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Abstract: Commercial smart window technologies for dynamic light and heat management in 

building and automotive environments traditionally rely on electrochromic (EC) materials 

powered by an external source. This design complicates building-scale installation requirements 

and substantially increases costs for applications in retrofit construction. Self-powered 

photoelectrochromic (PEC) windows are an intuitive alternative wherein a photovoltaic (PV) 

material is used to power the electrochromic device, which modulates the transmission of the 

incident solar flux. The PV component in this application must be sufficiently transparent and 
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produce enough power to efficiently modulate the EC device transmission. Here, we propose Si 

solar microcells (μ-cells) that are i) small enough to be visually transparent to the eye, and ii) 

thin enough to enable flexible PEC devices. Visual transparency is achieved when Si μ-cells are 

arranged in high pitch (i.e. low-integration density) form factors while maintaining the 

advantages of a single-crystalline PV material (i.e., long lifetime and high performance). 

Additionally, the thin dimensions of these Si μ-cells enable fabrication on flexible substrates to 

realize these flexible PEC devices. The current work demonstrates this concept using WO3 as the 

EC material and V2O5 as the ion storage layer, where each component is fabricated via sol-gel 

methods that afford improved prospects for scalability and tunability in comparison to thermal 

evaporation methods. The EC devices display fast switching times, as low as 8 seconds, with a 

modulation in transmission as high as 33%. Integration with two Si μ-cells in series (affording a 

1.12 V output) demonstrates an integrated PEC module design with switching times of less than 

3 minutes, and a modulation in transmission of 32% with an unprecedented EC:PV areal ratio.

1. Introduction

In the United States, internal lighting, heating, ventilation, and air conditioning (HVAC) systems 

account for ca. 30% of total energy demand, and the development of building-integrable 

technologies to aid in mitigation of energy consumption presents a holistic design challenge.1-4

One approach that allows for specific control over internal lighting and heating/cooling needs are 

smart windows, which offer tunable and dynamic alternatives to traditional paned windows. 

Electrochromic (EC) windows, a subset of smart window technologies, dynamically control the 

transmitted solar flux by either absorbing or reflecting a portion of the incident solar spectrum 

via manipulation of an externally applied bias. Selective transmission of visible and infrared (IR) 
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3

wavelengths facilitates control over lighting and heating/cooling needs, thereby reducing energy 

consumption.1, 5-7 

EC materials have been explored in research since the early 1960s8-10 and their integration 

into windows intensively examined in the 1980s – early 2000s,11-16 however, widespread 

commercialization has been frustrated by the need for complicated internal wiring and complete 

reinstallation of existing windows.14 PV-powered EC windows are an intuitive solution that 

utilize incident solar irradiation to power the EC window and circumvent some of the complexity 

associated with internal wiring. Typical power requirements for EC films are quite low, with 

switching voltages on the order of 1.0 V,16-17 facilitating integration with transparent and/or low-

cost PV materials. Here, we use Si solar μ-cells that offer high power density and a level of 

transparency based on the density of μ-cells needed for fast switching times and high modulation 

of transmission.18 These μ-cells have an area of only 0.003 cm2 (1.5 mm x 200 μm), yet produce 

a VOC of 0.55 V with power conversion efficiencies of 13.7%.18 To power a typical 1 cm2 EC 

device at 1.0 V, two μ-cells in series (VOC ca. 1.1 V) amount to an area of 0.006 cm2 and an 

EC:PV areal ratio (ratio of EC device area to PV device area) of 166. Figure 1a illustrates this 

work in comparison to the literature; typical power requirements necessitate larger area PV, and 

Figure 1. (a) Current PEC devices (blue) with dark blue corresponding to where most PEC 
devices lie.  Our work is shown for comparison (orange star). (b) Schematic of interconnected Si 
solar μ-cells in comparison to a 1 m2 window demonstrating their high transparency. 
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significant efforts have been made to produce impressive results with either integrated or side-

by-side PV materials. Namely, Si-based semitransparent thin films,13, 16, 19-21 transparent or 

UV/NIR selective polymers,1, 22-23 dye sensitized solar cells (DSSCs),24-25 InGaN-based 

materials,26 and thin film perovskites27 have been applied to provide self-powering for EC 

devices. Here, we look instead to microscale, high performance, single-crystalline Si and 

optimize optical absorption and electrical performance to effect transparency. This concept is 

illustrated in Figure 1b, where the form factor of a 1 cm2 device is shown schematically on the 

right. Expanding the device area and replicating 1 cm2 devices to power a larger area results in a 

pattern much like a window screen with minimal visual obscurity. 

In addition to the PV component, the EC materials are chosen specifically for ease of 

processing and scalability. In this demonstration we apply tungsten (VI) oxide (WO3) and 

vanadium (V) oxide (V2O5) as the electrochromic and ion storage layers, respectively. Both 

materials are prepared via sol-gel chemistry and thin-film coatings are optimized purposefully 

for use in a flexible device format. The form factor of the active layers permits facile integration 

on a flexible polymeric substrate—demonstrated here using a material suitable for use as a 

laminate against glass. This method of preparation enables fabrication within ambient (i.e. non-

vacuum) environments and can be easily adapted to scalable, roll-to-roll processing. In 

combination with capabilities for deterministic assembly of the Si μ-cell components onto 

polymeric and/or thin-glass substrates,28-35 we demonstrate a prototype for a self-powered, 

flexible device that can be retrofitted to existing windows via an adhesive layer applied on one 

side of the device.

2. Results and Discussion

2.1. Electrochromic Layer Fabrication and Gel Electrolyte Characterization
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5

The structure of the EC device comprises an electrochromic layer, an ion storage layer, and a gel 

electrolyte between the two. This composition can be seen in Figure 2a, where WO3 is the 

electrochromic material and V2O5 is the complementary material, or ion storage layer. An 

external bias causes lithiation of the electrochromic or ion storage layer, resulting in either 

coloration or bleaching (Figure 2b), respectively. The redox reactions of both layers are as 

follows:

WO3 + x(Li+ + e-)    LixWVI
(1-x)Wx

VO3⇄

LixVIV
(1-x)Vx

VO5    V2O5 + x(Li+ + e-)⇄

where the left side of the reaction corresponds to the bleached state and the right side to the 

absorptive state. 

Movement of lithium ions is facilitated through a gel electrolyte. Specifically, we use a 1 

M solution of LiTFSI in propylene carbonate (PC) and mix the solution with a high molecular 

Figure 2. (a) Flexible PEC device schematic. (b) EC device operation highlighting the bleached 
(left) and absorptive (right) states.
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6

weight poly(methyl methacrylate) (PMMA) network, as described in detail in the Supplementary 

Information.36 Gel electrolytes combine advantages of liquid and solid electrolytes by providing 

higher conductivities while remaining mechanically robust. We found that solid electrolytes 

demonstrated ionic conductivities too low to allow facile lithiation and delithiation of the metal 

oxide films.

Each metal oxide film was prepared via sol-gel methods on ITO-coated (glass or 

polymer) substrates, ultimately forming the oxide network via hydrolysis/condensation of the 

respective metal alkoxide. This type of preparation allows for ease of processing and scalability 

as compared to typical thermal evaporation of the respective powders.37 Here, WO3 was prepared 

from WOCl4 powder, which was reacted with isopropyl alcohol (IPA) to form the alkoxide. The 

alkoxide was then spin-coated and hydrolyzed under ambient conditions; thermal annealing at 

150°C drove off residual solvent. The nature of these thin film materials is established by the 

data presented in Figure 3(a-i). An example of a spin-coated WO3 film on ITO/glass is shown in 

Figure 3a. Similarly, V2O5 was prepared from VO(OC3H7)3, which also hydrolyzed in ambient 

with the addition of acetic acid as a catalyst. The film was then spin-coated and annealed at 

300 °C under O2 flow; an as prepared V2O5 thin film is shown in Figure 3b. Additional layers 

built up thicknesses of each film to the final thicknesses of ca. 160 – 270 nm. The XRD patterns 

in Figure 3c suggest that the WO3 film is amorphous, with observed peaks attributed to the 

underlying indium tin oxide (ITO, shown in black), while the V2O5 is semi-crystalline. The 

pattern for V2O5 shows several peaks for crystalline V2O5, specifically peaks that can be indexed 

to the (200), (001), and (002) crystal planes (Figure 3c, shown in blue). This difference in 

crystallinity between the two oxide films could influence lithium ionic conductivity and the 

ability to balance charge during device operation, however, we do not observe much of a 
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7

perturbation in our device, as described below. Representative SEM images in Figure 3e and 

Figure 3h of the WO3 and V2O5 films, respectively, confirm that each oxide film is continuous 

and homogeneous through the extent of the coated surfaces.

Characterization of the metal oxide films with XPS provides a speciation of the oxidation 

states of each metal. As seen in Figure 3d, the WO3 film displays the doublet for the W4f core 

levels at binding energies of 38.0 and 35.9 eV for the W 4f5/2 and W 4f7/2 peaks, respectively. The 

Figure 3. EC materials characterization. Images of the as-deposited (a) WO3 and (b) V2O5 films. 
(c) XRD of WO3 on ITO (red), V2O5 on ITO (blue), and ITO (black). (d-i) Characterization of 
WO3 (d-f) and V2O5 (g-i) films including (d, g) XPS, (e, h) SEM, and (f, i) cyclic voltammetry 
with gel electrolyte vs. lithium metal (1 mV/s scan rate).
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W 5p3/2 peak is also observed at 41.6 eV. These values agree well with reported values for 

tungsten(VI).38 The spectrum for the V2O5 sample, Figure 3g, also matched well with literature 

data for single phase compositions of this material,39 with characteristic peaks for O 1s at 530.5 

eV, V 2p1/2 at 525.0 eV, and V 2p3/2 at 517.6 eV.40 The fits of both spectra are presented in 

Figure S1(a-b) of the Supplementary Information. 

Cyclic voltammetry was performed for each oxide film using both liquid and gel 

electrolytes. All half-cell voltammograms were measured using Li metal as a reference and 

counter electrode. Figure 3f shows the voltammogram for a 230-nm thick WO3 film cycled with 

a 35 wt.% PMMA gel electrolyte (described below) at 1 mV s-1. Observed peaks for oxidation 

and reduction correspond well with observed color changes from transparent to deep blue, 

behaviors also seen in the voltammogram cycled in liquid electrolyte (0.1 M LiClO4 in PC, 50 

mV s-1) as shown in the data presented in Figure S2a of the Supplementary Information. The 

voltammogram in Figure 3i displays a 268 nm-thick V2O5 film cycled with the 35 wt.% PMMA 

gel electrolyte at 1 mV s-1 and shows multiple peaks during lithiation and delithiation, 

corresponding to structural phase changes within the film.41 When cycled in liquid electrolyte 

(1.0 M LiClO4 in PC, 1 mV s-1, Figure S2b), these peaks are sharper and are shifted slightly due 

to faster mass transport in liquid electrolyte. Charge injected based on the cyclic voltammograms 

in Figure 3 is shown in Table S1. To balance the WO3 and V2O5 films for performance in the 

EC device,42 the V2O5 layer thickness was reduced to 166 nm and the resulting inserted charge 

was assessed during reduction of each film at a slower scan rate of 0.1 mV/s (Table S1 and 

Figure S3).

To optimize a balance between ionic conductivity and mechanical robustness of the gel 

electrolyte material, two different weight percent solutions of the gel electrolyte were prepared: 
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9

30 wt.% and 35 wt.% PMMA (MW = 120,000 Da) mixed with 1 M LiTFSI in PC. Electrical 

impedance was measured for each mixture [Figure S4(a-b), Supplementary Information] in a 

symmetric cell with two steel electrodes. The 30 wt.% PMMA mixture had a measured 

conductivity two times higher than that of the 35 wt.% PMMA mixture, but both resided close to 

10-4 S cm-1. Additionally, rheology measurements revealed that the 35 wt.% mixture had a 

modulus five times that of the lower weight percentage mixture (3177 Pa·s and 616 Pa·s for 35 

wt.% and 30 wt.%, respectively). Considering the ionic conductivity of the 35 wt.% PMMA gel 

electrolyte is high enough for our application and the modulus is significantly higher, we 

continued the work using the 35 wt.% PMMA gel electrolyte exclusively. The data in Figure S4c 

show the high transmission of the gel electrolyte throughout the working wavelength regime 

(300-2000 nm) of our device apart from a few small peaks due to absorbance from functional 

groups (e.g., carbonyl) in the PMMA and LiTFSI. The stability window of the gel electrolyte 

(Figure S4d) shows that the electrolyte is suitable for use within the operating voltage range of 

the EC device, and produces currents on the order of uA cm-2 between 2 – 4.5 V vs. Li/Li+ (vide 

supra).

2.2. Electrochromic Device Fabrication and Characterization

Assembly of the EC device is explained in detail in the Supplementary Information. Briefly, a 

substrate-supported WO3 film is first reduced and sandwiched with a similarly deposited V2O5 

film that has the 35 wt.% PMMA gel electrolyte cast atop it and molded to a limiting thickness 

established by 100 μm glass bead spacers. The entire device is encapsulated with NOA61 in an 

inert environment to prevent oxygen permeating into the device and oxidizing of the pre-reduced 

WO3 film. Figure 4a and Figure 4b show images of an assembled device on ITO/glass in the 

bleached (Figure 4a) and absorptive (Figure 4b) states. The transmission modulation is apparent 
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10

Figure 4. EC performance. Images of the bleached (a) and absorptive (b) EC device; university 
logo used with permission from the University of Illinois. (c) Transmission of the EC device 
with varying bias. (d) EC device cycling between +/- 1.0 V monitored at 600 nm (black, solid), 
1000 nm (black, dashed), and 1600 nm (red, solid). (e) One cycle of the EC device showing 
transmission at 600 nm (black) and corresponding current (red). (f) Bias holds of the EC device 
monitored at 600 nm for bleached (solid) and absorptive (dashed) states. The green dashed line 
indicates when the bias was removed.

Page 10 of 28

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

in these images and is quantified in the spectra shown in Figure 4c, using an ITO-based 100% T 

reference spectrum as described in detail in the supporting information (Figure S5 and Figure 

S6). Here, the device is biased at voltages corresponding approximately to the VOC of one, two, 

and three Si μ-cells interconnected in series, or 0.5 V, 1.0 V, and 1.5 V, respectively. As shown 

in the spectra, a bias of 0.5 V does not produce a large change in transmittance, with a ΔTmax of 

only 10 – 20% due to incomplete coloration/decoloration of the EC device. The modulation is 

significantly increased when using either a 1.0 V or 1.5 V bias. Due to the rather small 

enhancement of ΔTmax when comparing the 1.0 V and 1.5 V bias and the additional complexity 

of connecting three instead of two Si μ-cells in series, we pursued the testing of an EC pixel 

module (e.g., Figure 2a) that was powered by two Si μ-cells in series. The kinetics of the device 

can be analyzed by monitoring transmittance at specific wavelengths while cycling between a 

positive and negative bias. The results for a bias of 1.0 V are shown in Figure 4d, and Table 1 

summarizes performance characteristics at each bias (i.e., 0.5 V, 1.0 V, and 1.5 V), where 

transmission is monitored at three wavelengths across the spectrum relevant to either visible light 

or heat management: 600 nm, 1000 nm, and 1600 nm. A video demonstrating the switching 

times for coloration and bleaching upon application of an external bias (1.5 V) is provided in the 

supporting information. The ITO transmission spectrum on glass and full cycles for each bias 

and wavelength can be seen in Figure S7(a-d) in the Supplementary Information. It is evident in 

Figure 4d that performance at infrared wavelengths (i.e., 1600 nm) is adversely impacted by the 

relatively low transmission of the conductive ITO coating. EC devices are commonly prepared 

with ITO as a transparent electrode,1, 13, 15, 22, 43-46 however, it is clearly not an ideal choice when 

attempting to modulate heat and infrared influx in the built environment. Potential alternatives to 

ITO include conductive polymers,47-49 carbon-based electrodes,50-51 and thin metal films or 
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12

nanostructures,52 but these tend to lack in conductivity and/or transparency. To holistically 

optimize the design of EC device architecture, an IR-transmissive conductor is preferable for 

high modulation capacities at longer wavelengths and should be a subject of future research 

efforts to improve capability for dynamically effective heat management. 

As seen in Table 1, ΔTmax is correlated with the applied voltage. At 600 nm, ΔTmax 

increases from 16.5% to 33.2% with a 0.5 V and 1.5 V bias, respectively. The change in optical 

density, ΔOD, follows with ΔTmax and is used to calculate the coloration efficiency, η:

Δ𝑂𝐷 = log
𝑇𝑏𝑙𝑒𝑎𝑐ℎ𝑒𝑑

𝑇𝑐𝑜𝑙𝑜𝑟𝑒𝑑

𝜂 =
Δ𝑂𝐷

𝑄

Bias (V) Coloration 
Time (sec)

Bleaching 
Time (sec) ΔTmax(%) ΔOD

Coloration 
Efficiency 
(cm2/C)

λ = 600 nm

0.5 V 34.0 36.9 16.5 0.096 43.2

1.0 V 26.8 23.7 31.3 0.248 41.7

1.5 V 13.3 8.1 33.2 0.330 29.0

λ = 1000 nm

0.5 V 25.3 38.4 13.5 0.134 49.4

1.0 V 16.2 25.4 28.3 0.317 50.6

1.5 V 5.8 15.3 25.7 0.343 30.6

λ = 1600 nm

0.5 V 20.8 21.8 3.35 0.085 41.9

1.0 V 18.5 14.5 6.96 0.281 46.0

1.5 V 7.2 9.3 6.59 0.333 29.3

Table 1. Performance parameters of EC device at varying wavelength and bias.
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13

where Q is the charge injected in C cm-2. Of note is that η does not follow the same trend as that 

of ΔTmax and ΔOD; with an applied bias of 1.5 V, η decreases significantly. This is likely because 

the ΔTmax of the WO3 electrochromic layer is reached before 1.5 V and the excess charge that is 

injected is essentially wasted; the ΔTmax of the WO3 film could be increased with a thicker film to 

mitigate this.

Figure 4e shows one cycle of the EC device between +1.0 V and -1.0 V plotted with the 

current density for a 60 second bias hold. The current density follows a capacitor-like behavior in 

which the device initially charges, corresponding to the large increase in the magnitude of the 

current density. This is related to the switching time of the device, whereas the voltage is related 

to the attainable modulation in transmittance. The switching times, defined as 0.9*ΔTmax, can be 

found in Table 1 for each bias. For 600 nm, the coloration time is as rapid as 13.3 seconds for a 

1.5 V bias. The switching times increase as lower voltages are applied, increasing to 26.8 and 

34.0 seconds for 1.0 V and 0.5 V biases, respectively. This agrees well with Ohm’s law, V = IR, 

where a larger voltage corresponds to a larger current and therefore shorter switching times. 

The difference between the bleaching and coloration times is negligible apart from the 

data taken at 1000 nm, where the bleaching time is longer. We explain this discrepancy by the 

difference in crystallinity between the two metal oxide films. It has been suggested that 

amorphous films can lead to faster switching times and facilitate charge injection/extraction.11, 53 

With this in mind, we hypothesize that the semi-crystalline V2O5 film kinetically limits the 

device to some degree, specifically at 1000 nm. While the diffusion coefficient of lithium ions is 

identical within the same film for processes observed at different wavelengths, the magnitude of 

transmission variation at each wavelength is different for the individual WO3 and V2O5 films.  

Figure S8(a-b) in the Supplementary Information shows the transmission modulation of each 

Page 13 of 28

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

metal oxide film as measured by itself. The WO3 layer demonstrates a large transmission 

modulation for each wavelength (600, 1000, 1600 nm) whereas the V2O5 layer only substantially 

modulates transmission at 1000 nm. Therefore, transmission modulation of the entire EC device 

is largely dependent on the WO3 as the electrochromic material at 600 and 1600 nm, however, 

both layers have similar modulation at 1000 nm and the bleaching process here is limited by 

slow charge injection into V2O5.

Additionally, we observe asymmetric current density with time (Figure 4e) for each 

experiment; Figure S9 in the Supplementary Information shows a detailed analysis of the 

integrated current and charge obtained over cycling. Here, coloration is observed to take longer 

than that for bleaching. This asymmetric current has previously been observed with WO3, where 

the injection of lithium ions is simply suggested to take longer than extraction, but the magnitude 

of injected charge is symmetric.11, 13 One potential explanation is that the coloration is limited by 

charge extraction from V2O5, resulting from changes in transport properties associated with the 

different crystalline phases induced by Li+ injection/extraction.41 Both bleached and absorptive 

states are sustained after the applied bias is removed, as seen in Figure 4f, where the bias is held 

for the first 60 seconds and then removed while the transmission is monitored continuously at 

600 nm. Upon removal of the bias, a negligible change in transmission is observed, on the order 

of 1 – 2%, indicating the device displays optical memory. Notably, in this design continued 

illumination on the window corresponds to a continued applied bias by the integrated PV 

microcells, and therefore the transmission is expected to remain constant over long periods of 

time depending on the intensity of incident illumination. Illustrative plots of time dependent 

transmission monitored at 1000 nm and 1600 nm are given in Figure S10(a-b) in the 

Supplementary Information to further illustrate the limited rates of self-discharge seen in this 
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system.

2.3. Si Solar μ-cell Integration and Performance of the Photoelectrochromic Device

2.3.1. Si μ-cell Performance

Performance metrics of the Si μ-cells are discussed in detail in Ref. 18; here, we focus on the 

open circuit voltage and current density that drive EC device operation. The Si μ-cells are 

fabricated upside down to lithographically pattern the contacts; Figure S11a shows an image of 

a μ-cell array on the source wafer. After transfer printing, the μ-cell contacts are still facing 

upwards and JV curves are shown for this case as well as for fully interconnected and inverted μ-

cells (i.e., contacts facing downwards). Noticeably, the JSC and VOC increase due to the reduced 

shading from the contacts when they are facing downward. Additionally, we show the JV curves 

of one and two Si μ-cells in series in Figure S11b and performance of two Si μ-cells in series 

under varying illumination conditions in Figure S11c. Connecting two Si μ-cells in series 

increases the VOC from 0.566 to 1.12 V (Figure S11b). Decreased irradiation (e.g., less than 1 

sun illumination) corresponds to non-ideal illumination conditions, and the Si μ-cells produce 

smaller currents shown in the curves (Figure S11c). Figure S11d shows modelling results of the 

anticipated EC device performance as a function of the number of Si μ-cells placed in series. The 

incident intensity on the external surface of the window, Iext, is plotted versus the transmitted 

intensity through the EC window in the absorptive state, Iint. The internal intensity was calculated 

for an Iext of 1000, 750, 500, and 250 W m-2 corresponding to 1, 0.75, 0.50, and 0.25 suns, 

respectively. Comparing one and three μ-cells in series, Iint decreases from 193 to 100 W m-2 

with an Iext of 1000 W m-2. In general, the Iint decreases by an order of magnitude after passing 

through the window.

2.3.2. Integration of Si μ-cells with the Electrochromic Film
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A schematic to illustrate the mechanism of transmission modulation of the EC component using 

the Si μ-cell array is shown Figure 5(a-b). Here, we transfer print Si μ-cells in series on a 

flexible, polyethylene terephthalate (PET) substrate with an area of 5 cm x 4 cm. The EC device 

is prepared as described above, with an area of 1.2 cm x 1.2 cm. To drive the EC component to 

the bleached state, the illuminated PV component is connected to the EC component according 

to Figure 5a. The applied photovoltage results in diffusion of Li+ to the V2O5-based electrode, 

resulting in reduction and oxidation of the V2O5 and WO3 films, respectively. Similarly, as 

shown in Figure 5b, the absorptive state is realized by switching the leads on the EC component 

electrodes; upon switching the leads, the direction of the bias supplied by the illuminated PV 

component photovoltage is reversed, and Li+ diffuse to the WO3-based electrode, resulting in 

reduction and oxidation of the WO3 and V2O5 films, respectively. 

Figure 5. Schematic showing mechanism for color change within the PEC module. The 
illuminated PV component drives (a) bleaching and (b) coloration via the photovoltage 
generated by the Si μ-cell array.
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The μ-cells are planarized in NOA61 prior to interconnection, and this gives rise to an 

increase in JSC due to short-range waveguiding effects.28 Effects of illuminated waveguide area 

on JSC are shown in Figure S12a, which is correlated with a decreased EC device switching time 

at constant EC device area (Figure S12b). This implies that a larger waveguide area, and thus a 

lower density of Si μ-cells, is preferable for powering the EC device. In practice, the waveguide 

will scale with EC area, and the benefit is outweighed by the additional charge needed for the 

larger EC area (Figure S12c). Waveguides that typically benefit from enlarged areas, such as 

luminescent solar concentrators, are also burdened by the additional charge with increased EC 

area. While concentration effects do decrease overall switching time, Figure S12d shows a 

similar trend to that of Figure S12c. 

Figure 6a depicts the PEC prototype, and Figure 6b shows the change in transmission 

for PEC device powered by two Si μ-cells in series. Powered by these two cells, the transmission 

is modulated with a consistent ΔTmax of about 30-40%. As seen in Figure 6c, coloration and 

bleaching times can also be calculated for the PEC device by cycling between bleached and 

absorptive states. Here, the bias was held for 6 minutes and transmission at 600 nm was 

monitored before switching the leads. A coloration time of 160.9 seconds and a bleaching time 

of 179.4 seconds are observed for our PEC device, with a ΔTmax of 32%. The device also displays 

memory, as seen in Figure S13(a-b) in the Supplementary Information. The Si μ-cell leads were 

attached to the EC device for 6 minutes and then disconnected to continually measure 

transmission thereafter. There is a slight increase/decrease in transmission of ca. 2% for the 

absorptive/bleached states after the bias from the Si μ-cells is removed.

Figure 6c summarizes the coloration and bleaching times for 1, 0.79, 0.50, and 0.25 suns, 

corresponding to times of day when there is less than 1 sun irradiation on the window of a 
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building. As expected, with decreased irradiation (i.e., decreased current) the switching times 

increase. The theoretical values plotted (shown in black) are calculated based on the amount of 

injected charge and expected JSC values, assuming the μ-cell JSC is constantly provided to the EC 

device. The experimental coloration times agree well with the modelling predictions; the 

bleaching times show some deviations at low intensity likely due to asymmetric charge injection 

and extraction processes, as discussed above. Regardless of intensity, the magnitude of the 

limiting transmission modulation is dictated by the magnitude of the applied bias, or μ-cell VOC. 

Figure S13c in the Supplementary Information confirms this notion and shows transmission 

spectra of the PEC device at each intensity, wherein each spectrum displays similar modulation 

in transmission over the wavelength range. Figure S13(d-e) shows the expected transmission 

values for bleaching and coloration at 3 minutes after the bias was applied, further illustrating the 

effect of illumination intensity on switching times.

There are multiple ways to decrease the switching times of the PEC device, the most 

impactful of which is adding additional Si μ-cells in parallel to increase the JSC (i.e., increasing 

μ-cell density), although the additional μ-cells could reduce the transparency of the device. For 

large pitch configurations, however, these impacts can be quite small as illustrated by the data in 

Figure 6d which shows the transmission of two and four Si μ-cells corresponding to one and two 

pairs of Si μ-cells in parallel in the current design (i.e., a pair of two Si μ-cells in series). The 

additional μ-cells only reduce transmission by ca. 2% while doubling the JSC, reducing the 

switching time from 152 to 76 seconds. Thus, the benefit of increased μ-cell density on EC 

device switching time could outweigh the resulting decrease in transmission of the overall PEC 

device. Similarly, without significant adverse impact to the average visible transmittance (AVT)3 

of the PEC device as a whole, increasing the quantity of μ-cells in series per unit area of EC 
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Figure 6. (a) Schematic of the PEC device. (b) Transmission of the PEC device powered by one 
(blue) and two (black) Si μ-cells in series in the bleached (solid line) and absorptive (dashed line) 
states. (c) Calculated switching times for coloration (red), bleaching (blue) and theoretical values 
(black) for varying irradiation. (d) Transmission for two (blue) and four (red) Si μ-cells 
compared to the substrate (black).  Images of the Si μ-cells are shown in the inset. (e-f) 
Calculated switching times for varying Si μ-cell density and concentration (e) for our 1 cm2 
device and (f) for larger devices on the order of m2.
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device would allow for higher transmission modulation of the EC component (larger applied bias 

via μ-cell VOC). This approach in tandem with the application of thicker electrochromic and ion 

storage layer films would result in improved coloration efficiency at larger applied biases.

In addition to increasing μ-cell density, switching times can also be reduced through light 

concentration, as demonstrated in Figure 6e. Here, a larger EC areal repeat unit corresponds to a 

larger active EC area powered by two Si μ-cells in series (i.e., reduced μ-cell density). Reduced 

μ-cell density is beneficial from a cost perspective; as the magnitude of the EC areal repeat unit 

is increased (i.e., μ-cell density is decreased), the switching time of the EC device increases for a 

given concentration, but less active PV material is consumed. At high EC areal repeat unit sizes 

(low μ-cell densities), however, the decrease in switching time can be recovered by increasing 

the light concentration. For example, as shown in Figure 6e, an EC repeat unit of 100 cm2 under 

1 sun (shown in blue) has a switching time on the order of hours, but a fast switching time (i.e., 

on the order of minutes) can be recovered through concentration at 100 suns (shown in black). 

Concentration also increases the VOC logarithmically and can therefore also increase the 

maximum modulation in transmission. This was accounted for in the switching time calculations 

and details can be found in Figure S14 in the Supplementary Information. Combining these two 

strategies (i.e., μ-cell density and light concentration) to manipulate switching times, Figure 6f 

provides a guide to fabricating a PEC device for windows on the meter scale with a desired 

switching time. One axis corresponds to increased cell density, or increased μ-cells in parallel (# 

m-2, or number of μ-cells per unit area of EC device). The other axis employs concentration to 

decrease switching times. Any combination of these two can be used to balance overall 

transmission, cost, and switching times of PEC windows. As seen in the figure, it is realistic to 

achieve switching times less than 1 minute for a reasonable amount of Si μ-cells and modest 
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degrees of light concentration. To optimize μ-cell density for large scale application 

comprehensively, the influence of μ-cell density on switching time, overall transparency, and 

module production cost would need to be considered.

2.3.3. Flexible Electrochromic Device Performance

In complement to the device architecture shown in Figure 2a and Figure 6a, the flexibility of 

the PV component prepared on a PET substrate is pictorially demonstrated in Figure S15a, and 

an example image of a PEC device prototype on flexible substrates is shown in Figure S15b. To 

evaluate performance in modules subject to flexure, we fabricated a full device pixel module 

(rendered image in Figure 2a) on ITO-coated Corning® Willow® glass (100 μm thick) and 

cycled the device between flat and bent states using a Dynamic Mechanical Analysis (DMA) 

instrument with a 3-point flexural test setup, as shown in Figure 7(a-b). After cycling the EC 

device 50 times with forces upwards of 1200 g (a load just below the fracture point of the glass 

yielding a vertical displacement of 0.3 mm, Figure S16), we saw strains of this magnitude were 

subject to creep that resulted in small amounts of permanent deformation. This is evident in the 

data shown in Figure S16. Irrespective of this irreversible degree of strain, we observed very 

little change in the transmission spectrum seen in the absorptive and bleached states (Figure 7c, 

with an applied bias of 1.0 V). After bending, the ΔTmax and η of the EC device decreased by 

1.3 % and 6.2 %, respectively (Table S2), which further illustrates the small influence of 

bending and applied stress on EC device performance. We also monitored switching times for 

coloration and bleaching as determined from cycling the EC device with a 1.0 V bias while 

monitoring transmission at 600 nm (Figure 7d). These times were comparable before and after 

bending and were also comparable to device performance on non-flexible substrates as 

previously measured (Table S2 cf. Table 1). Taken together, these results suggest promise for 

materials better optimized for compatibility with large-scale roll-to-roll processing (most notably 

Page 21 of 28

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22

for the electrolyte phase) to afford high electro-optical performances in PECs with robust 

degrees of flexural stability.

2.4. Conclusion

The current work describes a prototype of a device that takes advantage of the unique attributes 

of high photovoltaic performance Si μ-cells.18 The ability to integrate relatively transparent, 

single-crystalline materials with EC thin film devices provides an intriguing approach to 

Figure 7. Images of the 3-point flexural test setup for the flexible EC device in (a) a flat and (b) 
bent state. (c) Transmission spectra of the EC device before (black) and after (blue) bending. (d) 
EC device cycling between +/- 1.0 V monitored at 600 nm before (black) and after (blue) bending.
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construct autonomous (i.e., self-powered) smart windows with high performance and long 

lifetimes. The materials attributes of the designs shown afford notable points of distinction and 

contrast with self-powered window designs based on polymeric or organic PV materials. 

Additionally, in contrast to side-by-side PEC or edge-lined technologies, the micro-PV array 

form factor allows for enhanced JSC by short-range waveguiding effects to the PV device edges 

afforded by planarization in NOA, and the implementation of ultrathin Si PV minimizes large-

scale production costs by virtue of their fabrication via “kerf-free” methods54-58 relative to 

conventional wafering techniques.35, 59 We further show materials processed via sol-gel methods 

that are easily fabricated and scaled as functional thin films, a gel electrolyte that displays high 

ionic conductivity with desirable mechanical properties, and potential for fabrication on flexible 

substrates that are compatible with roll-to-roll processing. The combination of these 

electrochromic materials shows impressive performance with a ΔTmax as high as 33% and fast 

switching times as low as 8 seconds for modulation at 600 nm. With high transmission and the 

ability to place the μ-cells nearly anywhere in the window area, switching times of less than 3 

minutes are achieved with ΔTmax of 32% for two Si μ-cells connected in series (1.12 V). 

Switching times can be addressed either via Si μ-cell density corresponding to additional μ-cells 

in parallel, or via concentration. Future work aims to optimize electrochromic layer materials 

selection and thickness for performance with the Si μ-cell array. These strategies illustrate 

pathways toward full PEC-based prototypes of functional smart windows on the building-scale 

with similar modulation in transmission and fast switching times.

Supporting Information

Experimental methods, materials characterization, Si solar microcell fabrication and testing, 

additional electrochromic device characterization, and additional photoelectrochromic device 
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characterization is available in the supporting information. Also available is a video of the 

assembled electrochromic device cycling from the bleached to the absorptive state. University 

logo in video used with permission from the University of Illinois.
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