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CONTROLLING TRANSITIONS IN OPTICALLY SWITCHABLE
DEVICES

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims priority to US Patent Application No. 13/049,623,
titled “CONTROLLING TRANSITIONS IN OPTICALLY SWITCHABLE
DEVICES” and filed on March 16, 2011, which is incorporated herein by reference in
its entirety and for all purposes.

The application is related to US Patent Application No. 13/049,756, titled
“Multipurpose Controller for Multistate Windows” and filed on March 16, 2011, to
US Patent Application No. 13/049,750, titled “Onboard Controller for Multistate
Windows” and filed on March 16, 2011, and to US Patent Application No.
13/309,990, titled “Controlling Transitions in Optically Switchable Devices” and filed
on December 2, 2011, all of which are incorporated herein by reference in their

entireties and for all purposes.

BACKGROUND

Electrochromism is a phenomenon in which a material exhibits a reversible
electrochemically-mediated change in an optical property when placed in a different
clectronic state, typically by being subjected to a voltage change. The optical
property is typically one or more of color, transmittance, absorbance, and reflectance.
Electrochromic devices may be incorporated into many types of optical structure
including windows and mirrors. The optical state of such devices is switched by an
electrochemical transition.

One well known electrochromic material is tungsten oxide (WQOs3). Tungsten
oxide i1s a cathodic electrochromic material in which a coloration transition,
transparent to blue, occurs by electrochemical reduction.

While electrochromism was discovered in the 1960s, electrochromic devices
still unfortunately suffer various problems and have not begun to realize their full
commercial potential. Part of the difficulty is a lack of versatility in the operating
modes of electrochromic devices.  Additionally, known control systems for
electrochromic devices have limited functionality and fail to account for some of the

unique features of electrochromic devices.
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SUMMARY

Various embodiments disclosed herein pertain to controllers for windows and
other optical components having switchable optical devices. Also disclosed are
methods of switching optical states in optical components. An example of a
switchable optical device is an electrochromic device. Other examples include liquid
crystal devices and suspended particle devices.

In various examples, the controller or control method is designed or
configured to operate without information about the current temperature of the device
and/or the device’s environment. Further, in some cases, the controller or control
method is designed or configured to control transition of an optical device to an
intermediated state between two end states. For example, the controller may be
configured to control a transition to a state of transmissivity that is intermediate
between two end states of transmissivity. In such case, the device has three or more
stable states of transmissivity.

One aspect of the present disclosure concerns methods of causing a change in
optical state in a switchable optical device. Such methods may be characterized by
the following operations: (a) controlling the current to the switchable optical device
during an initial portion of a transition from a first optical state to a second optical
state; and (b) controlling the voltage applied to the switchable optical device during a
later portion of the transition from the first optical state to the second optical state
such that the magnitude of the voltage is held substantially at a preset level. The
current controlling operation in (a) involves correcting the current to the switchable
optical device when the magnitude of the current exceeds an upper defined safe
current level or fails to meet a lower defined fast switch current level. In certain
embodiments, this is accomplished by applying a voltage ramp to the switchable
optical device and adjusting said voltage ramp as necessary to maintain the current
between the upper defined safe current level and the lower defined fast switch current
level. In other cases, this is accomplished by applying an initial current to the
switchable optical device and adjusting said initial current as necessary. In some
cases, the methods include a further operation of (c) reducing the magnitude of the
voltage applied to the switchable optical device after (b) to a level that reduces the
leakage current in the switchable optical device.

In a specific embodiment, controlling the current in (a) is performed for a

period of between about 2-30 minutes. Further, in certain specific implementations,
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the upper defined safe current level is between about 70 and 250 pA/cm2. The lower
defined fast switch current level may be between about 30 and 70 uA/cm?®. In a
further specific embodiment, controlling the voltage in (b) is performed for a period
of between about 2 and 30 minutes.

In many implementations, the temperature of the switchable optical device is
not detected during at least the initial portion of the transition. In some
implementations, the switchable optical device is an electrochromic device. While
not so limited, the change in the optical state may be to an intermediate optical state
between two end optical states of the switchable optical device.

Another aspect of the invention pertains to controllers for controlling a change
in optical state in a switchable optical device. Such controllers may be characterized
by the following: (a) one or more interfaces providing control instructions, a driving
voltage, and/or a driving current to the switchable optical device; and (b) instructions
for controlling the change in optical state. The instructions may include: (i)
controlling the current to the switchable optical device during an initial portion of a
transition from a first optical state to a second optical state, wherein controlling the
current is accomplished by correcting the current to the switchable optical device
when the magnitude of the current exceeds an upper defined safe current level or fails
to meet a lower defined fast switch current level; and (ii) controlling the voltage
applied to the switchable optical device during a later portion of the transition from
the first optical state to the second optical state such that the magnitude of the voltage
is held substantially at a preset level.

When the switchable optical device is an electrochromic device, the current
and voltage levels specified in the instructions are defined for an electrochromic
device. Other features of the controller may include instructions to implement one or
more of the method operations described above. For example, the current and/or
voltage levels specified in the instructions need not account for the temperature of the
switchable optical device during at least the initial portion of the transition. As
another example, the instructions may specify a change in the optical state to an
intermediate optical state between two end optical states of the switchable optical
device.

Another aspect of the invention pertains to methods of causing a switchable
optical device to transition to an intermediate optical state, which intermediate optical

state is between two end states of the switchable optical device. Such methods



10

15

20

25

30

WO 2012/125325 PCT/US2012/027742

involve applying an oscillating voltage to the switchable optical device, where the
oscillating voltage has a mean voltage that is associated with the intermediate optical
state, and wherein the mean voltage is experienced substantially uniformly over the
surface of the switchable optical device.

As an example, the oscillating voltage has a frequency of about 1 E3 and 1E-5
Hz. As a further example, the oscillating voltage has an amplitude of about 0.01 to 1
volts.

In certain embodiments, the methods further include an operation of applying
a voltage pulse to the switchable optical device prior to applying the oscillating
voltage, where the voltage pulse has a magnitude that is substantially greater than the
mean voltage associated with the intermediate optical state, and where application of
the voltage pulse substantially increases the speed at which the switchable optical
device transitions to the intermediate optical state. In a specific example, the voltage
pulse has a duration of between about 5 and 15 minutes. In a further specific
example, wherein the voltage pulse has a magnitude of between about 1 and 7 volts.

In some methods, there may be an additional operation of applying a second
oscillating voltage to the switchable optical device, where the second oscillating
voltage has a second mean voltage that is associated with a second intermediate
optical state, and wherein applying the second oscillating voltage causes the device to
transition to the second intermediate optical state.

Typically, the switchable optical device comprises one or more bus bars for
delivering voltage to the device, with the bus bars being located at one or more edges
of the device and not in a center region of the device. Typically, the switchable
optical device comprises one or more transparent electrodes having a sheet resistance
of at least about 5 ohms per square. In various embodiments, the switchable optical
device is an electrochromic device.

Yet another aspect of the disclosure concerns a controller for controlling a
change to an intermediate optical state in a switchable optical device, where controller
is characterized by the following features: (a) one or more interfaces for providing
control instructions, a driving voltage, and/or a driving current to the switchable
optical device; and (b) instructions for controlling the change in optical state. The
instructions include applying an oscillating voltage to the switchable optical device,

wherein the oscillating voltage has a mean voltage that is associated with the
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intermediate optical state, and where the mean voltage is experienced substantially
uniformly over the surface of the switchable optical device.

As discussed in the method embodiments above, the switchable optical device
controlled by the controller may include one or more bus bars for delivering voltage
to the device, and the bus bars are located at one or more edges of the device and not
in a center region of the device. Further, the switchable optical device may include
one or more transparent electrodes having a sheet resistance of at least about 5 ohms
per square.

When the switchable optical device is an electrochromic device, the
characteristics of the oscillation specified in the instructions are defined for an
electrochromic device. Other features of the controller may include instructions to
implement one or more of the method operations just described above. For example,
the instructions may specify that the oscillating voltage has a frequency of about 1 E3
and 1E-5 Hz. In another example, the instructions may specify that the oscillating
voltage has an amplitude of about 0.01 to 1 volts.

In yet another example, instructions further include instructions for applying a
voltage pulse to the switchable optical device prior to applying the oscillating voltage,
where the voltage pulse has a magnitude that is substantially greater than the mean
voltage associated with the intermediate optical state, and where application of the
voltage pulse substantially increases the speed at which the switchable optical device
transitions to the intermediate optical state. In certain embodiments, the voltage pulse
has a duration of between about 5 and 15 minutes. In certain embodiments, the
voltage pulse has a magnitude of between about 1 and 7 volts.

These and other features and advantages of the invention will be described in

further detail below, with reference to the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 shows a current profile for an electrochromic window employing a
simple voltage control algorithm to drive an optical state transition.
Figure 2 shows a family of Q v. T (charge versus temperature) curves for
particular voltages.
Figures 3A and 3B show current and voltage profiles resulting from a specific

control method in accordance with certain embodiments.
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Figure 3C is a flow chart depicting control of current during an initial stage of
an optical state transition.

Figure 4A compares the voltage non-uniformity across the face of a device for
an oscillatory applied voltage and a non-oscillatory applied voltage.

Figure 4B shows center and edge modeled results from an oscillatory applied
voltage to produce a relatively uniform 0.4 OD intermediate state.

Figure 4C is a voltage algorithm used to generate the results depicted in Figure
4B.

Figure 4D depicts a voltage profile for rapidly transitioning to an intermediate
state.

Figure 5 is a schematic illustration of a controller that may be used to control
switchable optical devices according to the methods described herein.

Figure 6A is a schematic depiction of an electrochromic device in cross-
section.

Figure 6B is a schematic cross-section of an electrochromic device in a
bleached state (or transitioning to a bleached state).

Figure 6C is a schematic cross-section of electrochromic device shown in
Figure 6B but in a colored state (or transitioning to a colored state).

Figure 7 is a schematic cross-section of an electrochromic device in a colored
state, where the device has an interfacial region, which does not contain a distinct ion

conductor layer.

DETAILED DESCRIPTION OF AN EMBODIMENT

Introduction and Overview

A switchable optical device such as an electrochromic device reversibly cycles
between two or more optical states such as a bleached state and a colored state.
Switching between these states is controlled by applying predefined current and/or
voltage to the device. The device controller typically includes a low voltage electrical
source and may be configured to operate in conjunction with radiant and other
environmental sensors, although these are not required in various embodiments. The
controller may also be configured to interface with an energy management system,
such as a computer system that controls the electrochromic device according to

factors such as the time of year, time of day, security conditions, and measured
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environmental conditions. Such an energy management system can dramatically
lower the energy consumption of a building.

Figure 1 shows a current profile for an electrochromic window employing a
simple voltage control algorithm to cause an optical state transition (e.g., coloration)
of an electrochromic device. In the graph, ionic current density (I) is represented as a
function of time. Many different types electrochomic device will have the depicted
current profile. In one example, a cathodic electrochromic material such as tungsten
oxide is used in conjunction with a nickel tungsten oxide counter electrode. In such
devices, negative currents indicate coloration of the device. The specific depicted
profile results by ramping up the voltage to a set level and then holding the voltage to
maintain the optical state.

The current peaks 101 are associated with changes in optical state, i.c.,
coloration and bleaching. Specifically, the current peaks represent delivery of the
charge needed to color or bleach the device. Mathematically, the shaded area under
the peak represents the total charge required to color or bleach the device. The
portions of the curve after the initial current spikes (portions 103) represent leakage
current while the device is in the new optical state.

In the figure, a voltage profile 105 is superimposed on the current curve. The
voltage profile follows the sequence: negative ramp (107), negative hold (109),
positive ramp (111), and positive hold (113). Note that the voltage remains constant
after reaching its maximum magnitude and during the length of time that the device
remains in its defined optical state. Voltage ramp 107 drives the device to its new the
colored state and voltage hold 109 maintains the device in the colored state until
voltage ramp 111 in the opposite direction drives the transition from colored to
bleached states. In some switching algorithms, a current cap is imposed. That is, the
current is not permitted to exceed a defined level in order to prevent damaging the
device.

The speed of coloration is a function of not only the applied voltage, but also
the temperature and the voltage ramping rate. Since both voltage and temperature
affect lithium diffusion, the amount of charge passed (and hence the intensity of this
current peak) increases with voltage and temperature as indicated in Figure 2.
Additionally by definition the voltage and temperature are interdependent, which
implies that a lower voltage can be used at higher temperatures to attain the same

switching speed as a higher voltage at lower temperatures. This temperature response
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may be employed in a voltage based switching algorithm but requires active
monitoring of temperature to vary the applied voltage. The temperature is used to
determine which voltage to apply in order to effect rapid switching without damaging
the device.

Figure 2 shows a family of Q versus T (charge versus temperature) curves for
particular voltages. More specifically the figure shows the effect of temperature on
how much charge is passed to an electrochromic device electrode after a fixed period
of time has elapsed while a fixed voltage is applied. As the voltage increases, the
amount of charge passed increases for a given temperature. Thus, for a desired
amount of charge to be passed any voltage in a range of voltages might then be
appropriate as shown by horizontal line 207 in Figure 2. And it is clear that simply
controlling the voltage will not guarantee that the change in optical state occurs within
a predefined period of time. The device temperature strongly influences the current at
a particular voltage. Of course, if the temperature of the device is known, then the
applied voltage can be chosen to drive the coloration change during the desired period
of time. However, in some cases it is not possible to reliably determine the
temperature of the electrochromic device. While the device controller typically
knows how much charge is required to switch the device, it might not know the
temperature.

If too high of a voltage or current is applied for the electrochromic device’s
temperature, then the device may be damaged or degraded. On the other hand, if too
low of a voltage or current is applied for the temperature, then the device will switch
too slowly. Thus it would be desirable to have a controlled current and/or voltage
carly in the coloration state change. With this in mind, a disclosed process controls
the charge (by way of current) without being constrained to a particular voltage.

Transition Employing Controlled Current Initial Phase

Some control procedures described herein may be implemented by imposing
the following constraints on the device during an optical transition: (1) a defined
amount of charge is passed between the device electrodes to cause a full optical
transition; (2) this charge is passed within a defined time frame; (3) the current does
not exceed a maximum current; and (4) the voltage does not exceed a maximum
voltage.

In accordance with various embodiments described herein, an electrochromic

device is switched using a single algorithm irrespective of temperature. In one
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example, a control algorithm involves (i) controlling current instead of voltage during
an initial switching period where ionic current is significantly greater than the leakage
current and (ii) during this initial period, employing a current-time correlation such
that the device switches fast enough at low temperatures while not damaging the part
at higher temperatures.

Thus, during the transition from one optical state to another, a controller and
associated control algorithm controls the current to the device in a manner ensuring
that the switching speed is sufficiently fast and that the current does not exceed a
value that would damage the device. Further, in various embodiments, the controller
and control algorithm effects switching in two stages: a first stage that controls
current until reaching a defined point prior to completion of the switching and a
second stage, after the first stage, that controls the voltage applied to the device.

Various embodiments described herein may be generally characterized by the
following three regime methodology.

1. Control the current to maintain it within a bounded range of currents. This
is done only for a short period of time during initiation of the change in optical state.
It is intended to protect the device from damage due to high current conditions while
ensuring that sufficient current is applied to permit rapid change in state. Generally,
the voltage during this phase stays within a maximum safe voltage for the device. In
some embodiments employing residential or architectural glass, this initial controlled
current phase will last about 3-4 minutes. During this phase, the current profile is
relatively flat, not varying by more than, for example, about 10%.

2. After the initial controlled current stage is complete, transition to a
controlled voltage stage where the voltage is held at a substantially fixed value until
the optical transition is complete, i.c., until sufficient charge is passed to complete the
optical transition. Typically, the transition from states 1 to 2 (controlled current to
controlled voltage) is triggered by reaching a defined time from initiation of the
switching operation. In alternative embodiments, however, the transition is
accompanied by reaching a predefined voltage, a predefined amount of charge passed,
or some other criterion. During the controlled voltage stage, the voltage may be held
at a level that does not vary by more than about 0.2 V.

3. After the second stage is completed, typically when the optical transition is
complete, the voltage is dropped in order to minimize leakage current while

maintaining the new optical state. The transition to this third stage may be triggered
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by, e.g., reaching a defined time from the initiation of the switching operation. In

other example, the transition is triggered by passing a predefined amount of charge.

Figures 3A and 3B show current and voltage profiles resulting for a specific
control method in accordance with certain embodiments. Figure 3C provides an
associated flow chart for an initial portion (the controlled current portion) of the
control sequence. For purposes of discussion, the negative current shown in these
figures, as in Figure 1, is assumed to drive the bleached to colored transition. Of
course, the example could apply equally to devices that operate in reverse, i.c.,
devices employing anodic electrochromic electrodes.

In the specific example, the following procedure if followed:

1. At time 0 — Ramp the voltage at a rate intended to correspond to a current
level “I target” 301. See block 351 of Figure 3C. See also a voltage ramp 303 in
Figure 3A. I target may be set a priori for the device in question — independent of
temperature. As mentioned, the control method described here may be beneficially
implemented without knowing or inferring the device’s temperature. In alternative
embodiments, the temperature is detected and considered in setting the current level.
In some cases, temperature may be inferred from the current-voltage response of the
window.

In some examples, the ramp rate is between about 10uV/s and 100V/s. In
more specific examples, the ramp rate is between about ImV/s and 500mV/s.

2. Immediately after t0, typically within a few milliseconds, the controller
determines the current level resulting from application of voltage in operation 1 and
compares it against a range of acceptable currents bounded by I slow at the lower end
and I safe at the upper end. I safe is the current level above which the device can
become damaged or degraded. I slow is the current level below which the device will
switch at an unacceptably slow rate. As an example, I target in an electrochomic
window may be between about 30 and 70 uA/cm’. Further, typical examples of 1
slow range between about 1 and 30 pA/cm?® and examples of T safe range between
about 70 and 250 pA/cm’.

The voltage ramp is set, and adjusted as necessary, to control the current and
typically produces a relatively consistent current level in the initial phase of the
control sequence. This is illustrated by the flat current profile 301 as shown in

Figures 3A and 3B, which is bracketed between levels I safe 307 and 1 slow 309.

10
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3. Depending upon the results of the comparison in step 2, the control method
employs one of the operations (a)-(c) below. Note that the controller not only checks
current level immediately after to, but it frequently checks the current level thereafter
and makes adjustments as described here and as shown in Figure 3C.

a. The measured current is between I slow and 1 safe = Continue to apply a
voltage that maintains the current between I slow and I safe. See the loop defined by
blocks 353, 355, 359, 369, and 351 of Figure 3C.

b. The measured current is below I slow (typically because the device
temperature is low) = continue to ramp the applied voltage in order to bring the
current above I slow but below I safe. See the loop of block 353 and 351 of Figure
3C. If the current level is too low, it may be appropriate to increase the rate of
increase of the voltage (i.c., increase the steepness of the voltage ramp).

As indicated, the controller typically actively monitors current and voltage to
ensure that the applied current remains above I slow. In one example, the controller
checks the current and/or voltage every few milliseconds. It may adjust the voltage
on the same time scale. The controller may also ensure that the new increased level
of applied voltage remains below V safe. V safe is the maximum applied voltage
magnitude, beyond which the device may become damaged or degraded.

c. The measured current is above 1 safe (typically because the device is
operating at a high temperature) = decrease voltage (or rate of increase in the
voltage) in order to bring the current below I safe but above I slow. See block 355 and
357 of Figure 3C. As mentioned, the controller may actively monitor current and
voltage. As such, the controller can quickly adjust the applied voltage to ensure that
the current remains below I safe during the entire controlled current phase of the
transition. Thus, the current should not exceed I safe.

As should be apparent, the voltage ramp 303 may be adjusted or even stopped
temporarily as necessary to maintain the current between I slow and I safe. For
example, the voltage ramp may be stopped, reversed in direction, slowed in rate, or
increased in rate while in the controlled current regime.

In other embodiments, the controller increases and/or decreases current, rather
than voltage, as desired. Hence the above discussion should not be viewed as limiting

to the option of ramping or otherwise controlling voltage to maintain current in the
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desired range.  Whether voltage or current is controlled by the hardware
(potentiostatic or galvanostatic control), the algorithm attains the desired result.

4. Maintain current in the target range, between I slow and I safe until a
specified criterion is met. In one example, the criterion is passing current for a
defined length of time, t1, at which time the device reaches a defined voltage V1.
Upon achieving this condition, the controller transitions from controlled current to
controlled voltage. See blocks 359 and 361 of Figure 3C. Note that V1 is a function
of temperature, but as mentioned temperature need not be monitored or even detected
in accordance with various embodiments.

In certain embodiments t1 is about 1 to 30 minutes, and in some specific
examples t1 is about 2 to 5 minutes. Further, in some cases the magnitude of V1 is
about 1 to 7 volts, and more specifically about 2.5 to 4 volts.

As mentioned the controller continues in the controlled current phase until a
specified condition is met such as the passing of a defined period of time. In this
example, a timer is used to trigger the transition. In other examples, the specified
condition is reaching a defined voltage (e.g., a maximum safe voltage) or passing of a
defined amount of charge.

Operations 1-4 correspond to regime 1 in the above general algorithm —
controlled current. The goal during this phase is to prevent the current from
exceeding a safe level while ensuring a reasonably rapid switching speed. It is
possible that during this regime, the controller could supply a voltage exceeding the
maximum safe voltage for the electrochromic device. In certain embodiments, this
concern is eliminated by employing a control algorithm in which the maximum safe
value is much greater than V1 across the operational temperature range. In some
examples, I target and t1 are chosen such that V1 is well below the maximum voltage
at lower temperatures while not degrading the window due to excessive current at
higher temperatures. In some embodiments, the controller includes a safety feature
that will alarm the window before the maximum safe voltage is reached. In a typical
example, the value of the maximum safe voltage for an electrochromic window is
between about 5 and 9 volts.

5. Maintain the voltage at a defined level V2 until another specified condition
is met such as reaching a time t2. See voltage segment 313 in Figure 3A. Typically
the time t2 or other specified condition is chosen such that a desired amount charge is

passed sufficient to cause the desired change in coloration. In one example, the
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specified condition is passage of a pre-specified amount of charge. During this phase,
the current may gradually decrease as illustrated by current profile segment 315 in
Figures 3A and 3B. In a specific embodiment, V2 = V1, as is shown in Figure 3A.

This operation 5 corresponds to the regime 2 above — controlled voltage. A
goal during this phase is to maintain the voltage at V1 for a sufficient length to ensure
a desired coloration speed.

In certain embodiments t2 is about 2 to 30 minutes, and in some specific
examples t2 is about 3 to 10 minutes. Further, in some cases V2 is about 1 to 7 volts,
and more specifically about 2.5 to 4 volts.

6. After the condition of step 5 is reached (e.g., after sufficient charge has
passed or a timer indicates t2 has been reached), the voltage is dropped from V2 to a
level V3. This reduces leakage current during while the coloration state is held. In a
specific embodiment, the transition time t2 is predetermined and chosen based on the
time required for the center of the part, which is the slowest to color, to reach a certain
percent transmissivity. In some embodiments, the t2 is between about 4 and 6
minutes. This operation 6 corresponds to regime 3 above.

The following table presents a specific example of the algorithm described

above.
Time Current Voltage | Variable | Fixed Constraints | End
parameter | parameter Condition
0 0 0 None
t0 totl | I0 =Itarget | VOto V1 | VO, VI t1, I'target | I slow <10 | t>tl
<[ safe
tltot2 |11to12 V2=Vl |I2 2, V2 None t>12
t2tot3 [ [2to 13 V3 I3 V3 None State
change
request

Definition of parameters:

10 — targeted current value between I slow and I safe
V0 — voltage corresponding to current I

TO — time at which current = 10.

11 — current at time t1. I1 =10
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V1 — voltage at time t1. Voltage ramps from VO to V1 between t0 and t1 and

is a function of temperature.

t1 — time for which current is maintained between I slow and I safe (e.g., about

3-4 minutes)

12 — current at time t2. Current decays from I1 to I2 when voltage is

maintained at V1.

V2 —voltage at time t2. V1 = V2.

t2 — time till which voltage V1 is maintained. May be between about 4 to 6

min from tl. After t2 the voltage is dropped from V2 to V3

V3 - hold voltage between t2 and t3.

I3 — current corresponding to voltage V3.

t3 — time at which state change request is received.

Intermediate State Control using Oscillating Drive

Another aspect of the invention pertains to controlling transitions between
optical states in a switchable optical device such as an electrochromic device to
produce uniform coloration across the face of the device. It is particularly applicable
to controlling intermediate states which lie between high and low states. In other
words, it is applicable to controlling devices having at least three states, e.g., an
opaque state, a transparent state, and an intermediate optical state between opaque and
transparent. For example, a single electrochromic device may be designed to have
4% transmissivity (Tvis) in its opaque state, 62% transmissivity in its bleached state,
and 40% transmissivity in its intermediate state.

Before discussing details of the relevant control mechanisms, a few challenges
in switching between optical states will be discussed. One challenge involves rapid
transitioning between optical states.  Another challenge involves non-uniform
transitioning over the area of the electrochromic device.

Large electrochromic devices such as those on residential windows or
architectural glass may exhibit an effect sometimes referred to as the “terminal
effect.” This is due to the relatively high sheet resistance of thin electrochromic
device films, including the electrodes, coupled with device designs having terminals
(bus bars) located outside the viewable area of the substrate, ¢.g., only at the edges of
the device/substrate. In such devices, there is a considerable “ohmic” potential drop
over the area of the device (and concomitant leakage current), from the terminal

located at the edge of the device to the center of the device, where there is no contact
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to an external voltage source. As a result, not only does the center region of the
device transition more slowly than the edge regions proximate terminal contacts, but
the center region may never fully transition. In other words, it may transition only to
a limited extent in comparison to the edges. Further, to the extent that the center of
the device transitions, it does so more slowly than the edge of the device. Further, it
may be difficult to hold a transition state, once such state is reached in the center of
the device. These edge-to-center non-uniformities can be perceptible to and
distracting to users.

These challenges are particularly pronounced when transitioning to an
intermediate state. At the device end states (e.g., fully opaque and fully bleached), the
challenges can be surmounted, at least partially, by applying terminal voltages that are
significantly greater than required to cause the transition to optical end state at the
terminals. In other words, the applied terminal voltage is of sufficiently high
magnitude that the ohmic drop can be overcome and the voltage is sufficiently great
across the device face to permit full transition to the end state even at the center of the
device. This unfortunately is not possible for an intermediate state, which may
require a voltage intermediate between those of the end states.

In some embodiments, these challenges are overcome by applying an
oscillatory terminal voltage to the electrochromic device. The speed at which the
device follows an oscillatory driving voltage can be much faster at the device edges,
near the terminals (e.g., bus bars), than at the device center, far removed from the bus
bar. However, the average or mean magnitude of the applied voltage will be the same
or nearly the same at the center and edge of the device. Thus, in certain
embodiments, where the voltage applied at the device terminals (e.g., bus bars) is
oscillatory, the amount of charge applied to effect an optical transition is essentially
the same at the center and the edge of the device.

Figure 4A graphically compares the voltage uniformity (or non-uniformity)
across the face of an electrochromic device for a non-oscillatory and an oscillatory
driving voltage applied to maintain an intermediate optical state. The horizontal axis
represents the position on the face of the electrochromic device, with points 401 and
401" representing the edges of the device where the electrical connectors (e.g., bus
bars) attach to the device. Position 403 represents the center of the device, i.e., the
position fartherest removed from the connectors. The vertical axes represent the local

voltage experienced by the device and resulting from an applied voltage at the
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connectors. Hence the voltage at positions 401 and 401’ is effectively the voltage
applied by the connectors. As can be seen, a voltage profile 407 associated with a
non-oscillatory driving potential drops to a relatively low value at the center of the
device. As explained, this is due to the ohmic potential drop and leakage current
across the face of the device. It results in a perceptible non-uniformity in coloration
across the device — even long after an steady-state is established.

In contrast, a voltage profile 409 associated with an oscillatory driving
potential is substantially uniform across device surface. While the period of
oscillation for optical density is markedly greater in the center of the device (see inset
411) than at the edges (see inset 413), the mean voltage is essentially constant from
edge to center. Thus, while the time response is much slower at the center of the
device, the voltage amplitudes at the center and edge are similar.

Figure 4B shows modeled data for a device where the applied voltage is
repeatedly pulsed between coloration and bleaching to produce zero net optical
density change. It can be seen that the optical density for the device can be controlled
to an optical density of approximately 0.4 from about 400 seconds onward. The
associated voltage algorithm is shown in Figure 4C.

The frequency of the oscillations will depend on various factors including the
leakage current of the device, the sheet resistance of the device electrodes, the desired
end state (e.g., % Tvis), critical length of part (i.c., the distance between bus bars).
Typically, the voltage oscillations applied at the connectors are between about 1 E3
and 1E-6 Hz, more specifically between 1 and 1E-5Hz and even more specifically
between about 1E-2 and 1E-4 Hz. The amplitude of the oscillations will depend on
numerous factors including the desired level of the intermediate state. However, as a
rough example, the amplitude of the applied oscillations is between about 0.01 and 1
volts, and in a more specific range of examples they are between about 0.1 and 0.5
volts. In various embodiments, the oscillations have asymmetric residence times for
the coloring and bleaching portions of a period (i.c., the rising and falling portions of
an oscillation are not symmetric). In a specific embodiment, the bleaching portion of
a cycle requires more time than the coloration portion of the same cycle. A controller
as described herein may be designed or configured to apply a driving voltage meeting
these requirements.

This oscillatory applied voltage control allows a device to operate in one or

more intermediate states without any modification to the device stack or the switching
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time. It simply requires that the controller be configured or designed to provide an
oscillating drive voltage of appropriate wave profile, including frequency, amplitude,
duty cycle, mean voltage, etc. It should also be understood that this level of control
permits the production of any intermediate state over the full range of optical states
between the two end states. For example, an appropriately configured controller will
provide a continuous range of transmissivity (% Tvis) which can be tuned to any
value between end states.

This aspect of the disclosure is particularly beneficial when used with large
format architectural or residential windows having electrochromic devices fabricated
thereon, particularly when the sheet resistance of the device electrodes is about 1
ohms/square or greater (or about 3 ohms/square or greater, or about 10 ohms/square
or greater). It is expected that devices profiting from this control procedure will have
a sheet resistance of between about 1 and 20 ohms/square. Of course, the critical
dimension (the distance between terminals) will also strongly influence the need for
an oscillatory applied voltage. Devices having a critical dimension of at least about
50 centimeters will typically benefit from the described control algorithm.

To drive the device to an intermediate coloration state using the oscillatory
driving voltage, as described above, a controller could simply apply the appropriate
intermediate voltage. However, it has been found that by so doing the time to reach
the intermediate coloration state can be quite slow, at least in comparison to the times
required to reach the end coloration states. This is partly due to the fact that high
voltages can be applied to reach the end states but are not applied to reach an
intermediate state.

One technique for increasing the speed at which the device reaches the
intermediate state is to first apply a high voltage pulse suitable for full coloration (at
an end state) and then back off to the voltage of the oscillating intermediate state (just
described). Stated another way, an initial low frequency single pulse (low in
comparison to the frequency employed to maintain the intermediate state) of
magnitude and duration chosen for the intended final state can be employed to speed
the transition. After this initial pulse, a higher frequency voltage oscillation can be
employed to sustain the intermediate state for as long as desired.

Figure 4D depicts an example of an applied voltage profile 421 for rapidly
transitioning to an intermediate state. As shown, an initial voltage pulse 423 of

magnitude essentially as great as that applied to reach an end state is applied initially.
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Thereafter, the applied voltage is dropped to a level 425 corresponding to that of the
desired intermediate state. In a specific embodiment, the applied voltage at this level
is delivered in oscillating fashion as described above. While an oscillating voltage
centered on level 425 is not discernible from Figure D, it may be present nevertheless.
In various embodiments, the oscillating frequency may be much lower than initial
pulse frequency, e.g., between 1 switch/min and 1switch/hr depending on size and
desired end state. As mentioned, the oscillation may be asymmetric.

In some cases, the total duration of the initial high voltage pulse used to reach
the intermediate state using this control sequence is typically between about 1 and 30
minutes or more specifically between about 3 and 15 minutes or even more
specifically between about 8 and 11 minutes. Of course, the duration will depend on
the desired end state (the level of coloration for the intermediate state), the device
size, the leakage current, etc. Further, in some cases, the magnitude of this initial
pulse is (on average) about 1 to 7 volts, and more specifically about 1 to 4 volts. Of
course, the coloration thresholds, sheet resistances, coloration speed and leakage
current characteristics will differ between systems, so these magnitudes and other
characteristics are not intended to be limiting.

It has been observed that the intermediate state coloration time may be about
4x greater for a control sequence that does not employ an initial high voltage pulse in
comparison to a control sequence that employs such pulse.

It should be noted that a control algorithm such as that presented in Figure 4D
permits a relatively uniform edge to center optical transition between states. Higher
voltages result in faster switching but also exaggerate the non-uniformity between
center and edge. On the other hand, lower voltages produce slower switching but
transition more uniformly. By carefully choosing the magnitude of an initial applied
voltage pulse, optical transitions in electrochromic devices achieve a balance between
uniformity and speed.

In some applications an initial voltage pulse may not allow enough control to
achieve the desired intermediate state in a short timeframe. As has been noted above,
when the applied voltage is high the device will achieve higher coloration and faster
switching times, while when the applied voltage is low, the device will achieve lower
coloration, closer to the desired intermediate states but at much longer switching
times. This is true for all types of electrochromic devices including devices where the

frequency of the optical density change at the center of the device is faster, equal or
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lower than the edge of the device. However, by understanding the local performance
of the device and the frequency of the optical density change at locations of highest
optical density and lowest optical density, it is possible to determine an oscillating
voltage amplitude and frequency which will allow the full electrochromic device to
reach an intermediate state much faster than would have been possible by applying a
fixed voltage.

Controllers for Electrochromic Devices

As indicated, the switchable optical device will have an associated controller,
¢.g. a microprocessor that controls and manages the device depending on the input. It
is designed or configured (e.g., programmed) to implement a control algorithm of the
types described above. In various embodiments, the controller detects current levels
in the device and applies voltage as appropriate. The controller may also detect
voltage levels to ensure that the optical device stays within a safe voltage level.
Further, the controller may have various additional features such as timers, charge
detectors (e.g., coulomb counters), oscillators, and the like.

In some embodiments, the controller is located external to the device and
communicates with the device via a network. The communication can be direct or
indirect (e.g., via an intermediate node between a master controller and the device).
The communication may be made via wired or a wireless connection. Various
arrangements of external controllers are presented in US Patent Application No.
13/049,756, naming Brown et al. as inventors, titled “Multipurpose Controller for
Multistate Windows” and filed on March 16, 2011, which is incorporated herein by
reference in its entirety.

In some embodiment the controller is integrated with the optical device or
housing. In a specific embodiment, the controller is integrated in the housing or a seal
of an insulated glass unit (IGU) containing a switchable optical device. Various
arrangements of integrated controllers are presented in US Patent Application No.
13/049,750, titled “Onboard Controller for Multistate Windows” and filed on March
16, 2011, which is incorporated herein by reference in its entirety.

In one embodiment, the controller contains various components as depicted in
Figure 5. As shown, a controller 501 includes a power converter configured to
convert a low voltage to the power requirements of an EC device of an EC pane of an

IGU. This power is typically fed to the EC device via a driver circuit (power driver).
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In one embodiment, controller 501 has a redundant power driver so that in the event
one fails, there is a back up and the controller need not be replaced or repaired.

Controller 501 also includes a communication circuit (labeled
“communication” in Figure 5) for receiving and sending commands to and from a
remote controller (depicted in Figure 5 as “master controller”). The communication
circuit also serves to receive and send input to and from a microcontroller. In one
embodiment, the power lines are also used to send and receive communications, for
example, via protocols such as Ethernet. The microcontroller includes a logic for
controlling the at least one EC pane based, at least in part, by input received from one
or more sensors. In this example sensors 1-3 are, for example, external to controller
501, located for example in the window frame or proximate the window frame. In
one embodiment, the controller has at least one or more internal sensors. For
example, controller 501 may also or alternatively have “onboard” sensors 4 and 5. In
one embodiment, the controller uses the switchable optical device as a sensor, for
example, by using current-voltage (I/V) data obtained from sending one or more
electrical pulses through the EC device and analyzing the feedback.

In one embodiment, the controller includes a chip, a card or a board which
includes logic for performing one or more control functions. Power and
communication functions of controller 501 may be combined in a single chip, for
example, a programmable logic device (PLD) chip, field programmable gate array
(FPGA) and the like. Such integrated circuits can combine logic, control and power
functions in a single programmable chip. In one embodiment, where the
electrochromic window (or IGU) has two electrochromic panes, the logic is
configured to independently control each of the two electrochromic panes. In one
embodiment, the function of each of the two electrochromic panes is controlled in a
synergistic fashion, that is, so that each device is controlled in order to complement
the other. For example, the desired level of light transmission, thermal insulative
effect, and/or other property are controlled via combination of states for each of the
individual devices. For example, one electrochromic device may be placed in a
colored state while the other is used for resistive heating, for example, via a
transparent electrode of the device. In another example, the optical states of the two
electrochromic devices are controlled so that the combined transmissivity is a desired

outcome.
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Controller 501 may also have wireless capabilities, such as control and
powering functions. For example, wireless controls, such as Rf and/or IR can be used
as well as wireless communication such as Bluetooth, WiFi, Zigbee, EnOcean and the
like to send instructions to the microcontroller and for the microcontroller to send data
out to, for example, other window controllers and/or a building management system
(BMS). Wireless communication can be used in the window controller for at least
one of programming and/or operating the electrochromic window, collecting data
from the electrochromic window from sensors as well as using the electrochromic
window as a relay point for wireless communication. Data collected from
electrochromic windows also may include count data such as number of times an
electrochromic device has been activated (cycled), efficiency of the electrochromic
device over time, and the like.

Also, controller 501 may have wireless power capability. That is, controller
501 may have one or more wireless power receivers, that receive transmissions from
one or more wireless power transmitters and thus controller 501 can power the
electrochromic window via wireless power transmission. Wireless power
transmission includes, for example but not limited to, induction, resonance induction,
radio frequency power transfer, microwave power transfer and laser power transfer.
In one embodiment, power is transmitted to a receiver via radio frequency, and the
receiver converts the power into electrical current utilizing polarized waves, for
example circularly polarized, elliptically polarized and/or dual polarized waves,
and/or various frequencies and vectors. In another embodiment, power is wirelessly
transferred via inductive coupling of magnetic fields. Exemplary wireless power
functions of electrochromic windows is described in U.S. Patent application, serial
number 12/971,576, filed December 17, 2010, entitled “Wircless Powered
Electrochromic Windows,” and naming Robert Rozbicki as inventor, which is
incorporated by reference herein in its entirety.

Controller 501 may also include an RFID tag and/or memory such as solid
state serial memory (e.g. 12C or SPI) which may optionally be programmable
memory. Radio-frequency identification (RFID) involves interrogators (or readers),
and tags (or labels). RFID tags use communication via electromagnetic waves to
exchange data between a terminal and an object, for example, for the purpose of
identification and tracking of the object. Some RFID tags can be read from several

meters away and beyond the line of sight of the reader.
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RFID tags may contain at least two parts. One is an integrated circuit for
storing and processing information, modulating and demodulating a radio-frequency
(Rf) signal, and other specialized functions. The other is an antenna for receiving and
transmitting the signal.

There are three types of RFID tags: passive RFID tags, which have no power
source and require an external electromagnetic field to initiate a signal transmission,
active RFID tags, which contain a battery and can transmit signals once a reader has
been successfully identified, and battery assisted passive (BAP) RFID tags, which
require an external source to wake up but have significant higher forward link
capability providing greater range. RFID has many applications; for example, it is
used in enterprise supply chain management to improve the efficiency of inventory
tracking and management.

In one embodiment, the RFID tag or other memory is programmed with at
least one of the following data: warranty information, installation information, vendor
information, batch/inventory information, EC device/IGU characteristics, EC device
cycling information and customer information. Examples of EC device and 1GU
characteristics include, for example, window voltage (Vw), window current (Iw), EC
coating temperature (Tgc), glass visible transmission (%T.is), %tint command
(external analog input from BMS), digital input states, and controller status. Each of
these represents upstream information that may be provided from the controller.
Examples of downstream data that may be provided to the controller include window
drive configuration parameters, zone membership (e.g. what zone is this controller
part of), % tint value, digital output states, and digital control (tint, bleach, auto,
reboot, etc.). Examples of window drive configuration parameters include bleach to
color transition ramp rate, bleach to color transition voltage, initial coloration ramp
rate, initial coloration voltage, initial coloration current limit, coloration hold voltage,
coloration hold current limit, color to bleach transition ramp rate, color to bleach
transition voltage, initial bleach ramp rate, initial bleach voltage, initial bleach current
limit, bleach hold voltage, bleach hold current limit.

In one embodiment, a programmable memory is used in controllers described
herein. This programmable memory can be used in lieu of, or in conjunction with,
RFID technology. Programmable memory has the advantage of increased flexibility

for storing data related to the IGU to which the controller is matched.
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Electrochromic Devices

For context, examples of electrochromic device designs now will be described.
Figure 6A schematically depicts an electrochromic device 500 in cross-section.
Electrochromic device 500 includes a substrate 502, a first conductive layer (CL) 504,
an electrochromic layer (EC) 506, an ion conducting layer (IC) 508, a counter
electrode layer (CE) 510, and a second conductive layer (CL), 514. Layers 504, 506,
508, 510, and 514 are collectively referred to as an electrochromic stack 520. A
voltage source 516 operable to apply an electric potential across electrochromic stack
520 effects the transition of the electrochromic device from, for example, a bleached
state to a colored state (depicted). The order of layers can be reversed with respect to
the substrate.

Electrochromic devices having distinct layers as described can be fabricated as
all solid state and/or all inorganic devices with low defectivity. Such devices and
methods of fabricating them are described in more detail in U.S. Patent Application,
serial number 12/645,111, entitled, “Fabrication of Low-Defectivity Electrochromic
Devices,” filed on December 22, 2009 and naming Mark Kozlowski et al. as
inventors, and in U.S. Patent Application, serial number 12/645,159, entitled,
“Electrochromic Devices,” filed on December 22, 2009 and naming Zhongchun Wang
et al. as inventors, both of which are incorporated by reference herein for all purposes.
It should be understood, however, that any one or more of the layers in the stack may
contain some amount of organic material. The same can be said for liquids that may
be present in one or more layers in small amounts. It should also be understood that
solid state material may be deposited or otherwise formed by processes employing
liquid components such as certain processes employing sol-gels or chemical vapor
deposition.

Additionally, it should be understood that the reference to a transition between
a bleached state and colored state is non-limiting and suggests only one example,
among many, of an electrochromic transition that may be implemented. Unless
otherwise specified herein (including the foregoing discussion), whenever reference is
made to a bleached-colored transition, the corresponding device or process
encompasses other optical state transitions such as non-reflective-reflective,
transparent-opaque, etc. Further the term “bleached” refers to an optically neutral
state, for example, uncolored, transparent or translucent. Still further, unless specified

otherwise herein, the “color” of an electrochromic transition is not limited to any
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particular wavelength or range of wavelengths. As understood by those of skill in the
art, the choice of appropriate electrochromic and counter electrode materials governs
the relevant optical transition.

In embodiments described herein, the electrochromic device reversibly cycles
between a bleached state and a colored state. In some cases, when the device is in a
bleached state, a potential is applied to the electrochromic stack 520 such that
available ions in the stack reside primarily in the counter electrode 510. When the
potential on the electrochromic stack is reversed, the ions are transported across the
ion conducting layer 508 to the electrochromic material 506 and cause the material to
transition to the colored state.

Referring again to Figure 6A, voltage source 516 may be configured to
operate in conjunction with radiant and other environmental sensors. As described
herein, voltage source 516 interfaces with a device controller (not shown in this
figure). Additionally, voltage source 516 may interface with an energy management
system that controls the electrochromic device according to various criteria such as
the time of year, time of day, and measured environmental conditions. Such an
energy management system, in conjunction with large area electrochromic devices
(e.g., an electrochromic window), can dramatically lower the energy consumption of a
building.

Any material having suitable optical, electrical, thermal, and mechanical
properties may be used as substrate 502. Such substrates include, for example, glass,
plastic, and mirror materials. Suitable glasses include either clear or tinted soda lime
glass, including soda lime float glass. The glass may be tempered or untempered.

In many cases, the substrate is a glass pane sized for residential window
applications. The size of such glass pane can vary widely depending on the specific
needs of the residence. In other cases, the substrate is architectural glass.
Architectural glass is typically used in commercial buildings, but may also be used in
residential buildings, and typically, though not necessarily, separates an indoor
environment from an outdoor environment. In certain embodiments, architectural
glass is at least 20 inches by 20 inches, and can be much larger, for example, as large
as about 80 inches by 120 inches. Architectural glass is typically at least about 2 mm
thick. Of course, electrochromic devices are scalable to substrates smaller or larger
than architectural glass. Further, the electrochromic device may be provided on a

mirror of any size and shape.
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On top of substrate 502 is conductive layer 504. In certain embodiments, one
or both of the conductive layers 504 and 514 is inorganic and/or solid. Conductive
layers 504 and 514 may be made from a number of different materials, including
conductive oxides, thin metallic coatings, conductive metal nitrides, and composite
conductors. Typically, conductive layers 504 and 514 are transparent at least in the
range of wavelengths where electrochromism is exhibited by the electrochromic layer.
Transparent conductive oxides include metal oxides and metal oxides doped with one
or more metals. Examples of such metal oxides and doped metal oxides include
indium oxide, indium tin oxide, doped indium oxide, tin oxide, doped tin oxide, zinc
oxide, aluminum zinc oxide, doped zinc oxide, ruthenium oxide, doped ruthenium
oxide and the like. Since oxides are often used for these layers, they are sometimes
referred to as “transparent conductive oxide” (TCO) layers. Thin metallic coatings
that are substantially transparent may also be used.

The function of the conductive layers is to spread an electric potential
provided by voltage source 516 over surfaces of the electrochromic stack 520 to
interior regions of the stack, with relatively little ohmic potential drop. The electric
potential is transferred to the conductive layers though electrical connections to the
conductive layers. In some embodiments, bus bars, one in contact with conductive
layer 504 and one in contact with conductive layer 514, provide the electric
connection between the voltage source 516 and the conductive layers 504 and 514.
The conductive layers 504 and 514 may also be connected to the voltage source 516
with other conventional means.

Overlaying conductive layer 504 is electrochromic layer 506. In some
embodiments, electrochromic layer 506 is inorganic and/or solid. The electrochromic
layer may contain any one or more of a number of different electrochromic materials,
including metal oxides. Such metal oxides include tungsten oxide (WOs3),
molybdenum oxide (MoQOs3), niobium oxide (Nb,Os), titanium oxide (TiO;), copper
oxide (CuO), iridium oxide (Ir;O3), chromium oxide (Cr,0O3), manganese oxide
(Mn,03), vanadium oxide (V,0s), nickel oxide (Ni,O3), cobalt oxide (Co,03) and the
like. During operation, electrochromic layer 506 transfers ions to and receives ions
from counter electrode layer 510 to cause optical transitions.

Generally, the colorization (or change in any optical property — for example,
absorbance, reflectance, and transmittance) of the electrochromic material is caused

by reversible ion insertion into the material (for example, intercalation) and a
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corresponding injection of a charge balancing electron. Typically some fraction of
the ions responsible for the optical transition is irreversibly bound up in the
electrochromic material. Some or all of the irreversibly bound ions are used to
compensate “blind charge” in the material. In most electrochromic materials, suitable
ions include lithium ions (Li") and hydrogen ions (H") (that is, protons). In some
cases, however, other ions will be suitable. In various embodiments, lithium ions are
used to produce the electrochromic phenomena. Intercalation of lithium ions into
tungsten oxide (WOs.y (0 <y < ~0.3)) causes the tungsten oxide to change from
transparent (bleached state) to blue (colored state).

Referring again to Figure 6A, in electrochromic stack 520, ion conducting
layer 508 is sandwiched between electrochromic layer 506 and counter electrode layer
510. In some embodiments, counter electrode layer 510 is inorganic and/or solid.
The counter electrode layer may comprise one or more of a number of different
materials that serve as a reservoir of ions when the electrochromic device is in the
bleached state. During an electrochromic transition initiated by, for example,
application of an appropriate electric potential, the counter electrode layer transfers
some or all of the ions it holds to the electrochromic layer, changing the
electrochromic layer to the colored state. Concurrently, in the case of NiWO, the
counter electrode layer colors with the loss of ions.

In some embodiments, suitable materials for the counter clectrode
complementary to WOj3 include nickel oxide (NiO), nickel tungsten oxide (NiWO),
nickel vanadium oxide, nickel chromium oxide, nickel aluminum oxide, nickel
manganese oxide, nickel magnesium oxide, chromium oxide (Cr,Os), manganese
oxide (MnO,), Prussian blue.

When charge is removed from a counter electrode 510 made of nickel tungsten
oxide (that is, ions are transported from the counter electrode 510 to the
electrochromic layer 506), the counter electrode layer will transition from a
transparent state to a colored state.

In the depicted electrochromic device, between electrochromic layer 506 and
counter electrode layer 510, there is the ion conducting layer 5S08. Ion conducting
layer 508 serves as a medium through which ions are transported (in the manner of an
electrolyte) when the electrochromic device transitions between the bleached state and

the colored state. Preferably, ion conducting layer 508 is highly conductive to the
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relevant ions for the electrochromic and the counter electrode layers, but has
sufficiently low electron conductivity that negligible electron transfer takes place
during normal operation. A thin ion conducting layer with high ionic conductivity
permits fast ion conduction and hence fast switching for high performance
electrochromic devices. In certain embodiments, the ion conducting layer 508 is
inorganic and/or solid.

Examples of suitable ion conducting layers (for electrochromic devices having
a distinct IC layer) include silicates, silicon oxides, tungsten oxides, tantalum oxides,
niobium oxides, and borates. The silicon oxides include silicon-aluminum-oxide.
These materials may be doped with different dopants, including lithium. Lithium
doped silicon oxides include lithium silicon-aluminum-oxide. In some embodiments,
the ion conducting layer comprises a silicate-based structure. In some embodiments,
a silicon-aluminum-oxide (SiAlO) is used for the ion conducting layer 508.

The electrochromic device 500 may include one or more additional layers (not
shown) such as one or more passive layers. Passive layers used to improve certain
optical properties may be included in electrochromic device 500. Passive layers for
providing moisture or scratch resistance may also be included in the electrochromic
device 500. For example, the conductive layers may be treated with anti-reflective or
protective oxide or nitride layers. Other passive layers may serve to hermetically seal
the electrochromic device 500.

Figure 6B is a schematic cross-section of an electrochromic device in a
bleached state (or transitioning to a bleached state). In accordance with specific
embodiments, an electrochromic device 600 includes a tungsten oxide electrochromic
layer (EC) 606 and a nickel-tungsten oxide counter electrode layer (CE) 610. The
electrochromic device 600 also includes a substrate 602, conductive layer (CL) 604,
ion conducting layer (IC) 608, and conductive layer (CL) 614.

A power source 616 is configured to apply a potential and/or current to
electrochromic stack 620 through suitable connections (for example, bus bars) to
conductive layers 604 and 614. In some embodiments, the voltage source is
configured to apply a potential of about 2 volts in order to drive a transition of the
device from one optical state to another. The polarity of the potential as shown in
Figure 6A is such that the ions (lithium ions in this example) primarily reside (as

indicated by the dashed arrow) in nickel-tungsten oxide counter electrode layer 610.
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Figure 6C is a schematic cross-section of electrochromic device 600 shown in
Figure 6B but in a colored state (or transitioning to a colored state). In Figure 6C, the
polarity of voltage source 616 is reversed, so that the electrochromic layer is made
more negative to accept additional lithium ions, and thereby transition to the colored
state. As indicated by the dashed arrow, lithium ions are transported across the ion
conducting layer 608 to the tungsten oxide electrochromic layer 606. The tungsten
oxide electrochromic layer 606 is shown in the colored state. The nickel-tungsten
oxide counter electrode 610 is also shown in the colored state. As explained, nickel-
tungsten oxide becomes progressively more opaque as it gives up (deintercalates)
lithium ions. In this example, there is a synergistic effect where the transition to
colored states for both layers 606 and 610 are additive toward reducing the amount of
light transmitted through the stack and substrate.

As described above, an electrochromic device may include an electrochromic
(EC) eclectrode layer and a counter electrode (CE) layer, separated by an ionically
conductive (IC) layer that is highly conductive to ions and highly resistive to
electrons. As conventionally understood, the ionically conductive layer therefore
prevents shorting between the electrochromic layer and the counter electrode layer.
The ionically conductive layer allows the electrochromic and counter electrodes to
hold a charge and thereby maintain their bleached or colored states. In electrochromic
devices having distinct layers, the components form a stack which includes the ion
conducting layer sandwiched between the electrochromic electrode layer and the
counter electrode layer. The boundaries between these three stack components are
defined by abrupt changes in composition and/or microstructure. Thus, the devices
have three distinct layers with two abrupt interfaces.

In accordance with certain embodiments, the counter electrode and
electrochromic electrodes are formed immediately adjacent one another, sometimes in
direct contact, without separately depositing an ionically conducting layer. In some
embodiments, electrochromic devices having an interfacial region rather than a
distinct IC layer are employed with controllers described herein. Such devices, and
methods of fabricating them, are described in U.S. Patent Applications, serial
numbers 12/772,055 and 12/772,075, each filed on April 30, 2010, and in U.S. Patent
Applications, serial numbers 12/814,277 and 12/814,279, each filed on June 11, 2010

- cach of the four applications is entitled “Electrochromic Devices,” each names
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Zhongchun Wang et al. as inventors, and each is incorporated by reference herein in
their entireties.

Figure 7 is a schematic cross-section of an electrochromic device 700 in a
colored state, where the device has an interfacial region, 708, which does not contain
a distinct IC layer. Voltage source 616, conductive layers 614 and 604, and substrate
602 arc essentially the same as described in relation to Figures 6A and 6B. Between
conductive layers 614 and 604 is a region 710, which includes counter electrode layer
610, clectrochromic layer 606 and an interfacial region, 708, between them, rather
than a distinct IC layer. In this example, there is no distinct boundary between
counter electrode layer 610 and interfacial region 708, nor is there a distinct boundary
between electrochromic layer 606 and interfacial region 708. Rather, there is a
diffuse transition between CE layer 610 and interfacial region 708, and between
interfacial region 708 and EC layer 606.

Although the foregoing invention has been described in some detail to
facilitate understanding, the described embodiments are to be considered illustrative
and not limiting. It will be apparent to one of ordinary skill in the art that certain

changes and modifications can be practiced within the scope of the appended claims.

29



WO 2012/125325 PCT/US2012/027742

CLAIMS

what is claimed is:

1. A method of causing a switchable optical device on a window to transition to
an intermediate optical state, which intermediate optical state is between two end
states of the switchable optical device, the method comprising:
applying an oscillating voltage to the switchable optical device, wherein the
oscillating voltage has a mean voltage that is associated with the intermediate
optical state, and wherein the mean voltage is experienced substantially

uniformly over the surface of the switchable optical device.

2. The method of claim 1, wherein the switchable optical device is an

electrochromic device.

3. The method of claim 1, wherein the switchable optical device comprises one
or more bus bars for delivering voltage to the device, and wherein the bus bars are

located at one or more edges of the device and not in a center region of the device.

4. The method of claim 3, wherein the switchable optical device comprises one
or more transparent electrodes having a sheet resistance of at least about 5 ohms per

square.

5. The method of claim 1, wherein the oscillating voltage has a frequency of

about 1 E3 and 1E-5 Hz.

6. The method of claim 1, wherein the oscillating voltage has an amplitude of

about 0.01 to 1 volts.

7. The method of claim 1, further comprising applying a voltage pulse to the
switchable optical device prior to applying the oscillating voltage, wherein the voltage
pulse has a magnitude that is substantially greater than the mean voltage associated
with the intermediate optical state, and wherein application of the voltage pulse
substantially increases the speed at which the switchable optical device transitions to

the intermediate optical state.
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8. The method of claim 7, wherein the voltage pulse has a duration of between

about 5 and 15 minutes.

9. The method of claim 7, wherein the voltage pulse has a magnitude of between

about 1 and 7 volts.

10.  The method of claim 1, further comprising applying a second oscillating
voltage to the switchable optical device, wherein the second oscillating voltage has a
second mean voltage that is associated with a second intermediate optical state, and
wherein applying the second oscillating voltage causes the device to transition to the

second intermediate optical state.

11. A controller for controlling a change to an intermediate optical state in a
switchable optical device on a window, the controller comprising:
(a) one or more interfaces providing control instructions, a driving voltage,
and/or a driving current to the switchable optical device; and
(b) instructions for controlling the change in optical state, wherein the
instructions comprise:
applying an oscillating voltage to the switchable optical device,
wherein the oscillating voltage has a mean voltage that is associated with
the intermediate optical state, and wherein the mean voltage is
experienced substantially uniformly over the surface of the switchable

optical device.

12. The controller of claim 11, wherein the oscillating voltage specified in the

instructions is defined for an electrochromic device.

13.  The controller of claim 11, wherein the switchable optical device controlled by
the controller comprises one or more bus bars for delivering voltage to the device, and
wherein the bus bars are located at one or more edges of the device and not in a center

region of the device.

31



WO 2012/125325 PCT/US2012/027742

14.  The controller of claim 13, wherein the switchable optical device comprises
one or more transparent electrodes having a sheet resistance of at least about 5 ohms

per square.

15.  The controller of claim 11, wherein the instructions specify that the oscillating

voltage has a frequency of about 1 E3 and 1E-5 Hz .

16.  The controller of claim 11, wherein the instructions specify that the oscillating

voltage has an amplitude of about 0.01 to 1 volts.

17. The controller of claim 11, wherein the instructions further comprise
instructions for applying a voltage pulse to the switchable optical device prior to
applying the oscillating voltage, wherein the voltage pulse has a magnitude that is
substantially greater than the mean voltage associated with the intermediate optical
state, and wherein application of the voltage pulse substantially increases the speed at

which the switchable optical device transitions to the intermediate optical state.

18.  The controller of claim 17, wherein the voltage pulse has a duration of

between about 5 and 15 minutes.

19.  The controller of claim 17, wherein the voltage pulse has a magnitude of

between about 1 and 7 volts.

20. The controller of claim 11, wherein the instructions further comprise
instructions for applying a second oscillating voltage to the switchable optical device,
wherein the second oscillating voltage has a second mean voltage that is associated
with a second intermediate optical state, and wherein applying the second oscillating

voltage causes the device to transition to the second intermediate optical state.

21. A method of causing a change in optical state in a switchable optical device on
a window, the method comprising:
(a) controlling the current to the switchable optical device during an initial
portion of a transition from a first optical state to a second optical state, wherein

controlling the current is accomplished by correcting the current to the
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switchable optical device when the magnitude of the current exceeds an upper
defined safe current level or fails to meet a lower defined fast switch current
level; and

(b) controlling the voltage applied to the switchable optical device during a
later portion of the transition from the first optical state to the second optical

state such that the magnitude of the voltage is held substantially at a preset level.

22. The method of claim 21, wherein the switchable optical device is an

electrochromic device.

23. The method of claim 21, wherein controlling the current in (a) comprises
applying a voltage ramp to the switchable optical device and adjusting said voltage
ramp as necessary to maintain the current between the upper defined safe current level

and the lower defined fast switch current level.

24. The method of claim 21, wherein controlling the current in (a) comprises
applying an initial current to the switchable optical device and adjusting said initial
current as necessary to maintain the current between the upper defined safe current

level and the lower defined fast switch current level.

25.  The method of claim 21, wherein the temperature of the switchable optical

device is not detected during at least the initial portion of the transition.

26.  The method of claim 21, wherein the change in the optical state is to an
intermediate optical state between two end optical states of the switchable optical

device.

27.  The method of claim 21, further comprising:
(c) reducing the magnitude of the voltage applied to the switchable optical
device after (b) to a level that reduces the leakage current in the switchable

optical device.

28. The method of claim 21, wherein controlling the current in (a) is performed

for a period of between about 2-30 minutes.

33



WO 2012/125325 PCT/US2012/027742

29.  The method of claim 21, wherein the upper defined safe current level is

between about 70 and 250 uA/cm?2.

30. The method of claim 21, wherein the lower defined fast switch current level is

between about 30 and 70 pA/cm?.

31. The method of claim 21, wherein controlling the voltage in (b) is performed

for a period of between about 2 and 30 minutes.

32. A controller for controlling a change in optical state in a switchable optical
device on a window, the controller comprising:
(a) one or more interfaces for providing control instructions, a driving voltage,
and/or a driving current to the switchable optical device; and
(b) instructions for controlling the change in optical state, wherein the
instructions comprise:

(1) controlling the current to the switchable optical device during an
initial portion of a transition from a first optical state to a second optical
state, wherein controlling the current is accomplished by correcting the
current to the switchable optical device when the magnitude of the
current exceeds an upper defined safe current level or fails to meet a
lower defined fast switch current level; and

(i1) controlling the voltage applied to the switchable optical device
during a later portion of the transition from the first optical state to the
second optical state such that the magnitude of the voltage is held

substantially at a preset level.

33.  The controller of claim 32, wherein current and voltage levels specified in the

instructions are defined for an electrochromic device.

34.  The controller of claim 32, wherein the instructions for controlling the current
in (1) comprises instructions for applying a voltage ramp to the switchable optical
device and adjusting said voltage ramp as necessary to maintain the current between

the upper defined safe current level and the lower defined fast switch current level.
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35.  The controller of claim 32, wherein current and/or voltage levels specified in
the instructions are set and do not account for the temperature of the switchable

optical device during at least the initial portion of the transition.

36.  The controller of claim 32, wherein the instructions specify a change in the
optical state to an intermediate optical state between two end optical states of the

switchable optical device.

37.  The controller of claim 32, wherein the instructions further comprise:
(ii1) reducing the magnitude of the voltage applied to the switchable optical
device after (ii) to a level that reduces the leakage current in the switchable

optical device.

38.  The controller of claim 32, wherein the instructions for controlling the current

in (1) specify controlling the current for a period of between about 2-5 minutes.

39.  The controller of claim 32, wherein the upper defined safe current level is

between about 70 and 250 pA/cm?

40. The controller of claim 32, wherein the lower defined fast switch current level

is between about 30 and 70 wA/cm?

41.  The controller of claim 32, wherein the instructions for controlling the voltage

in (i1) specify controlling the current for a period of between about 2 and 30 minutes.
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