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WO;-Based Electrochromic Distributed Bragg Reflector:
Toward Electrically Tunable Microcavity

Luminescent Device

Lili Xiao, Ying Lv,* Jie Lin, Yongsheng Hu, Wenjie Dong, Xiaoyang Guo, Yi Fan,
Nan Zhang, Jialong Zhao, Yunjun Wang, and Xingyuan Liu*

The electroresponsive WO;-based electrochromic distributed Bragg reflectors
(ECDBRs) are fabricated by means of one-step, room temperature glancing-
angle electron-beam evaporation. The reflectance and Bragg wavelength of
ECDBRs can be precisely and reversibly tailored on a large scale by simply
applying a small bias voltage (£1.1 V) due to the electrochromic effect of the
WO; layer, and this unique character is utilized to construct an electrically
tunable microcavity luminescent device with embedded green CdSe@ZnS
quantum dots (QDs). Therefore, large and reversible modulation in terms of
photoluminescence (PL) peak intensity (18—-335%), PL peak position (from
510.3 to 525.8 nm), and full width at half maximum (from 21.8 to 11.4 nm)
from QDs in microcavity are achieved under electrical stimulus. The results
will potentially provide a straightforward voltage-control route toward broad-
band tunable microcavity electroluminescent and lasing devices.

1. Introduction

Periodically structured materials with dimensions proportional
to visible wavelength can modulate the flow of light and allow
the creation of devices with additional photonic functionalities
and/or improved performances.' Distributed Bragg reflec-
tors (DBRs) in the form of periodic multilayer dielectric stacks
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with various refractive indices are critical
components in optical feedback systems
for lasers and also play an important
role in high-performance light-emitting
devices,P¢l photodetectors,”! and solar
cells.®9 The optical properties of such
systems can be precisely tailored by mani-
pulating the chemical composition and
architecture (thickness and porosity) of
stacked layers. Recently, special research
interests lie in responsive DBRs, in which
dynamical changes of the optical proper-
ties (reflectivity, band-gap, structural color)
in response to external stimuli (such as
light, temperature, chemical species,
and electrical field) have been demon-
strated.'®13] Among them, electrical field
is the most easily controlled stimulus and
simplifies integration into existing elec-
tronic components, finding new applications in active filters,
tunable laser sources, and color manipulation for optical com-
munication and display technologies.

In this regard, redox-active polymers,[*1¢ polyelectrolyte
hydrogels,"” 18 liquid crystals,'*?% or electrochromic mate-
rialsi?1?2l have been introduced into the periodic structure for
realizing electrically tuned optical coatings. The shape and
size manipulation using redox-active polymers, polyelectro-
lyte hydrogel, and liquid crystal usually cause large reflectance
shifts, but slow response and poor durability, unsuitable for
practical applications. By comparison, electrochromic mate-
rials can reversibly change their electronic structure and optical
property (transmittance, reflectance, or absorption) under a
small driving voltage and have been widely applied in energy-
saving smart windows, switchable mirrors, and displays.23-2¢l
This color change is mainly caused by the adjustable absorption
as well as change of refractive index. Moreover, electrochormic
materials have unique open-circuit memory effect (bistability
in colored and bleached states), making it possible to prepare
devices with low energy consumption and good stability.”]
DBRs employ two kinds of electrochromic materials with dif-
ferent refractive indices such as WO; and NiO and have shown
electrically tunable reflectivity and photonic stop-band.l??l How-
ever, the preparation process was relatively complex with the
requirement for high-temperature calcination at 450 C after
depositing of each layer. In addition, complementary coloration
effects of WOj; (cathodic coloration) and NiO (anodic coloration)
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result in small reflectance modulation.
Therefore, the development of responsive
DBRs and DBR-based optical active devices
with wide wavelength tuning capability using
a modest and straightforward method are
still highly desired.

In this study, the electroresponsive elec-
trochromic DBRs (ECDBRs) based on mono-
material were constructed by an alternate
depositing WOj3 layer with various porosities
(refractive indices) using one-step glancing
angle deposition (GLAD) combined with the
electron-beam evaporation method at room
temperature. By simply changing deposition
angle and the thickness of each layer, the Bragg wavelength of
ECDBRs can be continuously adjusted in visible light range.
Most importantly, for each obtained ECDBR, the large and
reversible modulations of Bragg wavelength and reflectance
were achieved by simply applying a low driving voltage (1.1 V)
due to the bleaching or coloration of WO;. Furthermore, taking
a quantum dot (QD) luminescent material as an example, the
ECDBRs were used to construct a tunable microcavity lumi-
nescent device for the first time. Large fluorescence (intensity,
peak, and bandwidth) switching with clear cavity effects and
good reversibility was realized under the control of applied
voltage. The results demonstrate a simple way to achieve elec-
troresponsive photonic crystals and have an instructive guid-
ance for realizing active optical devices.

2. Results and Discussion

The ECDBRs were fabricated by alternately changing the deposi-
tion angle with the GLAD electron-beam deposition method. We
have shown in our previous study that the porosity and refrac-
tive index of WOj; films can be finely adjusted by changing the
deposition angle between substrate and evaporation source.l¥l
The refractive index of the WO; films at 550 nm decreased
from 1.94 to 1.56 with an increase of porosity from =15% to
58% as the grazing angle increased from 0° to 75°. In consid-
eration of the index difference and deposition time together, the
WO; films deposited at 15° and 75° (hereafter abbreviated as
WO;-15° and WO3-75°) were employed as the high- and low-
index layers, respectively, to construct ECDBRs. A continuous,
smooth, and compact morphology was observed for WO3-15°
film, compared with oblique, ordered, and individual nano-
column with large porosity for WO3-75° film. The significant
difference in the microstructures of both films results in a large
index contrast of about 0.41 at 550 nm (1.97 vs 1.56), as shown
in Figure S1 in the Supporting Information, which is larger
than that for dense and porous WO; layers obtained by con-
trolling the deposition pressure in radio frequency magnetron
sputtering and enables us to construct a highly reflective mirror
with less stacked layers, as discussed below.*’! Figure 1 shows
the SEM images of a representative 4-bilayer ECDBR, illus-
trating a clear and uniform interface without visible cracks and
imperfections. The thickness of the low- and high-index layers
are about 62 and 56 nm, respevtively, which are equivalent to
quarter wavelength of the designed wavelength (450 nm). The
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Figure 1. Cross-section and surface SEM images of a typical 4-bilayer ECDBR with a Bragg
wavelength of 450 nm.

microstructures of each layer in ECDBRs are similar to that
of single WO; fim on indium tin oxide (ITO).?8l The WO;-75°
layer has a tilt and disjunctive nanocolumnar structure with
a slant angle of =50°, a feature size less than 20 nm and pore
diameter less than 15 nm. On the other hand, the WO;-15°
layer displays a close-grained morphology with some pores on
the surface, which might be induced by the coarse grain surface
of the underneath WO;-75° layer. The alternative deposition of
WO05-75° and WO3-15° films with different refractive indices sat-
isfies the optical structure requirement for DBRs as well as the
porous structure requirement for fast electrochemical reaction.
The peak position of the reflectance spectrum (Bragg wave-
length, Ag), the maximum reflectivity (R), and the bandwidth
(AE) (expressed in energy terms) are three important character-
istic parameters of DBRs and can be expressed by the following

equations3031]
mAg =2(nchy +nyhy) 1)
2N 72
Ny
— (_)
n
R(N)=| ———55 2)
Ny
ot 1, (7)
N
AE:iEM, E=E=124O(eV) 3)
T ong+n s s

where m is the order, ny and n; denote the refractive indices
of high- and low-index layers, and hy; and h; are the respective
physical thicknesses. N is the number of bilayers, n, and ng are
the refractive indices of the incident and emergent medium
(substrate), respectively.

Accordingly, by carefully adjusting the optical thickness
of the WO;-75° and WO;-15° films (quarter-wave thickness),
the reflecting dissimilar regions can be tailored with remark-
able accuracy. Figure 2a,b shows the measured transmittance
and reflectance spectra of three designed 4-bilayer ECDBRs
with various film thicknesses. In contrast to the high visible-
light transmittance of single WO;-75° and WO;-15° films on
ITO (Figure S2, Supporting Information), the ECDBRs present
well-defined and intense Bragg reflection through the whole
visible light region. The Bragg peaks are located at about 450,
550, and 650 nm (abbreviated as ECDBR-450, ECDBR-550, and
ECDBR-650, respectively, for convenience). An increase in the
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Figure 2. a,b) Transmittance and reflectance spectra at normal incidence of 4-bilayer ECDBR-450, ECDBR-550 and ECDBR-650, ¢,d) transmittance and
reflectance spectra at normal incidence of 2-, 6-, and 8-bilayer ECDBR-450, €) photographs of 4-bilayer ECDBR-450, ECDBR-550 and ECDBR-650 from
different viewing angles, f) photographs of 2-, 6-, and 8-bilayer ECDBR-450 from different viewing angles, experimental reflectance properties of 4-bilayer

ECDBR-550 as a function of the incidence angle for g) s-polarized (TE) and

physical thickness of each layer leads to a shift in the Bragg
wavelength to lower energies typical with a slight increase
in bandwidth (in the form of wavelength) and decrease in
peak reflectivity, which is well consistent with the simulated
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h) p-polarized (TM) light.

results (Figure S3, Supporting Information). The decrease in
peak reflectivity can be attributed to the reduction of refrac-
tive index contrast between WO3-15° and WO;-75° layers at
long wavelength, as shown in Figure S1 in the Supporting
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Information. The bandwidths of ECDBR-450, ECDBR-550,
and ECDBR-650 are 91.2, 131.9, and 149.6 nm, respectively.
According to Equation (3), the bandwidth can be tuned by
Bragg wavelength and the refractive indices of WO3-75° and
WO;-15°. In the cases of these three ECDBRs, the variation
of Bragg wavelength (100 nm) is much bigger than that of
ny/ny; thus, the bandwidth increases slightly along with the
Bragg wavelength. Moreover, the almost antisymmetric spectral
curves of reflectance and transmittance spectra implied that the
absorption and scattering loss of these ECDBRs was very small
(<10%). It is worth noting that benefited from the large index
contrast (0.41 at 550 nm), the reflectance maxima of around
70% can be realized with only a 4-bilayer film. By comparison,
other DBRs with monomaterial, prepared by radio frequency
magnetron sputtering or anodization, have shown reflectivity
of almost 80% with 27 or 60 alternate layers due to their small
refractive index contrast.2%32]

To study the thickness control and interfacial roughness
properties, the atomic force microscopy (AFM) images of single
WO3-15° and WO;-75° layers and 4-bilayer ECDBR-550, as well
as SEM images of the ECDBR-550 over different positions have
been measured (Figure S4, Supporting Information). The rough-
ness of single WOj; layer is similar in different position and the
root mean square (RMS) values are between 3.6 and 3.9 nm.
However, the average surface roughness of 4-bilayer ECDBR-550
increased to 14.96 + 0.49 nm, which is well consistent with the
SEM results. We simulate the effect of the roughness on reflec-
tance of ECDBR-550 by sharing the undulate (A = 1.87 nm) on
each layer (Figure S5, Supporting Information). It can be seen
that such a surface roughness leads to a 9 nm difference of Bragg
wavelength and 0.8% difference of peak reflectance, thus poten-
tially causing some broadening of reflectance spectra. Besides the
roughness, we also simulate the effect of bilayer number (N) on
reflectance. When the N increases to 8, approximate “squared”
reflectance spectrum is appeared. It follows that the shape of
reflectance spectrum is affected by both roughness and N.

The reflectance maximum of ECDBRs can also be altered by
controlling the number of layers in the stack. As expected, more
intense reflectance was achieved by increasing the number of
layers. The 4-(Figure 2b), 2-, and 6-bilayer (Figure 2d) ECDBR-
450 show reflectance maximum of 73%, 60%, and 80%, respec-
tively. The reflectivity of ECDBR can be even larger than 90% if
we further increase the number of bilayers to 8 (Figure 2d). The
good agreement between designed and experimental results
strongly indicates that the GLAD method has good control over
the growth of each layer. In addition, from the cross-section
SEM image of the 8-bilayer ECDBR, we can see that the film
structure does not collapse or deform as the number of layers
increases (Figure S6, Supporting Information), denoting the
feasibility of architecting ECDBRs with high reflectivity based
on single WO; material using this method. The changes in
reflectance can also be visually assessed. Figure 2e—f shows a
series of pictures taken with a digital camera, in which ECDBRs
with various thicknesses and number of layers display colorful
optical characteristics, including brightly colored reflections
and diversely perspective effects depending on the observation
angle. To understand this angular-dependent optical property,
the polarized reflectance properties of 4-bilayer ECDBR-550
on various incident angles are studied (Figure 2g-h). The
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symmetrical trend of the spectra for positive and negative
angles illustrates that the orientation of microstructure has neg-
ligible effect on the reflectance spectrum. The reflectance peak
for both s- and p-polarized light shifts toward higher energy
with increasing the detection angles. When the incidence
angles increased to 65°, a 98 nm blue-shift of reflectance peak
is observed. The polarized reflectance properties of ECDBR-450
and ECDBR-650 show similar trend as those of ECDBR-550
(Figure S7, Supporting Information).

Considering the electrochromic nature of WO;, the optical
properties of ECDBRs were expected to be tailored reversibly
by applying a bias voltage. These ECDBRs were putt in 1 m
LiClO, in propylene carbonate (PC) solution to study their elec-
trochromic properties. The corresponding electrochemical reac-
tion equation is as follows

WO; + xLi* + xe~ < Li, WO, 4)

We can see that all three ECDBRs show clear and unique
color changes under electrical stimulus, but their ribbons are
different from each other (Figure 3). For example, at the poten-
tial of —1.1 V (vs Ag/AgCl), the color of ECDBR-450 switched
from royal blue to light slate blue, while the ECDBR-550 and
ECDBR-650 changed to green and orange at the same condi-
tion, respectively. In contrast, dense WOj; film without periodic
structure did not show any obvious reflection color. As for the
perspective effect, all four films reveal a similar dark blue color
in the full colored state (—1.1 V), but multiple colors in other
states (Figures S8 and S9, Supporting Information). These
results suggest that the electrically tuned optical performances
of ECDBRs could be attributed to the combined effects of
unique structural coloration and electrochromism.

The real-time reflectance spectra of these samples under var-
ying driving voltage are shown in Figure 4. For dense WO; film,

Bleached
11V

Colored

-0.1V 1.1V

ECDBR-450 |

ECDBR-550

ECDBR-650

Dense WO; film

Figure 3. Electrochromic properties of dense WOj; film and 4-bilayer
ECDBRs with various Bragg wavelength (Ag = 450, 550, and 650 nm).
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Figure 4. The dependence of reflectance spectra at normal incidence on bias voltage (vs Ag/AgCl for 30 s) for 4-bilayer ECDBRs with Bragg wavelength
of a) 450 nm, b) 550 nm, and c) 650 nm, and d) the refractive indices of WO3-15° and WO3-75° film in colored and bleached state. The e) bandwidth,

f) Bragg wavelength, and g) maximum reflectance of 4-bilayer ECDBR-450,

the difference in reflectivity between the colored and bleached
states is very small (Figure S10, Supporting Information). In
contrast, a great dependence of reflection spectra on driving
potential was observed for the ECDBRs (Figure 4a—c). With a
subsequent decrease in potential from 0 to —1.1 V (vs Ag/AgCl,
for 30 s), all the ECDBRs exhibit similar trends in the changes
of reflection peak, that is, the peak intensity decreases gradu-
ally together with a hypsochromic shift in the reflection peak.
The maximum shifts of reflection spectra and the maximum
modulations of reflection intensity upon electrical stimulus
were 38.4 nm/52.7%, 41.2 nm/34.2%, and 72.0 nm/55.3%
for ECDBR-450, ECDBR-550, and ECDBR-650, respectively.
These phenomena could be mainly attributed to colored
Li,WO3, which simultaneously increases the light absorption
and reduces the refractive index (decreasing the optical thick-
ness) of the film (Figure 4d), and consequently leads to the sub-
dued reflectivity and blue shift of the stop-band. The changes
of optical properties (maximum reflectance, Bragg wavelength,
and bandwidth) upon applied voltage are summarized in
Figure 4e—g. We noted that the changes of the stop-band and
reflection were greater than that for stacked WO;3/NiO multi-
layer owing to larger differences in the refractive index. If an
anodic potential is applied (1.1 V vs Ag/AgCl, for 30 s), the
reflection spectra can revert to their original state, suggesting
that this process is completely reversible. In addition, the
switching speed of optical property is very fast (<10 s; Table S1,
Supporting Information) on account of the porous features.
The ability to control and manipulate light flow across a wide
range of wavelengths validates the potential for controllable,
wavelength-sensitive optical elements for thin-film photonic
integration. Herein, a state-of-the-art emission-tunable
microcavity luminescent device was fabricated by embedded
green emitting core-shell CdSe@ZnS QDs in one normal
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ECDBR-550, and ECDBR-650 as a function of applied voltage.

high reflective DBR and one tuned output ECDBR, where the
normal DBR was used to simplify the model. A schematic of the
formed monolithic microcavity device is shown in Figure 5a,
where the normal DBR consists of 15-bilayer alternate SiO,/
TiO, and a conducting ITO (=75 nm) layer, and the ECDBR is
made of 9-layer alternate WO3-75°/W0O5-15° film. The thickness
of the embedded QDs’ layer is about 152 nm, equivalent to half
wavelength optical thickness of a design wavelength of 523 nm.
Figure 5b shows the spontaneous emission spectra observable
along the cavity axis and the relative parameters are listed in
Table S2 in the Supporting Information. QDs film without
cavity exhibits a green emission at 523 nm with a full width at
half maximum (FWHM) of 21.3 nm. By comparison, a marked
bandwidth narrowing (from 21.3 to 11.4 nm) due to the cavity
resonance restriction accompanied by a great PL peak intensity
enhancement (3.35 times) within the cavity resonance curve
were realized in the microcavity device. The origin of these
unique phenomena in the microcavity lies in the Purcell effect
that changes the coupling of the intramolecular transition to
the vacuum electromagnetic field, thus leading to an accelera-
tion of the radiative transition from material.l**l

By applying a negative potential, the reflectivity of the micro-
cavity is reduced gradually together with the hypsochromic shift
of the resonated dip associated with the cavity mode on account
of the coloration of ECDBR (Figure S11, Supporting Informa-
tion). As a result, the emission color of QDs can be tuned by
extra potential. As shown in Figure 5b—e and Table S2 in the
Supporting Information, when a potential of —0.1 V was applied,
the QDs within the microcavity exhibited a slightly broader
(FWHM = 17.5 nm) and attenuated fluorescence in comparison
with their initial state, but still stronger and narrower than the
QDs without cavity. If we further reduce the potential to —0.5 V,
the emission peak is shifted by 10-515.7 nm, and the FWHM
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Figure 5. a) Schematic of the tunable microcavity with an embedded QDs layer. b) The PL spectra of QDs film without microcavity and that of QDs with
microcavity before and after applying selected potentials of —0.1, 0.5, and —0.9 V for 120 s and irradiation with visible light (bleaching). The excitation
wavelength is 355 nm. The photographs of QDs film under 355 nm light irradiation: c) without microcavity, d) with microcavity after bleaching, and

e) with microcavity after coloration.

is broadened to 22.9 nm, which is even comparable to QDs
without cavity. The maximum modulation (shift) of emission
wavelength can reach 15.5 nm under the potential of —0.9 V
accompanied by a significant decrease in emission peak inten-
sity (decreased to less than 1/5 of reference QDs film).

To deeply understand the origin of the electrically tunable
microcavity luminescence, the reflectance spectrum of micro-
cavity was measured (Figure S1la, Supporting Information). It
shows that the reflectance spectrum of the microcavity at the
initial state has a wide stop-band extended from 450 to 630 nm,
within which there are three cavity modes located at 472.1
(cavity mode A), 525.1 (cavity mode B), and 604.7 nm (cavity
mode C), respectively. The microcavity PL emission comes
from the coupling of the cavity modes to the excited states
of the QD emitters, which shows a single peak at 525.8 nm
in this case because the inherent narrow-band emission fea-
ture of QDs overlaps with only one of the cavity modes in the
green light region (cavity mode B) (Figure 5b). The changes
of microcavity PL spectra during the coloration process can
be attributed to the blue shift of the cavity mode B caused by
the changes of the optical constants of the top ECDBR during
coloration. The reflectance spectra of the microcavity at both
the initial and the colored states were simulated by transfer
matrix method using the measured refractive index and calcu-
lated extinction coefficient of colored WO; layer (Figure S11b,
Supporting Information). It shows that the simulated spectra
have the similar cavity mode positions and variation trend to
the experimental ones (Figure S1la, Supporting Information).
The difference between the simulated and experimental spectra
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can be possibly attributed to the measurement error of optical
constants and the thickness inhomogeneity of each layer.
When the top ECDBR was colored under —0.9 V, the micro-
cavity exhibited decreased reflectance and a broader reflec-
tive dip at 511.1 nm, which consequently caused a broad and
weak PL emission. It is noted that the PL spectra can return
to their initial state after bleaching, indicating a good revers-
ibility for this spectra-tunable microcavity device. Furthermore,
as a benefit of the good memory effect of electrochromic WOj3,
the fluorescence spectra of this ECDBR-based luminescent
device in bleached state can be stable for more than 1 month
in air without persistent voltage application, and for over 5 h in
colored states, which is superior to active optoelectronic devices
based on liquid crystal materials that need sustained voltage to
maintain the phase transition.?”! Liquid electrolyte was used in
our experiments in consideration of the simple operation and
convenience, whereas a polymer or a solid electrolyte is prob-
ably more promising and appropriate for practical application
when considering the possibility of leakage for liquid electro-
Iyte. Electrically tunable microcavity light-emitting diodes based
on ECDBRs and solid-state electrolyte would be new practical
devices worthy to develop in the future.

3. Conclusions

In summary, the periodically nanostructured WO; films with
alternate refractive index that serve as electrically tunable
ECDBRs were fabricated by a facile, one-step electron-beam

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

evaporation-assisted GLAD method at room temperature.
Thanks to the reversible modulation of Bragg reflections from
ECDBRys, the first electrically tunable microcavity luminescent
device based on ECDBRs and inserted QD films were realized.
The spontaneous emission from QDs film can be precisely
and reversibly manipulated by varying external potential. The
maximum modulation in emission wavelength, intensity, and
FWHM were 15.5 nm, 317%, and 10.4 nm, respectively, at a
negative voltage of only 0.9 V. The basic structure design can
be further applied in electrically tunable, all-solid microcavity
luminescent devices, and proceeded to the development of tun-
able electroluminescence and lasing techniques.

4. Experimental Section

Materials: Glass/ITO (sheet resistance 10 Q [I7") substrates were
obtained from Shenzhen CSG PV Energy Co., Ltd., Tungsten oxide (WO;,
99.9%) was purchased from Chnos Elemental Technology Co., Ltd.
Lithium perchlorate (LiCIO,4, 98%), and PC (99.7%) was acquired from
Sigma—Aldrich. The green emitting core—shell CdSe@ZnS QDs was
provided by Mesolight Inc. with size 10-12 nm surfaced with oleic acid
as ligand. All the chemicals were used without further purification.

Fabrication of ECDBRs and Microcavity Luminescent Devices: The
nanostructured ECDBRs used in this study were fabricated by means of
glancing-angle electron-beam evaporation at room temperature through
alternate depositing WO; film at a glancing angles of 15° and 75° on
glass/ITO substrate or QDs film, which was defined as the angle of
vapor flux with respect to the substrate normal. Prior to the deposition,
the glass/ITO substrates were ultrasonically cleaned with mixture of
ether and ethanol, and finally dried under an oven lamp. The evaporation
rates of WO; were =1.0 A s at pressures =2 x 10~ Pa. Throughout the
deposition, the thickness of the material deposited was monitored by a
quartz crystal microbalance positioned at the center of chamber, while
the source material was situated at the edge of the vacuum chamber.

The microcavity device has a multilayer architecture: glass/highly
reflecting DBR/QDs layer/ECDBR. The highly reflecting DBR is formed
by 15-bilayer alternate SiO, (87.5 nm) and TiO, (54.6 nm) films. After
that, another top ITO film (=75 nm, =160 Q ') was deposited to
form a conducting layer. The SiO,, TiO,, and ITO films were fabricated
using electron-beam deposition at a temperatures 200, 200, and 300 °C
with evaporation rates of 4.2, 2.6, and 3.5 AsT, respectively. Then, the
QDs film was prepared by spin-coating a QDs solution (25 mg mL™
in n-hexane) onto the highly reflecting DBR at a speed of 600 rpm for
60 s, subsequently annealed at 120 °C for 10 min in the atmosphere.
The thickness of the QDs layer was about 152 nm. Finally, the film was
transferred to electron-beam vacuum chamber for depositing top low
reflective ECDBR, which was formed by a 9-layer alternate WO;-15°
(66.6 nm) and WO3-75° (84.1 nm) layer. Each layer was deposited using
the electron-beam deposition method mentioned above.

Characterization: The film thicknesses were calibrated with an Ambios
XP-1 surface profiler. The morphology of ECDBRs and WO; single layer
were characterized by scanning electron microscopy (SEM, S-4800,
Hitachi, Japan) and atomic force microscope (AFM, Shimadzu SPM-
9700, Shimadzu, Japan). The initial transmittance spectra of ECDBRs
were evaluated by a Shimadzu UV-3101PC spectrophotometer. The
sheet resistance of ITO was measured by a four-point probe instrument.
To measure refractive indices of WOj; films before and after coloration,
the WO;-15° and WO;-75° films with the thicknesses of 500 nm were
deposited on ordinary and heavily doped Si (=200 Q O") chips,
respectively. The refractive index was measured by spectroscopic
ellipsometers (J.A.Woollam Co., Inc.) and fitted with Cauchy model.

The electrochemical measurements were obtained using a standard
one-compartment, three-electrode electrochemical cell attached to a
CHI 920C electrochemical workstation (Shanghai Chenhua Instruments
Inc., China). ECDBRs, or the microcavity device were used as the
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working electrode (18 mm x 18 mm), a titanium plate was used as
the counter electrode (5 mm x 20 mm), and Ag/AgCl (3.5 m KCl) was
used as the reference electrode. The electrolyte was a LiClO, (1 ™) in
PC solution, which was degassed with nitrogen for 30 min prior to each
test. The transmission and reflection spectra of ECDBRs and microcavity
LEDs under different potentials applied by the CHI 920C electrochemical
workstation were measured by Ocean Optics QE-Pro spectrometer. The
PL measurements of QDs films and microcavity devices were performed
with an impulse excitation (1 ns, 50 Hz) using a 355 nm UV laser
(CryLaS GmbH, Berlin), focused onto the sample using an achromatic
lens. The collected PL is guided into Ocean Optics QE-Pro spectrometer
via an optical fiber.
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