m," are the conduction and valence band masses respectively. Assuming an infinite
mass for the valence band,

l
l
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i .h.2 zAL .E,- (7)
zm;

i A rigid band structure in which there is no change in Es would then imply that the change in theoptical band gap must equal the change in the Fermi energies between two states of lithiation
(AE+ = AF_)as shown in Figures 4a and 4b.

I
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Figure 4. Simplebandstructure illustratingthe bandgap narrowing. (a) Lower [Li], (b) Higher [Li],

i AE,,_= AF_,(c) Higher[Li],AEz,, = ,O_IE,+ AF_,.

[Li] AE_ AEj: AE_ = _Voc

i (Mim) (ev) (ev) (ev)

(5-804)

I 15-30 0.05 0.1815-50 0.14 0.30
30-50 0.19 0.48

g (5-875)
8-15 0.07 0.19 0.15

I 8-20 0.12 0.23 0.2515-20 0.05(*) 0.04(*) 0.10

i Table 3. Valuesof the opticalbandgapshifts andFermilevel shiftsbetweenvariouslithiafionstates [Li]isrepresentedhereintermsofdepositiontimes.AVocis thedifferenceinthe opencircuitvoltages
of the lithiatedsamples(meamm_onlyfor 5-875).

However, the values tabulated for the differences in E_ and F_,in Table 3 reflect that AE_
> AE_. From Figures 4a and 4<: this would I:.e true if the intrinsic band gap in Figure 4c

i correspondingto a higherlithiation state decreased, in going from state 4a to state 4c.

lt should be noted that there is some uncertainty in the data marked (*) in Table 3. At

i present it is not clear whether this is due to non uniform thickness or due to a non uniformdistribution of lithium in the f'dm. Also, the values of ZkEFare in good agreement with the values
obtained from the open circuit voltage measurements for these ftlms.
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CONCLUSIONS

i Basedonourresultsfortheopticalbandgapandthedielectricconstantoftheboundelectrons
itmay be concludedthattheintrinsicbandgap inLi,WO3 polycrystallinethinf'dmsdecreasesasthe

I lithiumconcentrationincreases.Furthermore,thisbandgapnarrowingwithlithiuminsertionsuggeststhattherigidbandmodel may notbe applicableforinterpretingtheelectronicstructureof lithium
tungstenbronzes.
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I DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States

I Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

process disclosed, or represents that its use w,,uld not infringe privately owned rights. Refer-

I ence herein to any specific commercial product, process, or service by trade name, trademark,
manMacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do n_t necessarily state or reflect those of the

II United States Government or any agency thereof.
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