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PART I: INTRODUCTION

Current techniques of thermal control of spacecraft are based on metallic blinds mounted
on a highly IR emissive backplate. Electrochromic devices have been investigated as potential
replacements for this technology.

These devices are composed of thin films that change their optical properties under the
action of a small applied voltage. There are several potential benefits of applying an
electrochromic coating to this task. This type of device has no moving parts and failures due to
mechanical wear would be eliminated. The second benefit of utilizing this device is its
lightweight; a stack of thin films would not add significant weight to the satallite.

The energy balance equation for a craft in low earth orbit is given as follows:

Energy emitted by satallite = Energy generated by internal electrical components + albedo
+ earthshine
Energy Out Energy In

Albedo is the sunlight reflected from the earth’s surface, this contributes the majority of
the heat to the satallite.

Earthshine is the infrared radiation emitted from the earth. The earth is closely
approximated as a 0°C blackbody. This needs to be accounted for because the emitted
wavelengths are very similar to those being emitted from the satellite. This means that as the
satellite radiators are activated the earthshine will be absorbed.

There are two ways to utilize an electrochromic device in a thermal control surface. One
way is to deposit the layers onto an IR black (emissive) substrate. In this case the reflectivity of
the top electrochromic layer is contrasted with the emissive substrate. When the top layer is
intercalated the device becomes much more IR reflective and this corresponds to the low
emittance state of the device. This is analogous to having the venetion blinds closed on the
mechanical thermal control system. When the switching voltage is applied the ions move from
the top layer and into the storage layer, bringing about an optical change that makes the device
more IR transparent. This allows the emissive substrate to radiate the energy out of the
thermally controlled surface.

The drawback to this use of electrochromics is the requirement for an electrical conductor
that could cover the emissive substrate without adversely affecting the substrates emissivity. The
best way to accomplish this is to utilize a conducting grid on the bottom of the device as well as
the top optically switching layer. This would require an additional step in the process of
fabricating a device.

The second way to use an electrochromic is to deposit the device on a highly reflective
substrate. In this case when the top layer is intercalated the efficiency with which the device
reflects IR radiation is dramatically decreased. This has the effect of increasing the emissivity of
the surface when the optically switching layer is intercalated. By using this method the substrate
can also act as an electrical conductor for the device. This is how we fabricated our devices.

A simple schematic of the electrochromic device developed on this contract is shown in
Figure 1.
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Figure 1: An electrochromic device a) in the high emittance state with ions intercalated into the
optically switching top layer b) in the high reflectance state with ions intercalated into the charge

A. CONTRACT OBJECTIVES
There were several objectives and associated work tasks of this phase II SBIR contract.

In Phase I the first devices were fabricated. These utilized H' ion as the mobile charging
species, and a polymer as the ion conductor.

One primary goal of this Phase II contract was to improve the performance of this device
and increase the spectral range of its operation. Several things have been implemented in order
to achieve this goal. The performance improvements will be demonstrated in Part III of this
report. In one case an antireflection coating of DLC on a low-dopant concentration Si substrate
was used. We also utilized in-situ ellipsometric monitoring during film growth to improve
control of layer thickness. The third improvement was to adjust the deposition conditions of
sputtered c-WOs; in order to increase the crystallinity of the material.

Another important goal of the contract was to extend the optical measurements out to 30
microns. The J.A. Woollam Co. has developed a line of ellipsometers that can make
measurements at wavelengths greater than 35 microns. This contract helped develop this
technology, and several of these instruments were built and shipped to commercial customers.
That is, there was a rapid commercialization.

In order to increase the feasibility of profitable manufacture of electrochromic devices for
spacecraft thermal control, a dry method of intercalation was also explored. A Lithium
evaporation technique was successfully used to reversibly intercalate cWOs3 samples. The details
and results of using this system can be found in the 1999 fourth quarterly contract report.
Another benefit of utilizing a dry intercalation technique is that monolithic electrochromic
devices can be made. This has eliminated the need for polymeric ion conductors, which have
many optical absorption lines in the infrared, which reduce emissivity modulation. The
thickness needed for a non-organic vacuum deposited ion conductor is also much less than for a
polymeric ion conductor.

Investigating film uniformity was also a goal in this contract, and small-scale
topographical studies were done in order to quantify the nonuniformity of several of these films.




The geometric configuration, and the relative distance between the substrate and sputtering
targets have the greatest effects on uniformity of depositions. The sputtering system we
employed for making our thin films did not have the freedom of altering these deposition
conditions without major mechanical re-design. The uniformity of the films was good in the
center of the substrates, and this is the region where devices were fabricated, and measurements
on single films were made.

Another objective of this contract was to make a working device on a non-planer surface,
and to make uniform devices with large area surfaces. Due to the difficulty of developing
reliable devices on small planer surfaces and the problems posed by shaped surfaces and large
area devices, no attempt was made to make large area, curved surface devices.

Long-term device stability was also a major goal of the program. This was the most
difficult challenge of the contract, and was a major part of the work. Many ideas were
implemented in order to improve long-term device operation.

One of these was to switch from H' ions (used in Phase I) to Li" ions for the majority of
the work done in Phase II. H" has a high ion diffusion constant in many of the materials we
investigated. This allows the small ion to leave the device much more rapid relative to Li". We
were able to increase the “shelf life” of our devices by utilizing Li" as the intercalant species.
Another benefit of using Li" is that the electrochemical solution is an organic. This is ideal
because some of the materials under study were not compatible with aqueous solutions.

A systematic investigation was made on the switching voltages needed for best device
operation. The applied voltages were systematically increased, for each of the different devices,
so as to induce a color change. By using minimum switching voltages it was more certain that
any device failures were not caused by electrical damage to the devices.

Finally, different non-organic ion conductors were evaluated for replacement of the
polymer, which seemed to degrade after several emittance-switching cycles. The ion conductors
are a critical problem in development of reliable working devices. A good ion conductor will
have two important characteristics. First, it must be electrically insulating, and second the
mobile ion species needs to have good diffusivity in the lattice. The lattice defects necessary for
ion mobility also provide potential electrical shorts through the material. The density of the ion-
conductor needs to be optimized so it can possess both properties. Considerable work was done
to optimize TaOx for this purpose.

The following sections give more details of the work done during this contract.
B. BACKGROUND ON DEVICE OPERATION

Before going into the performance of the devices we have made during this contract it
will be beneficial to review some of the important ideas. The first of which is the conversion of
a reflectivity measurement to an emissivity measurement. Any radiation that is incident on a
sample will be transmitted, reflected or absorbed. For a blackbody the absorbed component is
also the radiation that will be emitted. If no light is transmitted through a sample then the
measured reflectance is easily converted to absorbance or emittance by subtracting from unity.
This assumes that all reflection is specular, that is, no light is scattered.



The way an electrochromic device, which is based on a tungsten oxide film, works is
shown by way of a fairly straightforward Red-Ox reaction equation:
WO; + xM' + xe” < M,;WO;
Lower Emittance Higher Emittance
Higher Reflectance Lower reflectance
: M =H", Li*, Na*, or K"
In the work done on this contract we utilized both H and Li* ions. The reaction above
applies to the crystalline WOs; top layer, and also to the amorphous WO; layer in some devices.
In order to determine how well the devices performed, Plank’s blackbody equation was
used. This equation was then used to weight the reflection curves of the device in its two states.

The following equations were utilized:

.M(c,T)=21thcc3x s (D
e(hc%T)—l

Where h is Planck’s constant, ¢ is the speed of light, ¢ is the frequency of light, and k is
Boltzmann’s constant. Figure 1 shows the results of using 298K (Room Temperature) for T.
This yields the emittance of a room temperature blackbody.

Radiance

0 500 1000 1500 2000 2500 3000
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Figure 1: Blackbody radiance spectra for 298K blackbody.

This shows the spectral region needed to optically modulate the device for thermal
control of a system that is to be maintained at Room temperature.

In order to calculate relative figure of merit for performance of the devices we used the
reflectance curves obtained from measurements on devices. These curves were then multiplied
with the blackbody equation at each wavelength of the blackbody spectrum seen in Figure 1.
This product was integrated over all wavelengths and divided by the blackbody integral. This

calculation is shown as

[(1-Reflectance) x M(c, T)do
M(c,T)do

)

Emittance =




PART II: MATERIALS

A. Polycrystalline Tungsten Oxide

In electrochromic devices for visible operation amorphous tungsten oxide is
commonly used as the main electrochromic switching material. The optical properties of
amorphous tungsten oxide are not compatible with efficient infrared switching. Thus
considerable effort on this contract was spent preparing optimized polycrystalline films
of tungsten oxide.

Polycrystalline Tungsten Oxide (cWOs.;) contributes the majority of the infrared
optical switching. The intercalated oxide is more IR reflective than the unintercalated
oxide. This change is due to the intercalant ions (either H' or Li") acting as free carriers
in the WO;_, lattice. When the device is deposited on top of an emissive substrate then
the reflectivity of the top layer contrasts with the emittance of the bottom layer and this
causes a lower emittance when the ¢cWOs,, is intercalated. In the work done here the
devices have been deposited on highly reflective substrates (Gold, Chrome, Aluminum or
Indium Tin Oxide (ITO)). However as will be shown in the following sections many of
the materials used in the device have optical absorptions caused by lattice effects. These
lattice absorptions are at the same region as the peak of the blackbody and this has the
same effect as depositing the cWOj3_, on an emissive material.

The key to device operation is that the cWOs., is on top of the stack and as
exposed as possible to the ambient environment. A normal electrochromic device has
two transparent electrical conductors, as in Figure 1 of previous section. These
conducting layers are infrared reflectors due to the free carriers inherent in electron
conductors. For this reason the exposed electrochromic layer will need to utilize a grid
structure for the top electrical conductor.

In order to confirm that the films are polycrystalline, X-Ray Diffraction (XRD)
measurements were taken on films deposited at various temperatures. Figure 2 shows
how XRD peaks from polycrystalline WO;_, appear and grow as deposition temperature
increases. Peaks due to polycrystalline material appear only at 300° and 400° C (top two
curves).

R B B B

—ITO/glass —17°C
—100°C ——200°C
—300°C ——400°C

XRD Intensity (Arb.)

40 45 50 55 60
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Figure 2: XRD Data Aquired from samples of WOs_, deposited at various temperatures.

Several benefits arise from using cWO;.z as the main electrochromic layer. This
material has good infrared coloring efficiency. This is a measure of the change in optical
density per unit of charge (ions) inserted into the material. The coloring efficiency (CE)
is calculated as follows:

CE = AOD
Qin
TBleached
AOD = Jog| —21€4cnec.
TColored
Q. = Current x Time
in 7 Intercalation area of the film

Where OD is optical density, and Q is the charge per unit area entering the film.

In order to investigate coloring efficiency of c-WOj3, transmission measurements
were made on films deposited on IR transparent Si substrates. Figure 3a shows
transmission measurements of the colored (intercalated) and bleached (unintercalated)
states. The amount of charge inserted into the films was calculated by holding the current
constant for a fixed amount of time, and specifying the area of the film that was colored.
Figure 3b) shows the calculated coloring efficiency based on the calculated charge
inserted, and the change in transmission after the ions had been inserted.
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Figure 3: a)Transmission of c-WOj3 on infrared (IR) transparent Si. The films were
colored with a current of 2mA for 21seconds. b) Calculated coloring efficiency, from the
transmission measurements, of c-WO3 on IR transparent Si.

These Coloring Efficiency results were reproducible from one sample to the next.
However, most samples have been switched by holding the voltage constant, that is, the
current was not measured. Without having the measurement of the electrical current it is
not possible to count the charge moving in and out of the films.

Figure 4a shows the transmission measurements made on another c-WO; sample
that was switched in this manner. 4b shows the plot of AOD from these measurements.
The AOD has the same shape and features as the coloring efficiencies of the above
sample. If we assume a Qj, of 0.01 Coulombs/cm? (3.5mA for 21 seconds) the two
curves lie almost on top of one another. Figure 4c compares the two samples.
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Figure 4: a) Transmission of c-WOj3 on infrared (IR) transparent Si. Films were colored
by holding the voltage applied to the films at —1.0V to color and +1.0V to bleach. b)
Calculated AOD, from the transmission measurements ¢) comparison of CE between two
samples assuming a current of 3.5mA was applied to sample two for 21 seconds.

Another benefit of utilizing tungsten oxide is that it is easily sputtered from a
metal target in a gas of mixed Ar and O,. Of the many thin film deposition techniques
available, reactive magnetron sputtering lends itself to scaling up to large area surfaces.

Another advantage that c-WO; provides is the durability it has in both aqueous
and non-aqueous solutions. This allows intercalation studies to be done with either H' or
Li" ions.

In order to determine the thickness of the films, fast spectroscopic ellipsometric
data were acquired during deposition. This provided a means of determining the growth
rate of the films. After the growth rate was determined, the duration of subsequent
depositions was recorded and film thickness could be ascertained. Figure 5 shows the
results of an example of such a measurement (For a complete tabulation se DeVries
Thesis, JVST). The deposited films were modeled as simple transparent films. The
experiment is especially sensitive to the beginning and end of the deposition. These
points are especially important in determination of growth rate and thickness.
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Figure 5: Insitu growth measurement of a cWOj film.

Ellipsometric optical studies were done in order to examine the optical properties
of the constituent layers that make up a completed device. Optical constants varied from
sample to sample, depending on preparation conditions. A detailed study was done on
the effects of O, partial pressure on the optical properties of c-WOs;.,, The value of z has
a large effect on the electrochromic properties of tungsten oxide. For the fits shown in
the following figures a parameterized model was used. The model conisited of a sum of
Gaussian and Lorentzian oscillators it was also necessary to add a Drude term to account
for free carrier-like absorptions. The mathematical form of the model is:

2 2
| Ey-E, B Er+E, _
E(E)=—; AIBZIE‘ +A2e( & ) +A2e[ B2 ) g A3.B3
E’-E®-iBE E?+iB.E
Lorentzian Term  Gaussian Term Drude Term

In Fitting the data with the above model A; corresponds to the strength of the
Lorentzian Oscillator, B is the broadening of the Lorentzian Oscillator, and E; is the
center energy of the oscillator. A, B,, and E; correspond to Strength, Broadening, and
Center energy of the Gaussian Oscillator. The Drude term is similar to a Lorentzian
Oscillator with a center energy of 0 eV, the A; and Bj; are the parameters used to describe
the strength and Broadening of the Drude term. All of these parameters were specified to
describe the data shown in figure 7-11.

The samples from the next figures were all been deposited on silicon substrates at
350°C. The only deposition condition varied was the O, partial pressure. The samples
were reactively sputter deposited from a 5.08cm diameter target that was approximately
11.0cm from the substrate. The total pressure in the chamber during deposition was
15.0mTorr. Figure 6 shows the structure of the model used to fit the data.

The sample number corresponds to the O, partial pressure in the chamber during
deposition.

Sample # O, Partial Pressure

1 1 mTorr

2 mTorr

2
3 3 mTorr
4 4 mTorr
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Figure 6: The structure of the model used to analyze the following data.
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optical constants of c-WO; sample #2 extracted from the data fits.
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optical constants of c-WOj; sample #3 extracted from the data fits.
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Figure 10: The ellipsometric data and corresponding fits for sample #4 a)y b)A c) The
optical constants of c-WO3 sample #4 extracted from the data fits.

Figure 11 summarizes the optical constants for the as-deposited films. All of the
samples had virtually identical optical constants. Sample #4 had optical constants far
different from those of the other three samples. The optical constants of the first three
samples were very similar to the as-deposited optical constants after electrochemical
intercalating and then deintercalating them. Sample #4’s bleached optical constants were
significantly different from the as-deposited state.
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Figure 11: Summary of optical constants for samples #1-4 a) Index of Refraction, n b)
Extinction Coefficient ,k

One important thing to note about the optical spectra of the all of these samples is
the large absorption in the range of 600 to 1000 wavenumbers (10-16um). This
absorption is caused by the lattice structure of c-WO3. The effects of this absorption are
clearly seen in the coloring efficiency studies (Figure 4). It is in this same region of the
spectra that the coloring efficiency of the films reaches a minimum. This minimum is
due to the fact that the insertion of intercalant ions does not affect the major absorptions
caused by the host lattice. For this reason the change in transmission per unit of charge
inserted is very low in this region.

This brings up one of the drawbacks of the material. The room temperature
blackbody spectra is peaked at the same point in the spectra as the lattice absorptions. For
this reason maximum infrared (IR) emissivity modulation will be adversely affected in
the most important part of the thermal IR spectral range.

Upon intercalating ¢c-WOs films with Li" ions the optical properties change
significantly. The effects of intercalation were studied on each of the above samples.
Figures 13-16 show the ellipsometric data taken on the samples electrochemically
intercalation. The model used to fit the data is similar, however another gaussian
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oscillator was needed to describe a new absorption near 800cm™. It was also necessary to
increase the strengths and broadenings of the previous absorption parameters. The
mathematical form of the model for the intercalated c-WOs is as follows:

[EZ—E,,]Z [E2+Ec]2 (E4-ECJ2 {E4+Ec]2 5
[(E2-Ec [E2+Ec (Ea-Ec E4+Ee 4
+ A2€ B + A2€ 32 + A4e B4 + A4e B4 + ——#—

&(E)=— 4 Ble] 2
E\"-E° -iBE E° +iBE
Lorentzian Term  Gaussian Term #1 Gaussian Term #2 Drude Term

The difference between this model and the model used to fit the as-deposited data is the
addition of the parameters A4, By, and E4. Corresponding to the Strength, Broadening,
and Center energy of the new Gaussian absorption. Figure 12 shows the structure of the
model used to fit the ellipsometric data shown in figures 13-16.

180-240nm nnp
1.88 nm
1 mm

Paramaterized model for intercalated c-WO 3
Native Silicon Oxide

Silicon Substrate

Figure 12: Model structure for data shown in figures 13-16
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Figure 16: The ellipsometric data and corresponding fits for sample #4 after intercalation
a)y b)A c) The optical constants of c-WO3 sample #4 extracted from the data fits.

Figure 17 summarizes the optical constants for each of the above samples. Both
the index of refraction and extinction coefficient increase across the entire range of the
spectrum. There is also a new absorption shown in the extinction coefficient at
approximately 900 wavenumbers. This shoulder is not seen in the film before
intercalation.  In the shorter wavelength region both the index and the extinction
coefficient are significantly different from the optical constants of as-deposited films.

An increase in O, partial pressure leads to a higher absorption across most of the
spectral region. However, sample #4, the sample deposited with the highest O, partial
pressure, did not return to the as-deposited state upon deintercalation. This information
allowed us to optimize the O, flow rate into the chamber in order to obtain films that

were the most durable.
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Figure 17: Summary and comparison of the optical constants for samples #1-4 after
electrochemical intercalation.
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B. Amorphous Tungsten Oxide

Amorphous Tungsten Oxide (a-WQ3) is one of the most frequently investigated
electrochromic materials. Thorough studies have been made on the material for
applications requiring variable optical properties in the visible region of the spectrum.

The role a-WOj3 plays in our IR devices is as a charge storage layer. When the
¢c-WO; top layer is bleached (that is, no mobile ions are intercalated into it), the mobile
ions will be stored in the a-WOj; layer.

This would not be a feasible material choice if we were developing a device for
visible operation, because the device would always have one layer that is in its low
transmission state.

Due to the fact that we are not concerned with visible operation this material
choice is ideal for several reasons. It has an ion capacity similar to the c-WO; and the
films can have similar thickness. The fabrication of a device is also greatly simplified
because the only difference between the deposition conditions of the c-WO; and the
a-WOj is the temperature; all other processing conditions are the same. This eliminates
one pump down step, decreasing the time of making a device by one day. The material is
also compatible with the other layers of the device.

There has been a lot of attention paid to a-WQO3, and a vast body of work has been
devoted to its study. The durability of devices for visible operation has improved
dramatically in the last decade. This indicates that the material is a good choice for
utilization in devices with long lifetime requirements.

For an IR modulating device the amorphous form of the oxide is not a good
choice for the optical switching layer. Its ability to modulate infrared frequencies is
hampered by a polaron absorption in the near-IR. The IR optical properties of a-WOj3; do
not change as much as the IR characteristics of c-WOs. Figure 18 shows ellipsometric
data taken on an amorphous film deposited on an optically thick metallic layer before and
after electrochemical intercalation with Li". The models used to fit these data were
similar to that for the c-WQ;. For the measurement done on the as-deposited sample 3
Lorentzian oscillators were used. For the intercalated sample only 2 oscillaters were
necessary because the absorption near 370cm™ was not seen.

The model for the as-deposited model had the following form:

: EfLo - E’ —iB,oE
= E:TO —E* - iB,oE

This is a different form of the Lorentzian oscillator equation, and the parameters used in
fitting were EnLo, BnLo, Ento, Bnto corresponding to the center energy, broadening, and
strength of the absorptions.

For the intercalated model the same form was used however there were only two
oscillators (n=1,2) instead of three.

t(E)=¢

Figure 19 shows the optical constants that had been extracted from the
ellipsometric data. From this figure it is evident that the change in optical properties
upon intercalation is not as large with a-WOj as it is with c-WOs.

Paramaterized maodel of a-WQz 342.31 nm
Optically thick Tungsten metal 25 nm
2) Glass Substrate 1
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Figure 18: Ellipsometric y, and A spectra of a-WO; , and fit of the a)parameterized
optical model used to analyze the data. A)Before any electrochemical processing had
been done. B) After the film had been electrochemically intercalated.
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Figure 19: Comparison of optical properties between intercalated and as deposited states
of a-WO3.

In order to study the nonuniformity in deposition thicknesses an ellipsometric
X-Y profiling measurement was done. A sample was measured in several different
places. This was an effective way to develop a ‘topographical’ map. The thickness
nonuniformity is caused by the geometric relation between the sputter gun and the
substrate. The results show that the films have a nonuniformity of less than 5% from the
center of the substrate to the edge. Figure 20 shows the results of this study done on an a-
WO3 film.

Devices were commonly made with dimensions of about 2cm by 2 cm. Within
this size the material was approximately 2% uniform.
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a-WO3 Thickness

2615.77
2545.03
Mean = 2575.446
Min = 2262.100 24743
Max = 2686.500
Std Dev = 115.921 2403.57
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2332.83
' 2262.1

Figure 20: Nonuniformity ellipsometric mapping of a-WOj.

C. Nickel Oxide

Nickel Oxide is a well established material utilized in battery technology. It is
able to reversibly incorporate Li* and H' into its lattice. Some success in utilizing NiO as
an electrochromic charge storage layer has also been realized. In this capacity the
material acts as a complimentary electrochromic layer to WO;. When mobile ions are
intercalated into WO; films they become dark, the situation is reversed in the case of
Nickel Oxide. When mobile ions are intercalated into NiO they film become clear. This
allows maximum transmission in visible devices.

Our early work took advantage of this transparency switching property to make
devices using polymeric ion conductors. The polymer based devices required an
electrochromic film that was transparent to UV light so that the ion conducting polymer
could be cured after it had been placed between the two electrochromic half devices (this
process will be described in detail in section III). We also used NiO in later solid-state
device trials in order to measure visible performance of proposed devices.

There are several reasons this material was changed in favor of a-WOs; for our
final solid-state devices. The voltage cycling of the devices seemed to degrade the films
for both H and Li" intercalated devices. It is still not clear what causes the degradation.

In devices that utilized polymers for ion conductors some reaction took place at
the nickel surface causing the formation of what appeared to be crystals. We could not
separate the two halves of the device in order to analyze the products of the reaction and
we cannot say with certainty what caused this breakdown.

Something similar also happened when we used NiO in solid-state devices. After
several cycles the films appeared to delaminate from the substrate. The density of what
appeared to be cracks in the film increased as the switching voltage was increased.

As with the previous films ellipsometric analysis was used to determine the
infrared optical properties of NiO in both the intercalated and unintercalated states.

Figure 21 shows the ellipsometric data from a nickel oxide sample that had been
deposited on an ITO coated glass slide.
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These data were fit with a lorentz oscillator and a drude term. The model had the
following mathematical form:

~ ABE - A,B
BE)= gt
E°—E°—-iBE E°+iB,E

1
Lorentzianterm Drude Term

Amplitudes, center energies, and broadenings were specified in order to obtain the fits
shown in Figure 21. Figure 21b shows the optical constants extracted from this model.
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Figure 21: a)Ellipsometric data taken on a thin film of Nickel oxide on an ITO coated
glass slide. Also shown is the fit of the optical model used to analyze the film. b) The
optical constants of Nickel oxide extracted from the model.

The effect of intercalation on the IR reflectivity of nickel oxide films was studied. Figure
22 shows the results of taking reflection measurements on a sample before any
processing had been done, and the measurement after the sample had been intercalated
with Li".
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Figure 22: Comparison of reflectivity of as-deposited nickel oxide and Li" intercalated
nickel oxide.

As shown above the reflection data from single films of nickel oxide were not
significantly affected by intercalating the films with a mobile ion species. Also in the
modeling of devices the optical constants of the nickel oxide film didn’t drastically effect
the theoretical reflection. For this reason the optical constants obtained from an
as-deposited film were used in predicting the performance of devices that utilized nickel
oxide as a charge storage material.
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D. Tantalum Oxide

Tantalum Oxide TayOs is utilized as an ion conducting material. This was a layer
used in the fabrication of monolithic, all vacuum deposited device structures. This
material is one of the more critical layers in the device operation. Although its effect on
the reflectivity of the completed device is not as great as that due to ¢-WOs;, it has a
significant effect on the ability of the device to reversibly change its emittance states, and
on the memory of the device.

Ta,0s is a good electrical insulator. However because the porosity of the films
we have been able to make is high, the electrical conductivity is high. In some cases this
is detrimental as far as device operation is concerned because it requires a much higher
driving voltage to shuttle the ions across the layer to switch the device. This higher
driving voltage decreases the lifetime of the device.

In other cases the electrical conductivity is so high that ions will not move from
the electrochromic layer to the charge storage layer and the device will not perform at all.

In order to try to minimize the problem of electrical conductivity it is necessary to
maximize the density of the thin films. In order to gauge the effect of deposition
parameters on the density of the films AFM, and UV-VIS ellipsometric data were taken
on films that had been deposited under different conditions. In order to fit the
ellipsometric data it was assumed that all four samples had the same optical constants
(obtained from published data) and the only difference between them was the porosity of
the samples. This was done by utilizing an effective medium approximation (EMA), to
model the data. Figure 23 shows the results of the AFM measurement and Figure 24
shows the fits to the ellipsometric data with the final value of porosity for each of the
corresponding samples.

These data show good agreement between the two measurement techniques and
helped us to determine the deposition conditions that would provide for films of the
highest density.
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Figure 23: Results of AFM measurements done on four samples of Tantalum Oxide
deposited at various deposition conditions. An increase in O, flow rate and Temperature
gave the lowest RMS values.
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Figure 24: The ellipsometric data fits for the same samples as shown in the AFM results.
The highest void fraction corresponds to the roughest of the films while the lowest void
fraction corresponds to the smoothest film.

Much work was done on this material in order to better understand the structural
properties so that good electrically insulating films can be deposited. Extensive optical
analysis has been done to meet this end. In the technical publications section is a detailed
paper (submitted January 2000 to the Journal of Applied Physics for publication)
documenting our results.

As with the other material this film was studied as a single film on a substrate
apart from device applications. The IR data fit and the corresponding optical constants
for the smoothest sample (lowest void fraction) is shown in Figure 25.
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Figure 25: Results of IR ellipsometric analysis on the Tantalum Oxide sample with the
highest density a) Ellipsometric ¥, and A spectra and the fit of the optical model used to
analyze the film. b) The optical constants of the film extracted from the model.

E. AMPS/DMA Polymeric Ion conductor.

This material was used for the same purposes as Tantalum Oxide in several early
devices. It provided a path for the mobile ions to move from the electrochromic layer to
the charge storage layer. It also provided electrical insulation between layers so that
complete electrochromic devices would possess a ‘memory’.

The material and the method of making it was obtained from U.S. Patent No.
5,520,851 regarding electrochromic devices. Details of the chemistry can be found in the
patent, which describes use of the polymer as a H" conducting material. By adding
LiClO; the polymer was able to conduct Li" as well. AMPS/DMA is relatively simple to
produce and provides much better electrical insulation than Tantalum Oxide. It also
allowed fabrication of devices that worked well enough to provide a baseline
performance index with which to compare monolithic devices (devices made by all-
vacuum processes).

Like all other materials, it was necessary to obtain the optical constants of the
polymer in order to model our devices. This was done by utilizing an attenuated total
reflection (ATR) technique. A ZnSe, IR transparent prism was coated with the polymer
and then an ellipsometric measurement was taken. This allowed the polymer to be
treated as an optically thick material and the optical constants could be extracted directly
from the ellipsometric data. Figure 26 shows the results of the measurement and the

optical constants obtained.
AMPS/DMA Optical Constants
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Figure 26: a) Ellipsometric ATR data taken on AMPS/DMA. Also shown is the fit of the
data. b) The optical constants of AMPS/DMA extracted from the ellipsometric data.

There are several problems associated with Polymeric ion conductors. The most
important drawback is the inability to fabricate an all-vacuum deposited monolithic
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device utilizing a liquid polymer. The second drawback is the durability of the material
under conditions where long switching lifetimes are desired. In our early devices the
polymer contributed to breakdown in device operation by reacting adversely with either
the other films that make up the device, or the mobile ions. Over several switching
cycles there appeared to be some crystallization of the salts used to make the polymer ion
conducting.

It is not known whether the polymer is reacting with the electrochromic materials
or with the mobile ions. The same failure was seen in both H" and Li" devices. The
products of this side reaction are not known because it is impossible to separate the
devices and perform any analysis on the polymer. After this reaction has taken place the
devices failed to switch from one state to the other.

Another problem with the material is that it has several optical absorptions in the
IR region where the devices should operate. This is shown by the high value of the
extinction coefficient between 2000 and 350 cm™ in Figure 26b. Due to the fact that this
layer is the thickest layer in the device (typically 25um) these absorptions dramatically
decrease the IR device performance.

F. Low dopant concentration silicon substrates.

Silicon wafers with a low dopant concentration (resistivity of 3-5 ohm-cm) were
used as substrates for many of the devices. These wafers are conductive enough to use as
conducting layers, and transparent enough to make IR transmission or reflection studies.

There were several benefits of using these substrates. They have low cost, and we
are able to purchase them from any silicon vendor, in a large volume if necessary. For
device oPeration, they are good IR transparent substrates over the spectral range of
5500cm™ to 300 cm™. Figure 27 shows a transmission measurement taken on one of the
Silicon wafers, it is evident that roughly 50% of the incident radiation passes completely
through the wafer.
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Figure 27: The transmission measurement of IR radiation through the high resistivity Si
substrates.

Another benefit of using silicon as a substrate is that the optical properties over
the spectral range that we are interested in are well known. This allows us to focus our
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studies on the thin films deposited on silicon, and to separate substrate effects from
" optical characteristics of the thin films under study. Figure 28b shows the IR
ellipsometric data on a high resistivity Si wafer. The IR optical properties of Silicon are
heavily dependent on the concentration of impurities. For this reason an ellipsometric
measurement was made on a wafer similar to the ones used for devices. Figure 28¢c
shows the difference between the optical model and the experimental data obtained
during the measurement.

The optical model was a simple drude model that describes the effects of free
carriers in the silicon. The model has the mathematical form of:

’ A n h
8(E)= €0 — 5 Where 4 = B=—
E° +iBE €oPT T
p is the resistivity of the material and 7 is the mean scattering time between
collisions for the carriers. In modeling this sample we fit for the €1 ,p, and T parameters.

There is good agreement between calculated optical properties and measured data. The
results of this experiment are utilized in modeling devices.
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Figure 28: a) The model used to fit the data b) Ellipsometric ¥ and A data measured
from a high resistivity Si wafer. This figure also shows fit of the modeling. ¢) The
difference between the model generated data and the experimental data.

There is an important drawbacks to using silicon wafers in IR electrochromic devices.
The first is that silicon is thick. At 275um the radiation has to go through a lot of
material and any absorptions at all, however slight, will effect the measured device
performance.

G. Indium Oxide doped with Tin Oxide (ITO)

ITO is frequently utilized as a transparent electrical conducting material in many
applications. In our case we used it in polymer based devices and also in some
monolithic devices. It provides the electrons a path to the electrochromic films.

The transparency of ITO served two purposes. In the polymer devices we needed
a transparent conductor so light could shined on the uncured polymer. In solid-state
device development the transparency allowed transmission measurements to be made
with a UV/VIS spectrophotometer. It also allowed us to qualitatively determine whether
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or not the monolithic solid-state devices were switching between the colored and
bleached states.

The other benefit of using ITO as a transparent conductor is that it is readily
sputter deposited, and varying the deposition temperatures easily enhanced the electrical
conductivity.

In order to model devices that used ITO as an electrical conductor we again did
ellipsometric studies on the material. Figure 21a shows the ellipsometric data and the fit
of the optical model used to analyze it. The model used was exactly the same as the
model used to determine the optical properties of the Silicon substrate above. The values
of the parameters were the only difference between the models.

The sample was deposited on a quartz disk at room temperature. Figure 21b
shows the optical constants extracted from the model. These optical constants were used
in modeling complete devices.
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Figure 29: a) The structure of the model used to fit the data b) Ellipsometric ‘P,
and A data and the fit of the model B) The IR optical constants of ITO films deposited at
room temperature.

H. Other Materials

Lithium Aluminum Floride (LiAlF) was also investigated as a ion conductor. A
search of the literature suggested that this material could be a good possible fast-ion
conductor while maintaining good electrical isolation between the two electrochromic
layers.

The difficulty with utilizing (LiAlF) is that it is a ceramic and very difficult to
sputter deposit. Deposition times of more than an hour made at high power produced
films that were approximately 100nm thick. Films this thin do not provide enough
material to electrically insulate the electrochromic films from one another because there
is a high density of pinhole shorts.

The mobility of Li* through sputter deposited LiAlF was prohibitively low. After
depositing the material on a film of cWO; it was not possible to induce a color change by
electrochemical intercalation.

Aluminum Oxide(AlO) was also reported in the literature to be an ion conductor,
and several attempts at sputter deposition from an Aluminum Oxide target were made. It
was not possible to obtain films on the glass or silicon substrates even under maximum
power and various deposition environments.




26

Vanadium Oxide was investigated as a charge storage material. Vanadium Oxide
has a high ion capacity, and a polymeric device was made with this material by replacing
nickel oxide. It is fairly transparent in the visible and it allowed for curing of the
polymeric ion conductor. Like nickel oxide it is often utilized in battery technology.

The number of Vanadium and Oxygen metallurgical phases is very high, and it is
difficult to ascertain with certainty the phase and stochiometry of our vanadium oxide.
These films were likely of mixed phases.

' Unfortunately, unlike nickel oxide the vanadium oxide does not adhere well to
either ITO coated glass or silicon substrates. Deposition conditions were found that did
make films which would adhere, however these peeled off the substrates after rinsing
with deionized water. In order to make a device with vanadium oxide storage layer the
film was not rinsed after electrochemical intercalation.
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PART III: POLYMERIC ION CONDUCTING DEVICES
A) INTRODUCTION

The electrochromic devices made during this contract fall into two broad general
categories. The first category is made up of devices that use two substrates and are
laminated together by a polymer that provides the ion-conducting layer. The second
category is a monolithic structure consisting of films that were all sputter deposited.

In order to construct the first type of devices two different substrates were used.
The first was either a glass slide, or a quartz disk. The second substrate was a silicon
wafer with an impurity concentration low enough to allow good IR transparency, but high
enough to allow good electrical conductivity (See Part II: Materials).

In order to determine the portion of the blackbody that our measurements
encompassed the following equations were used:

3 1
M(o,T)=2nhco™ X (1)
h
(%) -

e -1

["M@e,T)
[ M(0,T)

Where 61 and 62 define the lower and upper limit of the spectral region that were
measured. The blackbody emissivity spectrum extends out to infinite wavenumbers, it
approaches the limit of 0 (W/cm? wavenumbers) well before 6000 cm™. The integral in
the denominator of equation 2 makes the assumption that 100% of the blackbody is
contained between the limits of Ocm™'and 6000cm’™.

The results of the emissivity integration are shown in the figures detailing the
performance of each device. These results are summarized by the tables at the end of
sections Il and IV.

Percent of BlackBody Covered = 2)

B) FABRICATION AND STRUCTURE

These devices were made in two halves, on on glass, one on a polished Si wafer.
First a film of ITO was sputter deposited on to a glass slide. This ITO provided one of
the electrical contacts. Over the ITO a nickel oxide film was deposited and used as a
charge storage layer. Silicon was used as a second substrate for deposition of
polycrystalline WO;.

After the thin films were deposited the cWO; was electrochemically intercalated
in either 1.0M H,SO4 or 1.0M LiClO; solutions, the former for H* the latter for Li*. The
electrochemical cell that was used for the color bleach cycles was a three electrode cell
with a saturated calomel reference electrode and a platinum foil as the working electrode.
The film being cycled was the working electrode and it was placed about 3 cm from the
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other two electrodes. The cWOs; half of the device was cycled through several color
bleach cycles with voltages of ~1.0V and +1.0V respectively and then removed from the
electrochemical cell in the intercalated state. The same procedure was used to prepare
the nickel oxide half of the device cycling the voltages between —0.375V and +0.650V,
but it was removed from the electrochemical cell in the unintercalated state.

Next a few drops of polymer were placed on the cWO; half of the device, and
finally the nickel oxide side was “sandwiched” to the top of this. The polymer with a UV
light source shined through the nickel oxide. The device structure is shown in Figure 2.
Electrical contact was made to the device with alligator clips. Figure 2 also shows how a
reflectance measurement was taken and the location of contacts with the external power
source.

\ / IR Reflectance measurement.

375 pm High Resistivity Si Wafer
0.180 pum Polycrystalline WO;3
25 pm AMPS/DMA Ion Conductor

il

[l

0.100 um Nickel Oxide Charge Storage
0.150 ym ITO electrical conductor p.4 +
2mm | Glass Slide WOs|Si NiO|ITO|Glass

Figure 2: Structure of polymeric ion conducting device, including the location of the electrical
contacts to the external source and the method in which the reflectance measurement was taken.

These devices stopped showing color changes from one cycle to the next after 3
or 4 cycles, presumably due to polymer electrolyte degradation. The cause of the
degradation is unknown because the devices could not be separated after the laminating
polymer was cured. There was evidence to suggest that the polymer had undergone some
type of side reaction. This reaction caused formation of what appeared to be crystallites
in the polymer film. After formation of crystallites and the inability to insert any charge
into the device no further measurements were taken.

The following figures show the results of several devicesbased on polymer ion
conductors: At the end of this section a summary of the emissivity modulation of each of
these devices is tabulated, indexed by the heading of each performance figure.
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C) PERFORMANCE OF POLYMER BASED DEVICES

DEVICES UTILIZING H* IONS
I) Device #1 (H" ions)
For this device 95% of the blackbody region was covered in the measurement.
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Figure 3: The measured reflectance of Device #1 (H'ions) the first device with = the top c-
WO; unintercalated (bleached) and === with the top c-WOj; intercalated (colored). a) First
Cycle b) Second Cycle c) Third Cycle d) Fourth Cycle.
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Figure 4: The difference in reflectance between the two operating states of Device #1 (H"ions)
a) First Cycle b) Second Cycle c) Third Cycle d) Fourth Cycle.
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IT) Device #2 (H*ions)
For this device 95% of the blackbody region was covered in the measurement.
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Figure 6: The difference in reflectance between the two operating states of Device #2 (H'ions)
a) First Cycle b) Second Cycle c¢) Third Cycle

III) Device #3 (H"ions)

For this device 95% of the blackbody region was covered in the measurement.
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a) The measured reflectance of Device #3 (H'ions) with the top ¢c-WO;

unintercalated (bleached) and === with the top c-WOs; intercalated (colored). b) The
difference in reflectance between the two operating states of the device.
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DEVICES UTILIZING Li* IONS
The following devices had the same structure as Devices #1-3, however for

Devices #4-7 the intercalant ion was changed to Li*

IV) Device #4 (Li* Ions)
For this device 95% of the blackbody region was covered in the measurement.
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Second Cycle c) Third Cycle

5] @ 4E=095 by AE=-1.12
5
°] [
-5 -
z >
2 £
°  -10 .
% E 10 4
L
T 45 .
20 204
Bleach - Color Bleach - Color
-25 25 .
5000

T T T T T T T T T
0 1000 2000 3000 4000 5000 -0 1000 2000 3000 4000

Wavenumber (1/cm) Wavenumber (1/cm)




33

¢} AE=-2.14
54
04
>
—_
2
o
& 5
=
@
o
-10 4
Bleach - Color
-15 T T T T T
0 1000 2000 3000 4000 5000

Wavenumber (1/cm}

Figure 9: The difference in reflectance between the two operating states of
Device #4 (Li* Ions). A) First Cycle b) Second Cycle ¢) Third Cycle

V) Device #5 (Li* Ions)
For this device 95% of the blackbody region was covered in the measurement.
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Figure 11: The difference in reflectance between the two operating states of Device #5 (Li* Ions)
. ) First Cycle b) Second Cycle c¢) Third Cycle d) Fourth Cycle

VI) Device #6 (Li" Ions)
For this device 95% of the blackbody region was covered in the measurement.
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VII) Device #7 with (Li* Ions)
For this device 92% of the blackbody region was covered in the measurement.
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Figure 15: The difference in reflectance between the two operating states of Device #7 (Li* Ions).
a) First Cycle b) Second Cycle

D) PERFORMANCE OF POLYMER-BASED DEVICES WITH
DLC ANTIREFLECTION COATINGS

INTRODUCTION

There have also been two modifications to the Basic polymer device structure.
The first of which is an addition of a diamond like carbon (DLC) film as an IR anti-
reflection coating on top of the silicon. The structure of this device is shown in
Figure 16.

DLC reduces reflectance from Si over a range of wavelengths centered at 10pm. This
helps improve c-WOj3 switching near 10um (1000cm™), that is, near the room
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temperature blackbody peak. This “anti-reflection” coating central wavelength can be
mouved by changing DLC thicknesses.

r— : Generated Data
IDLC coating index of refraction =n, L T e T —

Si Surface index of refraction = ng

Reflection
o
S
1

0.42 -

0.40
0.38 " L " 1 " 1 . i [ Model Fit 1
0 1000 2000 3000 4000 5000 6000

Wave Number (cn')

10pum

If ng = Vn, then it is possible to chose a thickness for the DLC coating such that
thickness = Amin/4n,

where A, is the wavelength at which reflection is a minimum. In this case
}"min = IOum

The DLC coating works because the index of refraction of Si is approximately
equal to the square root of the index of DLC at 10um. By choosing the thickness
according to the equation above we can tune the wavelength at which the lowest
reflectance, or highest emittance occurs. The above simulation shows the results of the
reflection spectra if n; = 1.88 ng =3.5 (the approximate index of refraction for DLC,

obtained from analysis of a commercial film, and Si at 10pum respectively) and t=1.6um.
With these conditions the reflectivity of the surface is minimized at the 10um region.

STRUCTURE

Figure 16 shows the structure of Device #8 DLC coated polymer-based device

(Li*ions)
\ / IR Reflectance measurement.

2.1pym | Diamond Like Carbon AR
375 um High Resistivity Si Wafer
0.180 pm | Polycrystalline WO3
25 ym AMPS/DMA Ion Conductor
0.100 um Nickel Oxide Charge Storage
0.150 pm ITO electrical conductor
2mm | Glass Slide

Ln Il

Figure 16: Structure of polymeric ion conducting device, with DLC AR coating including the
location of the electrical contacts to the external source and the method in which the reflectance

measurement was taken
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PERFORMANCE

Device #8 DLC coated polymer-based device (Li" ions)

For this device 95% of the blackbody region was covered in the measurement.
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Figure 18: The difference in reflectance between the two operating states of Device #8 DLC
coated polymer-based device (Li"ions). a) First Cycle b) Second Cycle ¢) Third Cycle

The DLC AR coating had a large effect on measured device performance. This is
especially true for the third cycle which had a AE = 10.24. The reason for this
improvement is the DLC imparted a broad minimum in the measured reflectance of the

device near 10um. The portion of the light reflected from the sample is inversely
proportional to the light that is emitted. Due to the increase in light reaching the c-WO;
the device was more effective in its emittance modulation.

E) PERFORMANCE OF POLYMER DEVICES WITH VANADIUM
OXIDE STORAGE LAYER

INTRODUCTION

The second modification was a change to the material used for the charge storage layer.
Instead of using nickel oxide a vanadium oxide material was utilized. Vanadium oxide is often
used in solid state battery research where Li" is the mobile ion species.

STRUCTURE
Figure 19 shows the structure of this device.

\ / IR Reflectance measurement.

375 um High Resistivity Si Wafer
0.180 um Polycrystalline WO, —
25um | AMPS/DMA lon Conductor ——
0.120 ym Vanadium Oxide Charge Storage T
0.150 ym ITO electrical conductor
2 mm Glass Slide

Figure 19: Structure of polymeric ion conducting device, with Vanadium Oxide storage layer

including the location of the electrical contacts to the external source and the method in which the

reflectance measurement was taken
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PERFORMANCE

Reflectivity

Reflectivity

Device #9 polymer —based device with Vanadium Oxide (Li" ions)
For this device 75% of the blackbody region was covered in the measurement.
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Figure 20: The measured reflectance Device #9 polymer —based device with Vanadium Oxide

(Li* ions) with

the top c-WO; unintercalated (bleached) and with ==== the top c-WO;

intercalated (colored). a)First Cycle b) Second Cycle c) Third Cycle
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Figure 21: The difference in reflectance between the two operating states Device #9 polymer —
based device with Vanadium Oxide (Li* ions). a) First Cycle b)Second Cycle ¢) Third Cycle.
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PART IV: MONOLITHIC ALL VACUUM FABRICATED
DEVICES

A) INTRODUCTION

The other category of devices fabricated during this contract were monolithic
multilayer stacks. These were sputter deposited on to single substrates (recall that two
substrates were needed for polymer-based devices). All-vacuum fabricated device
manufacturing is relatively easily scaled up to make large area devices. It has been a
major goal of the contract to develop these type of devices.

For space applications these devices also have the added benefit of being more
durable to the low earth orbit (LEO) environment. In LEO polymer degradation caused
by UV light and atomic oxygen is a significant problem. Even with monolithic devices
UV light is a potential device performance inhibitor because many electrochromic
materials, including WO; and Vanadium Oxide are photochromic materials.
Photochromic materials are materials that have varying optical characteristics caused by
exposure to UV radiation.

When a large area electrochromic device is developed for space applications it
will be necessary to study its durability under LEO conditions.

B) FABRICATION

These devices were deposited on several different substrates. If the substrate was a high
resistance (low dopant concentration) silicon wafer, then the c-WO3; was deposited first.
Over this a Tantalum Oxide film was deposited. Often the c-WO; would be
electrochemically intercalated. Then a Nickel Oxide charge storage layer was deposited,
and finally an ITO layer was deposited as a transparent conducting layer. If the substrate
was a glass slide, the order of deposition was reversed so that c-WO; was always on top.
All the monolithic devices utilized Li* as a mobile ion. The use of Li* allowed more time
to process the device and deposit the other device layers after the device had been
intercalated electrochemically

C) PERFORMANCE OF BASIC MONOLITHIC DEVICES
VISIBLE DEVICE: STRUCTURE AND TESTING

Before attempting to make an IR modulating device, a visible operating device,
designed to modulate transmitted light, was made with the structure shown in Figure 22.
Figure 23 shows the visible transmittance change in such a device. The success of this
encouraged us to continue our work with the monolithic structures because the materials
are all the same and the only modification would be made with the substrate. Electrical
contact was made to the ITO|Glass with an alligator clip and banana plug. The other
electrical contact was made to the top ITO layer by first applying an electrically
insulating paint to a small area of the device, and then over this a silver paint was applied
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in such a way that an alligator clip attached to the silver paint was in contact with the top

ITO. Figure 22 shows the structure of the device.
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Figure 22 Monolithic device structure, including the location of the electrical contacts to the
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Figure 24 shows the structure of one of the Basic Monolithic devices we have made for

IR modulation:

pY

High Resistivity Si Wafer
Polycrystalline WO;

Tantalum Oxide Ion Conductor

IR Reflectance
measurement.

i

Nickel Oxide Charge Storage Layer

ITO electrical conductor

m— 7O
] NiO|TaOx
A
B Si Wafer
[ Jinsulating paint

& Silver paint

Figure 24: Monolithic device structure, including the location of the electrical contacts to the
external source and the method in which the reflectance measurement was taken.

INFRARED DEVICE: PERFORMANCE
I) Device #1
For this device 75% of the blackbody region was covered in the measurement.
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Figure 25: The measured reflectance of Device #1 ==—with the c-WO; unintercalated (bleached)
and == with the top c-WO; intercalated (colored). a) First Cycle b) Second Cycle c) Third

Cycle
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Figure 25: The difference in reflectance between the two operating states of Device #1. a) First
Cycle b) Second Cycle c) Third Cycle

IT) Device #2
For this device 92% of the blackbody region was covered in the measurement.
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and == with the top c-WOj intercalated (colored). a) First Cycle b) Second Cycle
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Figure 27: The difference in reflectance between the two operating states of Monolithic Device
#2. a) First Cycle b) Second Cycle

D) PERFORMANCE OF MONOLITHIC DEVICES WITH THIN
CONDUCTING TOP LAYER

INTRODUCTION

The difficulty with the devices measured through the silicon substrate is that a
significant portion of the IR probe beam is reflected off of the Si|Air interface before the
beam makes it to the device we are trying to measure. In order to get a better idea of the
modulation taking place due to the device the probe beam needs to be directly reflected
off of the top c-WOs layer. The first attempt at accomplishing this was to utilize a very
thin electrical conducting layer in hope that a majority of the beam would penetrate
through the thin IR reflective conductor.

To simplify the fabrication process an amorphous WO; layer was used as an ion
storage layer. This eliminated one of the chamber pump-downs decreasing the
fabrication time from 5 days to three days.

STRUCTURE
Figure 28 shows the structure of this device deposited on a glass slide coated with

ITO. IR Reflectance
\ / measurement. [___Jinsulating paint

55 Silver paint

0.025 um Thin ITO
0.180 um Polycrystalline WO; —
0.375 ym Tantalum Oxide Ion Conductor — ITO -‘
0.180 pm a-WO; Charge Storage Layer T
0.150pym | ITO ' ¢c-WO;|TaOla-WO;
2mm Glass Substrate ITO|G1ass

Figure 28: Structure of monolithic device with a thin conducting layer covering the c-WO;



48

PERFORMANCE

I) Device #3 (Thin Conducting Top Layer)
The following figures show the results of measurements taken on this device.
This device showed good promise. However, after the first cycle it no longer showed any
change in reflectivity. For this device 92% of the blackbody region was covered in the
measurement.
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Figure 29 a) The measured reflectance of Device #3 (Thin Conducting Top Layer) with
the top c-WOs unintercalated (bleached) and === with the top c-WO; intercalated (colored). b)
The difference in reflectance between the two operating states of the device.

FAILURE ANALYSIS

Another device similar to this one was deposited on a Si substrate instead of an
ITO coated glass slide. The device failed to show any reflectivity change at all. This
sample was sent to Leipzig, Germany where Secondary Neutron Mass Spectroscopy
(SNMS) was used to give a depth profile. This technique involves sputtering the sample
and then using a mass spectrometer to determine what is coming from the sample. This
was done in an attempt to determine why the device failed to cycle. Figure 30 shows the
data obtained from this experiment. One possible reason for the device failure is the Li*
ion is getting trapped at the thin film interfaces. The intensity of the Li signal increases at
the interface between c-WOQO; and Tantalum Oxide, then again at the interface between
the Si substrate and the a-WOj3 film. The interfaces with the highest concentration are
indicated by the green vertical lines.
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Figure 30: SNMS depth profiling for a monolithic structure, deposited on a silicon substrate,
with a thin ITO film on top

E) PERFORMANCE OF MONOLITHIC DEVICES WITH
CONDUCTING GRID

INTRODUCTION

Other investigations involved the use of grids as electrical conductors. A
successful electrochromic stack utilizes two electrically conducting films as the top and
bottom layers of the device. However electrical conductors are generally IR reflective.
Covering the c-WO; with an electrically conducting film negates any IR optical
modulation contributed by the rest of the device. An attempt to overcome this obstacle
was made using a metallic grid on top of the c-WOs;. If the grid covers less than 10% of
the top area of the device than the majority of the IR probe could penetrate through to the
rest of the device.

FABRICATION AND STRUCTURE

Photolithography with a negative photoresist was used to make the grids. The
line widths were 10um, wide with a distance of 500um between each line. The metal
used for the grids was Aluminum and the metal layer at the base of the device was either
Al or Cr.
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Figure 31 shows the structure of this device on a glass slide.

\ IR Reflectance ] nsulating paint

measirement. pre— .
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0.180 pm a-WOj; Charge Storage Layer
Optically thick Metal layer
Glass Substrate

i
N

— /. 4
Al Grid | ¢-WOs|TaOla-WO3 T

Cr or Al|Glass

Figure 31: Structure of monolithic device with a metallic grid covering the c-WOs.

I) Device #4 (Aluminum Conducting Grid)
For this device 95% of the blackbody region was covered in the measurement.

100 4 a) 100 « b)
80 80 -
60 4 60 4
2 >
2 40 - é 40
8 3
(‘11:, 20 4 &’ 20 4
0 ———1st Color E=55.28 0 2nd Color E=54.14
1st Bleach E=60.49 2nd Bleach E=61.75
-20 T T T T T 20 T T T T T
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Wavenumber (1/cm) Wavenumber (1/cm)
100 4 o)
80 4
60
2
2 404
o
o
T 20
o —3rd Color E=53.93
~———3rd Bleach E=58.65
20

T T T T T
[¢] 1000 2000 3000 4000 5000

Wavenumber (1/cm)
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Figure 33: The difference in reflectance between the two operating states of Device #4
(Aluminum Conducting Grid). a) First Cycle b) Second Cycle c) Third Cycle

II) Device #5 (Aluminum Conducting Grid)
For this device 95% of the blackbody region was covered in the measurement.
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Figure 34: The measured reflectance of Device #5 (Aluminum Conducting Grid)* with the
¢-WO; unintercalated (bleached) and === with the top c-WOs; intercalated (colored). a) First
Cycle b) Second Cycle
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Figure 35: The difference in reflectance between the two operating states Device #5 (Aluminum
Conducting Grid). a) First Cycle b) Second Cycle.

F) ALTERNATIVE ALL-VACUUM MONOLITHIC DEVICE
FABRICATION METHODS

An important goal to device fabrication in this contract was to develop a method
of intercalating the electrochromic layers with a vacuum compatible technique. It is well
known that when an intercalant atom such as Li* is delivered to the surface of an
electrochromic material it will diffuse into the film and still be reversibly extracted. We
have developed an evaporation system that utilized Lithium foil as an evaporant (see
quarterly report 4).

There are many benefits to a dry intercalation technique. The first is that there
would be no damaging wet processes. Wet processes increase the chance of having
pinhole shorts through the device and also induce more surface damage effects than dry
techniques. The next benefit is that with a dry intercalation technique it is easy to
develop a deposition method that would allow complete device fabrication without
breaking vacuum. Lastly some of the materials are not compatible with the solvents used
in wet intercalation methods.

A sample of ¢-WO; deposited on an ITO coated glass slide was vacuum
intercalated with a Lithium metal evaporant. Two areas of the sample were tested, a
region exposed to the Lithium and a region that was never exposed during the dry
intercalation. Upon removing the sample from the chamber the exposed area was a deep
uniform blue color, and the region that was not exposed was transparent. Visible
transmission measurements were taken immediately after the sample was removed from
the chamber. One measurement was made in the region that had not been exposed this is
the As Deposited curve in figure 36, and one measurement was made in the region that
had been exposed, the curve labeled Vacuum Intercalated shows this data.

After these measurements had been taken the sample was electrochemically
colored and bleached several times. Finally a bleaching voltage was applied for a time
that was sufficient enough to assume that any Li* ions that had been reversibly
incorporated into the film had been removed. After this processing was complete two
new transmission measurements were taken. The transmission data that was collected
from the area that was not exposed to the dry intercalation processing is labeled on
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figure 36 as Bleached Unexposed. The transmission data that was collected from the area
that had been intercalated in the vacuum chamber is labeled as Bleached Exposed.

These data show that the evaporation-intercalated region had some lithium that
was irreversibly intercalated into the film. It also demonstrates that this area could also
be bleached out successfully. Although not as much as the region that had only been
exposed to the electrochemical intercalation. With tighter control of the amount of Li
atoms that are allowed to reach the surface of the sample the irreversible intercalation
could be minimized.
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Figure 36: Transmittance data acquired from a vacuum intercalated sample of c-WQOj3 on an ITO
coated glass slide.
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PART V: CONCLUSIONS

Many of the objectives for this contract have been met. The goal of extending IR
measurement capabilities is foremost among them. This contract has assisted the J.A.
Woollam Co. in developing an excellent product that has been shipped to commercial
customers.

The goal of developing a dry method of intercalation has been met. This will
insure manufacture of electrochromic devices will not require yield decreasing wet
processing techniques.

Film uniformity was investigated by optical mapping techniques. It was
determined that the area of the substrates that devices are manufactured on have
uniformity that is more than adequate for fabrication.

In working towards durable long lifetime devices the use of Li" mobile ions was
implemented.  Also eliminating the polymer from the device has enhanced IR
performance, manufacture feasibility, and potential space application durability.

This contract has also allowed the research institutions involved to make
meaningful, relevant contributions to the electrochromics literature. Three articles have
already been published and two more will be submitted for publication by the end of
February 2000.

Extensive work has been done on c¢c-WOQ; for its application to far infrared
devices. Future work can use this information in determining the feasibility of using
¢-WO3; in devices where IR modulation is desired. Utilizing a-WO; as a charge storage
layer will cut down manufacturing time significantly when manufactured in high volume.
Our work with Tantalum Oxide ion-conducting layers makes an important contribution to
electrochromics research.

This contract has allowed us to determine the optical constants of many materials
used for electrochromic devices including a-WQ;, c-WOs, NiO, Tantalum Oxide, and
ITO.

Many devices have been made which show significant IR emissivity modulation.
The benefits of utilizing anti-reflective coatings have been demonstrated. The ability to
utilize grid conductors has also been demonstrated. These are both important
contributions to future IR electrochromic devices. We have developed what we believe is
the first monolithic, all-vacuum processed IR electrochromic device. This is also the first
time electrochromics have been measured over such a wide spectral range. Previous
studies were limited to wavelengths shorter than 14pum.

There have also been some disappointments during the course of this contract.
We have been unable to make long lifetime reliable electrochromic devices. Devices fail
after only 3 or 4 switching cycles. This was the most difficult objective to meet and also
the most important.

The second disappointment is that the emittance modulation of our devices is not
high or reproducible. After making many devices, only near the end of the contract did
we get devices with good modulation.

The biggest hurdle in making reliable devices has been the ion conducting layer.
We have made tungsten oxide samples that are robust and durable in an electrochemical
cell. All indications are that these films would be excellent in an IR operating device.
The electrical conducting materials, such as ITO, Si, and thin metal layers, also have
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properties that would make them suitable for an all vacuum fabricated electrochromic
device. However, we have not been able to sputter deposit a good ion conductor that is
electrically insulating. Most devices that we have made have electrical shorts between
the two conducting layers. With electrons able to flow through the device no applied
potential field will cause the modulation inducing ions to move into the desired films.

There are several possible reasons our measured device performance is not as
great as the theoretical modulation predicted by single film studies. The Li" ions may be
accumulating at interfacial sites between film layers. It is also likely that, at the
interfaces, surface roughness contributes to light loss, due to scattering.

Without having made reliable small area devices two of the other contract
objectives could not be met. We have not been able to explore large area devices, or
devices which could be used on non-planar surfaces.

PART VI: RECOMMENDATIONS

There are several recommendations that should be considered for future work in
IR electrochromics. It should also be noted that IR optical switches could be useful for
applications other than room temperature blackbody emittance ~modulation.
Electrochromics could find potential use for laser windows at IR wavelengths less than
say 14um. Perhaps space systems needing to be maintained at temperatures higher than
25°C could make use of devices like the ones made during this contract. The motivation
for proposing this is that the shorter the wavelength, the better the WO-based
electrochromic devices perform. The following figure shows the spectra for a body at
600K.

RT Blackbody Spectrum 600K Blackbody Spectrum
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(=4 ©
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— *
E % £ 8
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x —90 ¢ O

-10 0 20 40
Wavelength (um) Wavelength (um)

The peak of the radiation spectra from this body is shifted towards the shorter
wavelengths, relative to the peak of a room temperature blackbody.

Electrochromic device research requires a good understanding of several
disciplines. There is of course a need for a good optics background because these devices
are designed to modulate light radiation in some way. There is also a need for a strong
solid state physics and/or materials science background. The optical properties of all of
these materials rely heavily on their structural properties. The fact that the cause of
optical modulation is an intercalation of mobile ions into a host lattice is enough to make
the need for a physics background desirable. Successful electrochromic devices behave
analogously to solid state batteries. An electrochromics research program would benefit
tremendously with an electrochemical research specialist. For a visible device program a
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polymer chemist would also add an important contribution to an electrochromics research
team. For visible devices polymers have many advantages over vacuum deposited
materials.

Much thought should also be given to facilities requirements of an
electrochromics research project. A clean room should be available. Particulates on
substrates or on films that are going to have other materials deposited can induce pinhole
shorts into the device. A small density of these pinholes will cause a device to fail. An
oxygen free glove-box will be instrumental in carrying out meaningful electrochemical
experiments. Lastly a good evaporation deposition system should be available to deposit
the best ion conducting electrolyte films. Most of the successful visible devices are based
on ceramic ion conductors, such as Aluminum Oxide or LiAlF, which are extremely
difficult to sputter deposit. For these, an e-beam evaporator is highly desirable in any
electrochromics development team. There are likely several other dielectrics that can be
tried out for their ion conductivity and insulating properties. Hopefully one with low
pinhole concentration can be found.

For spacecraft applications more work needs to be done on electrochromic
materials and their durability in LEO environments. Simple experiments of ¢c-WOj3
exposed to atomic oxygen show that the material undergoes irreversible color changes.
Literature also suggests that under the influence of UV radiation WO3 will also change its
optical properties. Even with a successful emittance modulating IR device much work
would need to be done to insure compatibility with the space environment.
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