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MULTILAYER CARBON NANOTUBE FILM-CONTAINING DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S Provisional Patent Application No.
62/504,109 filed May 10, 2017, the contents of which are incorporated herein by reference in

their entirety.

CONTRACTUAL ORIGIN
The United States Government has rights in this disclosure under Contract No. DE-
AC36-08G028308 between the United States Department of Energy and Alliance for
Sustainable Energy, LLC, the Manager and Operator of the National Renewable Energy
Laboratory.

BACKGROUND
The cost of conventional photovoltaics based on silicon modules is now competitive
with non-renewable energy sources. Next-generation photovoltaic technologies must offer
significantly lower costs or high-value functional properties to extend beyond the current
residential rooftop and large-area solar farm markets. Building-integrated photovoltaics —
where photovoltaic panels replace conventional building materials such as the roofs, windows,

or facades — offer one such alternative pathway to increased solar energy penetration.

SUMMARY
An aspect of the present disclosure is a device that includes an active layer and a first
charge transport layer, where the first charge transport layer includes a first layer and a second
layer, the first layer is in contact with the second layer, the second layer is positioned between
the first layer and the active layer, the first layer comprises a first carbon nanostructure, and

the second layer includes a second carbon nanostructure.

In some embodiments of the present disclosure, the first carbon nanotube may include
a first single-walled carbon nanotube (SWCNT). In some embodiments of the present
disclosure, the first SWCNT may further include a dopant. In some embodiments of the present
disclosure, the dopant may include at least one of triethyloxonium hexachloroantimonate,
2.3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane, a phosphine, an alkyl crown ether
complex, an amine, nitrogen, and/or boron. In some embodiments of the present disclosure, the
dopant may be present at an atomic concentration between greater than 0% and 30%. In some

embodiments of the present disclosnre the firet laver mav have a thickness between one
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nanometer and 200 nm, inclusively. In some embodiments of the present disclosure, the first

SWCNT may be at least partially semiconductive and/or partially metallic.

In some embodiments of the present disclosure, the second carbon nanostructure may
include a second SWCNT. In some embodiments of the present disclosure, the second SWCNT
is not doped. In some embodiments of the present disclosure, the second carbon nanostructure
may further include a polymer where the second carbon nanostructure may be at least partially
coated by the polymer. In some embodiments of the present disclosure, the polymer may
include at least one of poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6"-{2,2"-bipyridine})],
poly[(9,9-dihexylfluorenyl-2,7-diyl)-co-(9,10-anthracene)], poly(9,9-dioctylfluorenyl-2,7-
diyl), poly[2-ureido-6] 1 H]-pyrimidinone], poly[(9,9-di-n-dodecyl-2,7-fluorendiyl-dimethine)-
(1,4-phenylene-dinitrilomethine)|, and/or poly(3-hexylthiophene-2,5-diyl) (P3HT). In some
embodiments of the present disclosure, the polymer may be present at a mass ratio of the
polymer to the second carbon nanostructure between 0.1:1 and 1:1, inclusively. In some
embodiments of the present disclosure, the second layer may have a thickness between greater
than one nanometer and 200 nm, inclusively. In some embodiments of the present disclosure,

the second SWCNT may be at least partially semiconductive and/or partially metallic.

In some embodiments of the present disclosure, the first layer and the second layer are
permeable to an intercalating molecule. In some embodiments of the present disclosure, the
intercalating molecule may include CHsNHz. In some embodiments of the present disclosure,

the first layer and the second layer are capable of transmitting light.

In some embodiments of the present disclosure, the first carbon nanostructure may
include a first single-walled carbon nanotube (SWCNT) that is doped with 2,3,5,6-tetrafluoro-
7.7.8,8-tetracyanoquinodimethane (F4sTCNQ), the FsTCNQ may be present at an atomic
concentration between greater than 0% and 30%, the second carbon nanostructure may include
a second SWCNT at least partially coated with poly(3-hexylthiophene-2,5-diyl) (P3HT), the
P3HT may be present at a mass ratio of the P3HT to the second SWCNT between 0.1:1 and
1:1, inclusively, and the first layer and the second layer may have a combined thickness
between 1 nanometer and 200 nanometers. In some embodiments of the present disclosure, the
active layer may include at least one of an inorganic semiconductor material, an organic-

inorganic semiconductor material, and/or an organic semiconductor material.

An aspect of the present disclosure is a method for reversibly switching a window

integrated photovoltaic device betwasn a firet ctata and a cacond state, where the method
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includes a first reversible transferring of a molecule from a reservoir through at least a charge
transport layer to an active layer, intercalating the molecule in the active layer, decalating the
molecule from the active layer, and a second reversible transferring of the molecule through at
least the charge transport layer to the reservoir. Further, the first reversible transferring results
in the first state, while in the first state, the active layer is substantially transparent to visible
light, the second reversible transferring results in the second state, while in the second state,
the active layer is substantially opaque to visible light, and while in the first state and the second

state, the device is capable of converting at least a portion of light to electricity.

In some embodiments of the present disclosure, the charge transport layer may include
a first layer and a second layer, the first layer may be in contact with the second layer, the
second layer may be positioned between the first layer and the active layer, the first layer may
include a first carbon nanostructure, the second layer may include a second carbon
nanostructure, and the charge transport layer may be positioned between the active layer and

the reservorr.

BRIEF DESCRIPTION OF THE DRAWINGS
Exemplary embodiments are illustrated in referenced figures of the drawings. It is
intended that the embodiments and figures disclosed herein are to be considered illustrative

rather than limiting.

Figure 1 illustrates a photovoltaic and/or emitting device, according to some embodiments of

the present disclosure.

Figure 2 illustrates a photovoltaic and/or light-emitting device having a charge transport layer
containing a first layer and a second layer, according to some embodiments of the present

disclosure.

Figure 3 illustrates a switchable layer that is reversibly switchable between a first state 310 that
is transparent and a second state 320 that is opaque, according to some embodiments of the

present disclosure.

Figures 4A, 4B, and 4C illustrate methods for circumventing the tradeoffs found in window-
integrated PV (WIPV) devices, according to some embodiments of the present disclosure.
Figure 4A illustrates power conversion efficiency as a function of visible transmittance
illustrates the fundamental trade-off for semitransparent WIPV using static absorbers. The

lower, right marker (marked UV), indicates the maximum theoretical PCE of a PV device
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converting only UV light, and the marker labeled IR indicates the maximum PCE of a PV
device that converts only IR light. The remaining markers are calculated from the theoretical
maximum for a 1.5 eV bandgap methylammonium lead iodide (MAPI) perovskite of varying
absorber thicknesses. Figure 4B illustrates AM1.5 solar spectral irradiance as a function of
solar photon energy (the outer boundary). The internal spectra correspond to different
wavelengths of light with the arrow indicating increasing wavelengths. S-Q is the Shockley—
Queisser limit of an absorber layer thick enough to have unity absorption of photons with
energy at or above the absorber bandgap. Figure 4C illustrates the intercalation/de-intercalation
mechanism behind the photothermal switching of mixed-halide perovskite (MHP) WIPV

devices.

Figure 5 illustrates the absorption coefficient as a function of energy for single crystal of
methylammonium lead iodide (MAPI), according to some embodiments of the present

disclosure.

Figure 6A illustrates a mechanism of the reversible thermal modulation of molecular CHsNH2
intercalation in a MAPI film deposited on an ATR crystal, according to some embodiments of

present disclosure. Intercalation results in an increase in film thickness (2> Wi).

Figure 6B illustrates differential FTIR spectra for two transparent-to-colored WIPV cycles. All
spectra are referenced to the initial signal from the CH3NH;3PbI; film at 25 °C under vacuum
with no CH3NH: present (baseline). A positive peak due to the amine (v~.g) stretching vibration
of the intercalating CH3NH: after 5% partial pressure of CH3NH2 was introduced and balanced
to atmospheric pressure with Ar. The negative peak highlighted is due to increased film
thickness and thus decreased signal from CH3NH3" ions in the detection region of the
intercalated film. The film was visibly transparent, which is shown in the optical image to the
left of the corresponding spectrum with a dashed white circle that outlines the ATR crystal.
Upon heating the ATR crystal to 60 °C with the film in the same atmosphere, the film visually
returned to the colored state and the spectrum confirms nearly complete de-intercalation with
some residual CH3NHz. The stage around the ATR crystal was not heated. The ATR crystal
was cooled and heated again in cycle 2 to yield the top two spectra. The spectra are not
normalized and are offset for clarity. The background due to thin film interference of each

spectrum was subtracted with a polynomial fit.

Figure 7 illustrates background subtraction from FTIR data. The solid line is a 3™ order

polynomial fit to the data at 60 °C. Thn Anchnd linn e o 20 ~eder polynomial fit to the data at
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25 °C. The fit parameters are shown in Figure 7.

Figures 8A-8H illustrate the composition and performance of switchable WIPV devices,
according to some embodiments of the present disclosure. Figure 8 A illustrates a PV device
architecture, according to some embodiments of the present disclosure. Figure 8B illustrates
an SEM cross-section image of the device showing the layers beneath the nickel grid coated
with PEDDOT:PSSP-Setbitol - according to some embodiments of the present disclosure. The
scale bar is 200 nm. Figure 8C illustrates a photograph of a device with three complete pixels
highlighted with dashed white lines, according to some embodiments of the present disclosure.
Figure 8D illustrates an SEM image highlighting the nickel grid top contact, according to some
embodiments of the present disclosure. The scale bar is 300 um. Figure 8E illustrates an SEM
image of nickel grid coat (white lines) coated with PEDDOT:PSSP-Sobitel Jaminated onto the
SWCNTMTONQ Jayer, according to some embodiments of the present disclosure. Excess
PEDDOT:PSSP-Sebitol i yisible along the grid. The scale bar is 50 um. Figure 8F illustrates an
SEM image showing the porous network of SWCNTF4TENQ that allows gas to permeate through
to the CH3NH3PbIs layer for switching, according to some embodiments of the present
disclosure. Figure 8G illustrates the transmittance of a device in the transparent (indicated as
“bleached™) and colored states as a function of wavelength, according to some embodiments
of the present disclosure. Figure 8H illustrates the current density as a function of voltage of
the champion switchable PV devices in the dark (dashed) and under illumination (solid),
according to some embodiments of the present disclosure. The inset table shows PV

performance metrics of the device before being transitioned to transparent.

Figure 9 illustrates optical absorption spectra of ink used to generate SWCNTFTENQ [ayer,
according to some embodiments of the present disclosure. A SWCNT/PFPD ink was doped in
the solution phase with the charge transfer dopant FsTCNQ at a doping concentration of 250
ug/mL. Adding FsTCNQ to the SWCNT ink results in bleaching of the Si1 transitions,
indicative of a charge transfer interaction between the dopant and SWCNTs in the solution

phase. The ink that was sprayed directly onto the SWCNT/P3HT layer in the device stack.

Figure 10 illustrates the energy diagram of a switchable PV device, according to some
embodiments of the present disclosure, according to some embodiments of the present

disclosure.

Figure 11 illustrates a comparison of current-voltage characteristics for various device

architectures, according to some emhndimante af tha nracant digclosure.
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Figures 12A, 12B, and 12C illustrate the dynamic transmittance and power generation from
switchable WIPV devices, according to some embodiments of the present disclosure. Figure
12A illustrates the short-circuit current as a function of time for 20 cycles of 3 minutes of 1-
sun illumination followed by 5 minutes of cooling in the dark. Figure 12B illustrates the short-
circuit current as a function of time for the first illumination cycle. The still-frames show the
transition from transparent to colored and back to bleached at various times during the process.
Figure 12C illustrates the short-circuit current as a function of time for the 15" cycle with

corresponding still-frames showing continued device switching.

REFERENCE NUMBERS
100........................... device
110........................... active layer
120........................... charge transport layer
122.......................... firstlayer
124........................... second layer
130........................... charge collecting layer
300........................... switchable device
310........................... switchable layer in first state
320........................... switchable layer in second state
330........................... intercalating species reservoir
340........................... switching mechanism

DETAILED DESCRIPTION

The present disclosure may address one or more of the problems and deficiencies of the
prior art discussed above. However, it is contemplated that some embodiments as disclosed
herein may prove useful in addressing other problems and deficiencies in a number of technical
areas. Therefore, the embodiments described herein should not necessarily be construed as

limited to addressing any of the particular problems or deficiencies discussed herein.

The present disclosure relates to improved photovoltaic devices, photo-emitting
devices, and thermochromic devices (examples provided in U.S. Patent Application
Publication No. 2017-0089128 A1, which is incorporated herein by reference in its entirety).
Figure 1 illustrates a general schematic of such a device 100A that includes an active layer 110
positioned between a first charge transport layer 120A and a second charge transport layer

120B. The device 100A also includes a first charee collecting layer 130A in electrical
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communication with the first charge transport layer 120A, and a second charge collecting layer
130B in electrical communication with the second charge transport layer 120B. In some
embodiments of the present disclosure, the active layer 110 may absorb light to generate a
voltage and/or a current, or the active layer 110 may emit light when a voltage and/or current
is applied to the active layer 110. The active layer 110 may include at least one of a bulk
inorganic semiconductor layer (silicon, germanium gallium arsenide, cadmium telluride, lead
sulfide, etc.), an organic-inorganic semiconductor layer (e.g. methylammonium lead iodide),
an organic semiconductor layer (e.g. conjugated polymers such as polyacetylene,
phthalocyanine, polyethylene terephthalate, poly(3,4-ethylenedioxythiophene), poly(3-nethyl-
thiophene), poly(3-hexylthiophene) and fullerenes (C60, C70, etc.), their derivatives (phenyl-
C61-butyric acid methyl ester, thienyl-Cs1-butyric-acid-methyl ester, etc.), as well as bulk or
planar heterojunctions composing a number of these components, and/or semiconductor
quantum dots (e.g. silicon, germanium gallium arsenide, cadmium telluride, lead sulfide,
cadmium selenide, etc.). The example of Figure 1 illustrates only one active layer 110.
However, it is to be understood that a such a device may include one or more active layers, for
example, stacked on top of each other to maximize the amount of the sun’s energy that is

converted to electricity in a photovoltaic device.

In general, a charge transport layer 120 (120A and/or 120B) may be a hole transport
layer or an electron transfer layer to enable the generation of charge separation within the
device 100. In some embodiments of the present disclosure, at least one of the first charge
transport layer 120A and/or the second charge transport layer 120B may include a single-
walled carbon nanotube (SWCNT) and/or multi-walled carbon nanotube (MWCNT) layer. As
used herein, “CNT” includes SWCNTs and MWCNTs. A CNT layer may be doped and/or
wrapped in a polymer. The doping may include immersing the SWCNT network in a solution
comprising a charge-transfer dopant until a charge carrier (electron or hole) doping level of the
SWCNT network is saturated; e.g. having a carrier density between 1x10' and 1x10?! per
cubic centimeter. The charge carrier doping level of the SWCNT network can be further tuned
by immersing the SWCNT network in a solvent to intentionally re-dissolve some of the
adsorbed dopant. The charge-transfer dopant may include at least one of triethyloxonium
hexachloroantimonate (OA, a p-type dopant), 2.3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (FsTCNQ, a p-type dopant), amines (ammonia, primary, secondary,
and tertiary alkyl- or arylamines, n-type dopants), phosphines (n-type dopants), and/or alkali

crown ether complexes (n-type dc=~*- Y Moo mcbeiel- dopants, such as nitrogen or
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boron, may also be employed.

The polymer used for wrapping a CNT may determine the chirality and/or length of the
CNT and provide solubility in various solvents. The polymer may also provide energetic
alignment to the active layer 110. CNTs may be dispersed in a fluorene-based polymer or co-
polymer solution generated by dissolving polymer in toluene and/or an alternative solvent at a
concentration between 0.4 — 2 mg/mL. The polymers used may include poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(6,6"-{2,2"-bipyridine} )] (PFO-BPy), poly[(9,9-
dihexylfluorenyl-2,7-diyl)-co-(9,10-anthracene)] (PFH-A), poly(9,9-dioctylfluorenyl-2,7-
diyl) (PFO), and/or “cleavable” polymers such as poly[2-ureido-6[1H]-pyrimidinone| (SMP)
and poly[(9,9-di-n-dodecyl-2,7-fluorendiyl-dimethine)-(1,4-phenylene-dinitrilomethine)| (PF-
PD). Additional polymers may include polythiophenes such as poly(3-hexylthiophene-2,5-
diyl) (P3HT). Treatments may be employed to remove the polymer. A solvent soak (e.g.
toluene) was used in one example and removed excess fluorene-based polymer or co-polymer,
leaving polymer wrapped CNTs in a mass ratio between greater than 0.1:1 and approximately
1:1 (polymer:CNTs), and enabling close physical contact and efficient electronic coupling
between CNTs. For “cleavable” polymers, a soak in dilute tri-fluoroacetic acid breaks the

bonds in between monomers, enabling complete removal of the polymer.

In general, a charge collecting layer 130 (130A and/or 130B) may be any suitable,
highly conductive material that enables the removal of the charges generated in or provided to
the active layer 110. In some embodiments of the present disclosure, at least one of the first
charge collecting layer 130A and/or the second charge collecting layer 130B may include at
least one of the CNT combinations described above for the charge transport layers (120A and
120B) with a higher dopant density. The specific number, combination, and order of the various
layers of a specific device will be dictated by the specific use and/or design requirements of

the device.

Figure 2 illustrates a schematic of a device 100B that includes an active layer 130 in
electrical communication with a charge transport layer 120 having a second layer 124
positioned between the active layer 110 and a first layer 122. The first layer 122 of the charge
transport layer 120 may also be in contact with a charge collecting layer 130. In some
embodiments of the present disclosure, the first layer 122 may behave like a charge transport
layer, while the second layer 122 provides a performance enhancing attribute; e.g. improved

band gap alignment, improved charge transport, etc. Examples of such improvements are
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provided below. Thus, the first layer 122 may be made from CNTs composed of the elements
described above for layers 120A,B and 130A,B for Figure 1. The second layer 124 may be also
be composed of these elements. The elements that compose layer 124 combine to provide
favorable energetic alignment with the active layer 110 (that is, favored electron (hole)
extraction and hole (electron) blocking). The elements that compose layer 122 combine to
provide favorable alignment with layer 124 and enhanced lateral carrier transport. The charge

collecting layer 130 may include a metallic layer for lateral transport.

Figure 3 illustrates a switchable device 300 having a switchable layer (310 and 320),
which may be in the form of a film and/or a layer that may be reversibly switched between a
first transparent state 310 to a second tinted state 320, utilizing a switching mechanism 340.
Switching of the switchable device 300 between the switchable layers two states (310 and 320)
may be induced by an energy input into the device containing the switchable layer (310 and
320) such as solar radiation and/or any other suitable energy source and/or heat source. Other
switching mechanisms may include introducing an electrical bias and/or subjecting the
switchable device 300 to a mass concentration gradient that drives the intercalating species
between the switchable material and the intercalating species reservoir; e.g. by flowing gas
over a surface of the switchable material. In some embodiments of the present disclosure, the
switchable layer (310 and 320) has been shaped into a specific shape or form, in this example,
a film and/or layer. In some embodiments of the present disclosure, the switchable layer (310
and 320) may be in any other suitable shape and/or form; e.g. spheres, cylinders, rods, and/or
cones, etc. In addition, the switchable layer (310 and 320) may have at least one textured
surface. In the example of Figure 3, the switchable layer (310 and 320) is shown positioned
adjacent to an intercalating species reservoir 330. When the switchable layer is in a first
transparent state 310, intercalating species 220 are intercalated into the switchable layer 320.
As shown in the example of Figure 3, while the switchable layer is in the first transparent state
310, none and/or a fraction of the intercalating species 220 may be contained in an intercalating
species reservoir 330. When switched to the second tinted state 320, all or substantially all of
the intercalating species 220 may diffuse out of the switchable layer 320 into the intercalating
species reservoir 330. However, it should be understood, that in some embodiments of the
present disclosure, removal of intercalating species 220 from the switchable layer and/or the
intercalating species reservoir 330 may be less than 100% complete; e.g. when the switchable

layer is in a first transparent state 310, some intercalating species 220 may remain in the
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reservoir 330, and when in a second tinted state 320, some intercalating species 220 may remain

in the switchable material.

In some embodiments of the present disclosure, an intercalating species reservoir 330
may be a space positioned adjacent to the switchable layer (310 and 320) such that the space is
filled with at least one of a gas, a liquid, and/or a solid. When an intercalating species reservoir
330 includes a space filled with a gas, the space may be at any suitable pressure, from pressures
above atmospheric pressure (e.g. about 760 torr up to 1550 torr) to pressures equal to or
approaching absolute vacuum (e.g. about 10! up to 760 torr). In some embodiments of the
present disclosure, a gas may be contained in an intercalating species reservoir 330 (e.g. a
space) that is completely enclosed and isolated from the environment external to the device
300, with no inlet and/or outlet to allow for the transfer of gas and/or intercalating species 330
between the intercalating species reservoir 330 and an environment external to the device 300.
In some embodiments of the present disclosure, at least one port 430 may be positioned within
the intercalating species reservoir 330 such that the intercalating species 220 may be reversibly
added and/or removed from the intercalating species reservoir 330. In some embodiments of
the present disclosure, an intercalating species reservoir 330 in the form of an empty space may
be positioned relative to the switchable layer (310 and 320) such that there are no physical

barriers to mass-transfer between the space and the switchable layer (310 and 320).

Unlike conventional PV technologies that maximize light absorption through optically
dense films, WIPV designs may achieve high solar-to-electrical power conversion efficiency
(PCE) while maintaining visible light transmittance (VLT) for acceptable window
performance. For this reason, the non-visible regions of the solar spectrum may be targeted for
conversion. However, the complex organic materials capable of IR-only conversion constrain
these systems to below the thermodynamic limit with a practical PCE limit of 10.8% (see
marker labeled IR in Figure 4A), and the ultraviolet (UV) portion of the spectrum makes up
only a small fraction of the solar spectrum to provide a theoretical maximum PCE of 2.5% (see
marker labeled UV in Figure 4A). As a result, typical WIPV designs feature semitransparent
absorber films that are thin enough to absorb only a fraction of the visible spectrum. As shown
in Figure 4A for calculations based on methylammonium lead iodide (CH3NH3Pbls, MAPI),
the ultimate drawback of semitransparent WIPV is that the PCE decreases nearly linearly with
VLT. Fewer photons are converted as a perfect absorber (see arrow-head inf Figure 4B), which

corresponds to the Shockley—Queisser (S-Q) limit, is reduced to a 10 nm thick absorber (see

10
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tail of the arrow in Figure 4B). Semitransparent WIPV designs thus suffer from the
fundamental tradeoff between PCE and VLT.

Thus, as described herein, the tradeoff between PCE and VLT inherent in static
absorber materials is circumvented with the demonstration of a “switchable” WIPV device
containing an MHP absorber layer that is photothermally modulated between a high-VLT
transparent state and a photovoltaic colored state. This is possible due to the low formation
energy of MHP materials, which allows for intercalation/de-intercalation of polar molecules
with small changes in energy. It is shown herein that this energy can be delivered with sunlight,
as shown schematically in Figure 4C. At ambient temperature, molecular intercalation disrupts
the MHP structure to yield a transparent state. Upon solar illumination, photothermal heating
leads to de-intercalation of the species from the MHP material to yield the relatively opaque,
colored photovoltaic state. Cooling reverses the processes by allowing molecules to intercalate

back into the MHP that then returns to the transparent state.

Reversible intercalation of methylamine (CH3NH2) into MAPI is demonstrated herein
using Fourier transform infrared spectroscopy (FTIR) in Figure 6B. MAPI was cast from
solution onto an attenuated total reflectance (ATR) crystal to vield a film of thickness Wi,
shown schematically in Figure 6A. The film is highlighted with a dashed white circle in the
inset optical image (see Figure 6B). The film was sealed in a glass chamber and placed under
static vacuum (~40x1073 torr). FTIR signal from this film was then zeroed to give the baseline
spectrumin Figure 6B. The atmosphere of the glass chamber was filled with 5% partial pressure
of CHsNH2 in Ar at atmospheric pressure (~620 torr). The environment was closed, and no
more CH3NH2 was introduced during the experiment. Introduction of 5% CH3;NH:2 atmosphere
caused the MAPI film to bleach (inset image), and CH3NH:z (vn.z) vibrations emerged from
the baseline centered at 3250 cm™ to confirm intercalation of CH3NH2 into the MAPI film. The
MAPI film increased in thickness as a result of intercalation (W2 > Wi, Figure 6A). Film
expansion lead to decreased signal from N-Hyx stretching vibrations of methylammonium
(CH3NH3") cations in the MAPI film, which was manifested as a negative peak centered at

3130 cm™.

The transparent-to-colored cycle was completed by heating the ATR crystal to 60 °C,
which is similar to the color switching threshold temperature of 68 °C used in vanadium dioxide
thermochromic window technology. It is clear from the inset optical images that the film

reverted back to the colored state. Signal due to CH3NH;" returned to its baseline level, and the
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intensity of the CH3NH: peak was largely reduced due to de-intercalation of CH3NH:z from the
MAPI film back into the vapor phase, though some residual CH3NHz still remains. A second

cycle is displayed to demonstrate repeated reversible switching.

Reversible bleached-to-colored modulation using solar-simulated illumination in a full
PV device stack is describe below. A particular challenge was to engineer hole transport and
top contact layers that meet four required criteria: (i) high electrical conductivity, (7i) favorable
energetic alignment with the MAPI layer, (iii) significant transparency in the visible portion of
the solar spectrum, and (7v) permeability to CH3NH2 vapor. A number of architectures were

explored and are summarized in Table 1.

Table 1. Device performance for various hole transport architectures

Hole Transport Visibly Vapor Voc (;];(1:& FF PCE
Architecture Transparent | Permeable V) cm?) (%) (%)
SWCNTHIENY,

. D-Sotbitol /N 0.71 0.6 0.19 0.08
PEDOT.PSS /N1 Yes Yes 1024 | 201 2004 | £0.02
Grid
SWCNT/P3HT/

. D-Sotbitol /N 0.87 20.7 0.34 6.2
PEDOT.PSS /N1 Yes Yes 1001 | 205 L 0.06 111
Grid
iﬁgggé%?’gf {)SS\QIENT Yes Yes 0.93 20.6 0.54 10.3
SOIbitol/Ni Grld ' + 001 + 07 + 003 + 09
Spiro-OMeTAD/

. D-Sotbitol /N 0.96 0.2 0.20 0.04
PEDOT:PSS /Ni Yes Yes +0.04 | 201 | £001 |=0.01
Grid*

) 1.05 21.2 0.73 16.3
Spiro-OMeTAD/Au No No +0.01 £ 03 1 0.01 101

As shown herein, four complimentary layers on top of the typical planar MAPI device
architecture resulted in optimal performance in both VLT and PCE. A schematic of the full
architecture is illustrated in Figure 8A. MAPI was deposited on titanium dioxide (using
established methods) as the electron transport layer and fluorine-doped tin oxide as the
transparent bottom contact. The MAPI was coated with a hole transport layer of single-walled
carbon nanotubes wrapped in poly(3-hexylthiophene) (SWCNT/P3HT). This layer is porous,
visibly transparent, and is a promising alternative to 2,2',7,7-Tetrakis(N,N-di-p-
methoxyphenylamine)-9,9'-spirobifluorene  (spiro-OMeTAD). Spiro-OMeTAD enables
excellent PV performance but leads to degradation of the MAPI absorber in PV devices. A
second layer of SWCNTSs doped with 2,3,5,6-Tetrafluoro-7,7.8,8-tetracyanoquinodimethane
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(SWCNTFTCNQ) was spray-coated to improve lateral electrical transport to the top contact.
FATCNQ is a charge-transfer dopant that enhances p-type conductivity within each SWCNT
(see Figure 9). This layer was also chemically treated with trifluoroacetic acid after deposition
to de-polymerize and remove the wrapping polymer that provides solubility in order to enhance
electrical conductivity between SWCNTSs. An electrical contact to the top of conventional MHP
PV devices was made with evaporated metal. A nickel micromesh was laminated to provide
high electrical conductivity and 88% optical transparency. The nickel mesh was laminated to
the SWCNTFTENQ layer by first spray-coating poly(3,4-ethylene

dioxythiophene):poly(styrenesulfonate), an electrically conductive polymer, doped with D-
sorbitol (PEDOT:PSSP-Serbitoly that serves as an “electric glue” between the SWCNTF4TENQ gnd
the micromesh. The nickel micromesh was then adhered to the SWCNTFTENQ Jayer with gentle
mechanical pressure to complete the PV device. The PEDOT:PSSP-Sotbitol [ayer functions as an
effective hole transport layer. The energy diagram describing the full device architecture is

illustrated in Figure 10.

The two layers of SWCNTs are important to the function of the double-layer SWCNT
layer described above. As shown in Table 1, if only the doped SWCNT layer is in contact with
the perovskite active layer, the power conversion efficiency is extremely low and the device
does not function well at all. However, when the undoped SWCNT layer (the second layer 124
of Figure 2) is used in between the heavily doped (conductive) layer (the first layer 122 of
Figure 2) and the perovskite active layer (active layer 110 of Figure 2), the device functions
very well, with power conversion efficiency exceeding 10%. Thus, the undoped SWCNT layer
(second layer 124) appears to provide the appropriate energy level matching and charge
extraction from the device active layer 110, after which the charge lifetime in the undoped layer
is very long. This allows the charges to diffuse to the conductive SWCNT layer (the first layer
122) where they can be extracted to the charge collecting layer 130, into the external circuit as
current. This allows for many variations on this double-layer electrode. The undoped layer (the
second layer 124) can be highly enriched semiconducting SWCNTSs or mixed (metallic and
semiconducting) SWCNTs, as long as they are not doped sufficiently to have high carrier
density; e.g. less than about 1x10'7 per cubic centimeter. Any number of polymers and/or
surfactants may be used to generate this layer, as long as the polymers/surfactants does/do not
dope the SWCNTSs. The conductive SWCNT layer (the first layer 122) may also include any

ratio of semiconducting to metallic SWCNTSs, as long as they are sufficiently doped; e.g. having
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a carrier density between 1x10' and 1x10?! per cubic centimeter. Any number of different
diameters and diameter distributions can also be used to produce both of the layers, with the
full range of commonly synthesized SWCNT diameters being feasible (between 0.6 nm and

2.0 nm).

Figure 8B illustrates a scanning electron microscopy (SEM) image of the device cross-
section. A 600 nm-thick MAPI absorber layer was deposited on a 100 nm-thick layer of TiOx.
The two SWCNT layers formed a continuous and wispy layer of approximately 100 nm. The
SWCNT/P3HT polymer-containing layer cannot be distinguished from the SWCNTF4TENQ
doped layer in the image. Details regarding chirality/diameter distributions are supplied below
for these two distinct SWCNT layers. Figure 8C illustrates a photograph highlighting three
pixels (dashed white boxes) completed with the nickel microgrid top contact. Continuous
adhesion of the nickel microgrid is shown in Figure 8D, with the exception of where the device
was cross-sectioned in the foreground of the SEM image. Figure 8E is an SEM image that
highlights excess PEDOT:PSSP-Sobitel that is also beneath the nickel microgrid layer to adhere
it to the SWCNTTNQ Jayer. Figure 8F is an SEM image illustrating the porosity of the SWNT
layers, which is needed for CH3NH: vapor permeation into the MAPI layer.

VLT is an important metric for WIPV devices. Figure 8G shows the transmittance of
the full device stack spanning UV to IR portions of the electromagnetic spectrum. The visible
portion is highlighted to illustrate reversible switching in this region. The device was highly
absorbing in the visible portion in the colored state with an average VLT of 3%, which is a
standard upper limit needed for building occupant comfort from direct sun glare. The VLT
increased to 68% when in the transparent state (5% pressure CH3NH: in argon at room
temperature). The observed decrease in transmittance in the infrared region is due to thin film
interference and FTO absorption that is featured in current low-emissivity films used in current

high-performance window technology.

Figure 8H shows the current density — voltage curve of the switchable PV device in the
dark (dashed) and under 1-sun illumination (solid). The champion device exhibited a PCE of
11.3% with an average of 10.3 + 0.9% in five devices. A table with the performance metrics of
the high-performing device are shown in the inset to Figure 8H. For comparison, control
devices were fabricated with the same MHP and electron contact layers but with Li-doped
spiro-OMeTAD as the hole transport layer and gold as the top contact to mimic conventional

MHP PV devices. The control devices, which do not switch since the gold contact is not
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permeable to CH3sNH2 vapor, exhibited an average PCE of 16.3 + 0.1%. The short-circuit
current density (Jsc) of 21.2 mA c¢cm™ for the champion switchable device was identical to the
control device, whereas deficits in the open-circuit voltage (Voc) and fill factor (FF)
characterize the switchable WIPV device compared to the control device. The SWCNTF4TENQ
layer significantly improves FF, which is only 0.34 + 0.06% for devices with the
SWCNT/P3HT and not including the SWCNTFTXNQ Jayer. The SWCNT/P3HT alone was 100
electrically resistive for transport to the nickel micromesh contacts. The SWCNTFTENQ [ayer

significantly reduced the series resistance (see Figure 11).

Figures 12A-12C show dynamic photothermal modulation of a WIPV device
transmittance under 1-sun illumination while generating photocurrent. Figure 12A is a plot of
short-circuit current output as a function of time for a device enclosed in an atmosphere 5%
CH3sNH: balanced with argon to atmospheric pressure. The device started in the intercalated
(transparent) state at time zero until the device was exposed to 1-sun solar-simulated
illumination at 30 seconds, indicated by gray boxes in Figure 12A. Current was immediately
observed from the device after illumination, which increased and started to plateau after 1
minute. The current dropped to zero when the lamp was turned off after three minutes. The
lamp was turned back on after five minutes, and this cycle was repeated 20 times in a closed

atmosphere (no additional CH3NH2) to demonstrate repeated cycling.

Reversible color change was achieved during each of these cycles, as demonstrated by
still-frame images taken during the first and fifteenth cycles (see Figures 12B and 12C and
inset of Figure 12C). The current kinetics were similar in each cycle. The device immediately
produced current when illuminated, but did not visibly exhibit color change. The current
increased at a near-linear rate until 40 seconds of illumination when the current increased at a
higher rate, which correlated to visible color change and complete switching after three
minutes. When the lamp was tumed off, the device cooled in the chamber, which caused
CH3NH: vapor to intercalate back into the MAPI and return the device to the transparent state

after 3 minutes.

Maximum current decreased monotonically from nearly 1 mA to 0.18 mA after 20
cycles. The still-frame images in Figure 12C suggest degradation of the MAPI layer, which
show the device no longer had consistent coloration across the device as it did on the first cycle.
Without wishing to be bound by theory, there are a number of explanations for this: (i) It is

possible the MAPI layer does not re-form into the same uniform morphology as the original to
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yield a thinner, more transparent layer. (7i) Ions are known to migrate at elevated temperatures
and react with other layers in the device. (iii) Decreased sublimation temperature has been
observed previously for methylammonium halides when complexed to Pblz, so components of
MAPI may have been lost to the gas phase to yield Pblz in the layer. It should be possible to
overcome imperfect irreversibility with additional engineering and understanding of the film

intercalation/de-intercalation dynamics.

As described above, a device may include a transport layer having one more layers
constructed of CNT, for example SWCNT. CNTs may be chosen to have a characteristic
diameter, length, and/or chirality. For example, CNTs may have a diameter between 0.4 nm
and 40 nm. CNTs may also have a characteristic diameter to length ratio as high as 1.3 * 10"8.
A layer used to construct a transport layer may have a thickness between 5 nm and 500 nm. In

addition, CNTs may be selected having one or more characteristic chiralities.

Materials and Methods:

PCE versus VLT calculations: The calculations shown in Figure 4A were done with
Mathematica code written by Steven Byrnes and modified to read in the absorption coefficient
of an arbitrary absorber and calculate PCE as a function of solar photon energy. The absorption
coefficient, a(E), of a MAPI single crystal was determined using ellipsometry and was used
for calculations for different absorber layer thickness. An optical bandgap of 1.5 eV is used for
the S-Q limit. Because we are evaluating a window technology, we assume one pass of light

through the absorber to give the number of photons absorbed:
a(E,W) =T(E)(1 — exp[—a(E)W])

where I'(E) is the AML1.5 solar spectrum, E is the solar photon energy, and W is the thickness
of the absorber layer. The absorbance is used to calculate the current density from the device

from the following equation:

- 1]) dE

where e is the elementary charge, R is the radiative recombination rate at zero quantum Fermi

T

level splitting, V is voltage, and kp is the Boltzmann constant. The PCE is then calculated from

the maximum power point (i.e. where the product of / and V reaches a maximum).

Visible light transmittance is calculated from the following:
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VLT = sz1 w(E,W) dE
E I'(E)

where visible light is defined by what the human eye can see, which is between E; =1.65 eV

and E, =3.26 €V.

Crystal structures: Crystal structures in Figure 4C were for illustrative purposes only, as the
actual structure of the intercalated MAPI was not determined. The images were generated from
a .cif file of hydrated MAPI (CH3NH3Pbl3*H20) using Jmol open-source software. Hydrogen

1S not shown.

Absorber layer solution: The solution used to solubilize MAPI precursors was obtained by
charging acetonitrile with CH3NHz gas. Acetonitrile was dried and de-gassed using three
freeze-pump-thaw cycles and placed in an air-tight flask. CH3NH2 gas was flown into the vessel
through a Schlenk-line assembly. The acetonitrile was charged until a 30% by volume CH3NH:
solution was achieved. The flask was sealed and stored in a -20 °C freezer. Solution was

removed with needle through septum to keep the solution isolated from air exposure.

FTIR measurements: A Bruker Alpha FTIR spectrometer outfitted with a diamond ATR
crystal attachment was used in the study. A MAPI film was deposited onto an ATR crystal by
drop-casting a 0.055 M solution composed of methylammonium iodide and Pblz (5% excess)
and the 30% CH3NH: in acetonitrile solution. The film was annealed at 100 °C for 30 minutes.
Securing a custom glass chamber over the ATR crystal stage with a Viton O-ring enclosed the
film. Superglue was added to the O-ring/ATR stage interface to ensure the seal was maintained
at atmospheric pressure. The film was pumped down with a roughing pump over night to obtain
a base pressure of 68 mtorr. CHsNH2 was introduced into the glass jar at 20 torr, which
bleached the MAPI film. The jar was balanced with argon to reach atmospheric pressure. The
temperatures reported are those measured and delivered to the ATR stage with OPUS 7.2
software. Spectra shown at 60 °C were taken after the 3 minutes it took to ramp to that
temperature. Spectra shown at 25 °C were taken after 21 minutes, which is the time took to
cool to that temperature. The backgrounds of the resulting spectra were non-linear due to thin
film diffraction due to change in the MAPI film thickness. The background was subtracted
using a 3" order polynomial fit using IGOR Pro version 6.37. One fit was used to subtract the

baseline at each temperature. The raw data and polynomial fits are shown in Figure 7.

Photothermal switching of MAPI film: Glass was cut into a 1 inchx1 inch square, sonicated in
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acetone for 15 minutes, and blown dry with dry air. The substrates were treated in a UV-ozone
cleaner for 15 minutes before spin-coating a 0.55 M solution composed of methylammonium
iodide and Pblz (5% excess) and the 30% CH3NHz2 in acetonitrile solution onto the substrate at
2000 rpm for 20 s. The film was annealed at 100 °C for 30 minutes on a hotplate. Photothermal
switching of MAPI films was measured in a custom-built glass chamber outfitted with optical
ports and feedthroughs for gas input/output and a pressure gauge. The glass substrate with
MAPI film was secured in the chamber with a clip facing the optical port. The chamber is
sealed with a Viton o-ring and clamp and pumped down over night to reach a base pressure of
40 mtorr measured with a Varian type 0531 vacuum gauge. 5% CH3sNH2 partial pressure is
introduced into the chamber and backfilled with argon to reach slight overpressure above
atmospheric pressure (enough pressure to bubble Ar through 4 inches of mercury in a 1-inch
tube). A Cole-Palmer Illuminator 41720-series is used for solar-simulated illumination. The
lamp simulates 1-sun conditions by adjusting the intensity to 1000 W m™ using a Newport

power meter (model 841-PE) with a model 818P-015-19 sensor head.

SWCNT/P3HT ink preparation: Powdered Powdered SWCNTs produced by the CoMoCAT
process, SWeNT CG200, were purchased from Sigma-Aldrich. The producers of this material
report a diameter range of 0.7—1.4 nm and a relative purity of 90% as the percentage of carbon
that is present as SWNTs. rr-P3HT (3.0 mg, Rieke Metals Inc., weight-average molecular
weight My = 50000 g mol™!, and regioregularity = 95%) was dissolved in 5.00 mL of
chlorobenzene and sonicated in a bath sonicator for 60 min. SWCNTs (2.5 mg) were added, as
purchased, to the dissolved polymer solution and treated with a Cole Parmer 750 W ultrasonic
probe, operating at 100% power, for 10 min. After sonication, 5 mL of chlorobenzene was
added to improve the solubility of the polymer—nanotube hybrids. The mixture was
subsequently centrifuged for 8 minutes at 10000g (Beckman Coulter ultracentrifuge, SW32
rotor) to remove unfunctionalized SWCNTSs and other carbonaceous particles. The precipitate
was discarded, and the supernatant was recovered. 10 mL toluene was added in order to remove
the excess polymer. The mixture was then mildly heated for 60 minutes to induce aggregation
of the functionalized SWNTs. The aggregates were then removed by centrifugation (4 minutes
at 16000g). The supernatant containing excess polymer was discarded, and the precipitate was
recovered. The pellet consisted of 1.5—1.6 mg of polymer-wrapped nanotubes, which were
dispersed in 6 mL of chloroform. Immediately prior to spin-coating, the chloroform dispersion
was sonicated with an ultrasonic probe for 1 minute at low intensity (~10% of amplitude) to

break up clusters and bundles.
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SWCNTHTNC jnk preparation: SWCNTs were synthesized in-house at NREL via laser
vaporization of a graphite target at a furnace temperature of 1125 °C. The imine-based
dispersing  polymer,  poly[(9,9-di-n-dodecyl-2,7-fluorendiyl-dimethine)-(1,4-phenylene-
dinitrilomethine)] (PFPD), was synthesized in-house using procedures known to one of
ordinary skill in the art. To disperse the SWCNTs, 1.4 mg mL™! SWCNTs and 2 mg mL"! PFPD
were added to toluene and processed using an ultrasonic probe for 15 min while the vial was
submerged in a bath of dry ice and methanol. Following ultrasonication, the undispersed
material is pelleted out via 5 min ultracentrifugation (13,200 rpm, 20°C) using a Beckman
Coulter SW32Ti motor. The supernatant was retained and underwent further
ultracentrifugation (20 hr, 24,100 rpm, 0°C) to remove excess PFPD. The resulting pellet,
containing highly enriched semiconducting SWCNTSs wrapped with PFPD (SWCNT/PDPD),
was re-dispersed in neat toluene. The SWCNT/PDPD ink was doped in solution phase by
adding 250 pg/mL using 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4sTCNQ).
The bleach of the Si1 transition in the optical absorption spectrum of the ink after adding
F4TCNQ indicates successful doping (see Figure 9).

Device fabrication: Substrates with pre-patterned FTO deposited on glass were purchased from
Thin Film Devices, Inc. The substrates were sonicated in acetone for 15 minutes and blown
dry with dry air. The substrates were treated in a UV-ozone cleaner for 15 minutes before spin-
coating a 0.15 M TAA solution in 1-butanol (TAA= titanium diisopropoxide
bis(acetylacetonate, 75 wt% in 2-propanol, concentration of ~2 M) at 700 rpm for 10 s,
followed by 1000 rpm for 10 s, and finally 2000 rpm for 30 s. The resulting film is placed on
a hot plate at 125 °C for >2 minutes to drive off solvent and then placed in a 500 °C furnace to
sinter into TiOz2. A 0.55 M solution composed of methylammonium iodide and Pblz2 (5%
excess) and the 30% CH3NH2: in acetonitrile solution was spin-coated onto the substrate at 2000
rpm for 20 s in an inert atmosphere glovebox. The film was annealed at 100 °C for 30 minutes
in the glovebox to yield a MAPIlayer. The SWCNT/P3HT were deposited onto the MAPI layer
by spinning the substrate at 3000 rpm and dropping 300 pL of the SWCNT/P3HT dispersion
at a rate of ~1 drop every 3 seconds. SWCNTFTNQ thin films were deposited onto the WIPV
using ultrasonic spray deposition. Briefly, MAPI films on TiO2/glass substrates were heated to
130 °C on the stage in the spray chamber. Then, the SWCNT™TNQ ink was sprayed using a
dispersion flow rate of 0.25 mL/min, gas flow rate of 7.0 std L/min, and nozzle power at 0.8
W for 30 coats. After deposition, the films were soaked at 80 °C in a solution of 10 uL/mL of

POV RN o SRS 7 TP IR |

trifluoroacetic acid (Sigma-Aldrich s, followed by a rinse in neat
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toluene to fully remove the wrapping polymer, PFPD. Nickel micromesh composed of a square
network of 14 umx=14 pm nickel bars with 268 umx268 um holes was purchased from Precision
Eforming, Inc. A 2-inchx4-inch piece of mesh was attached to an aluminum plate using
polyimide tape. The aluminum plate is attached to a hotplate with polyimide tape and set to
120 °C. PEDOT:PSS (CLEVIOS PH1000) was purchased from Heraeus. 3 mL of PEDOT:PSS
was combined with 450 mg D-sorbitol and 136 uL dimethylsulfoxide and stirred with a
magnetic stir bar for 15 minutes. The solution was sprayed onto the micromesh on the hotplate
using an airbrush (Master Airbrush Model S68). The PEDOT layer is sprayed with 10 passes
at a rate of ~1 inch s at a distance of 6 inches from the mesh with the airbrush throttle fully
open. The PEDOT:PSSP-Sobitol \yag annealed for 10 minutes after spraying and then cooled to
room temperature before being cut into ~3 mmx11 mm strips. Transferring the strips with a
tweezers to cover the active area and pressing with gentle finger pressure through a flexible

Polyethylene terephthalate substrate completes the switchable PV device.

UV-vis-NIR measurements: Measurements were carried out on a Cary-6000i spectrometer with
an integrating sphere attachment. Devices were scored and cracked to roughly 2 cm wide to fit
into cuvettes. Silicone oil was placed on the back-side of the device to adhere it to the cuvette
and avoid additional thin film interference. The cuvette was sealed with a septum, and the
atmosphere was removed with a roughing pump through a needle. For the bleached state
measurement, 5% CH3NH: partial pressure was added to the cuvette and backfilled with argon.

The cuvette was filled with argon for the colored state measurement.

Current-voltage measurements: Solar cell devices were measured under AM1.5 illumination
in an inert atmosphere using a Newport solar simulator calibrated with a Si photodiode
(Hamamtsu, S1787-04). An aperture of 0.06 cm? was used when measuring current-voltage

curves.

Photocurrent measurement in switching device: Dynamic photoresponse of PV devices was
measured in a custom-built glass chamber outfitted with optical ports, feedthroughs for gas
input/output, electrical connection, and a pressure gauge. A PV device was secured in the
chamber with a clip, and electrical connection to the device was made with alligator clips. The
electrical connections are fed through the chamber to a Kiethley 2400 sourcemeter interfaced
to a computer using Labtracer 2.0 software. The chamber is sealed with a Viton o-ring and
clamp and pumped down over night to reach a base pressure of 40 mtorr measured with a

Varian type 0531 vacuum gauge. 5% CHsNH: partial pressure is introduced into the chamber
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and backfilled with argon to reach slight overpressure above atmospheric pressure (enough
pressure to bubble Ar through 4 inches of mercury in a 1-inch tube). A Cole-Palmer Illuminator
41720-series is used for solar-simulated illumination. The lamp simulates 1-sun conditions by
adjusting the intensity and monitoring the short-circuit current of the device until it matches

the short-circuit current of the device measured in the calibrated Newport solar simulator.

Examples:

Example 1. A device comprising: an active layer; and a first charge transport layer, wherein:
the first charge transport layer comprises a first layer and a second layer, the first layer is in
contact with the second layer, the second layer is positioned between the first layer and the
active layer, the first layer comprises a first carbon nanostructure, and the second layer

comprises a second carbon nanostructure.

Example 2. The device of Example 1, wherein the first carbon nanostructure comprises a first

carbon nanotube (CNT).

Example 3. The device of either Example 1 or Example 2, wherein the first CNT comprises a

first single-walled carbon nanotube (SWCNT).

Example 4. The device of any one of Examples 1-3, wherein the first SWCNT has a diameter

between 0.4 nm and 40 nm, inclusively.

Example 5. The device of any one of Examples 1-4, wherein the first CNT further comprises a

dopant.

Example 6. The device of any one of Examples 1-5, wherein the dopant comprises at least one
of triethyloxonium hexachloroantimonate, 2.3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4sTCNQ), a phosphine, an alkyl crown ether complex, an amine,

nitrogen, or boron.
Example 7. The device of any one of Examples 1-6, wherein the dopant is Fs TCNQ.

Example 8. The device of any one of Examples 1-7, wherein the dopant is present at an atomic

concentration between greater than 0% and 30%.

Example 9. The device of any one of Examples 1-8, wherein the dopant provides a carrier

density greater than 1x10!7 per cubic centimeter.

Example 10. The device of any one of Examples 1-9, wherein the carrier density is between

1x10Y and 1x10?! per cubic centimater
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Example 11. The device of any one of Examples 1-10, wherein the first layer has a thickness

between one nanometer and 200 nm, inclusively.

Example 12. The device of any one of Examples 1-11, wherein the thickness is between 10 nm

and 100 nm, inclusively.

Example 13. The device of any one of Examples 1-12, wherein the first CNT is at least partially

semiconductive or partially metallic.

Example 14. The device of any one of Examples 1-13, wherein the first CNT is partially

semiconductive and partially metallic.

Example 15. The device of any one of Examples 1-14, wherein the second carbon nanostructure

comprises a second CNT.

Example 16. The device of any one of Examples 1-15, wherein the second CNT comprises a

second SWCNT.

Example 17. The device of any one of Examples 1-16, wherein the second SWCNT has a

diameter between 0.4 nm and 40 nm, inclusively.

Example 18. The device of any one of Examples 1-17, wherein the second SWCNT is not
doped.

Example 19. The device of any one of Examples 1-18, wherein the second SWCNT further

comprises a dopant providing a carrier density less than 1x10'7 per cubic centimeter.

Example 20. The device of any one of Examples 1-19, wherein: the first carbon nanostructure
further comprises a polymer, and the first carbon nanostructure is at least partially coated by

the polymer.

Example 21. The device of any one of Examples 1-20, wherein: the second carbon
nanostructure further comprises a polymer, and the second carbon nanostructure is at least

partially coated by the polymer.

Example 22. The device of any one of Examples 1-21, wherein the polymer comprises at least
one of poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6'-{2,2"-bipyridine})], poly[(9,9-
dihexylfluorenyl-2,7-diyl)-co-(9,10-anthracene)], poly(9,9-dioctylfluorenyl-2,7-diyl), poly|2-
ureido-6[ 1 H|-pyrimidinone], poly[(9,9-di-n-dodecyl-2,7-fluorendiyl-dimethine)-(1,4-
phenylene-dinitrilomethine)], or poly(3-hexylthiophene-2,5-diyl) (P3HT).
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Example 23. The device of any one of Examples 1-22, wherein the polymer is P3HT.

Example 24. The device of any one of Examples 1-23, wherein the polymer is present at a mass

ratio of the polymer to the second carbon nanostructure between 0.1:1 and 1:1, inclusively.

Example 25. The device of any one of Examples 1-24, wherein the second layer has a thickness

between greater than one nanometer and 200 nm, inclusively.

Example 26. The device of any one of Examples 1-25, wherein the thickness is between 10 nm

and 100 nm, inclusively.

Example 27. The device of any one of Examples 1-26, wherein the first layer and the second

layer have a combined thickness between greater than 1 nanometer and 200 nm, inclusively.

Example 28. The device of any one of Examples 1-27, wherein the combined thickness is

between 10 nm and 100 nm, inclusively.

Example 29. The device of any one of Examples 1-28, wherein the second CNT is at least

partially semiconductive or partially metallic.

Example 30. The device of any one of Examples 1-29, wherein the second CNT is partially

semiconductive and partially metallic.

Example 31. The device of any one of Examples 1-30, wherein the first layer and the second

layer are permeable to an intercalating molecule.

Example 32. The device of any one of Examples 1-31, wherein the intercalating molecule

comprises CH3NHo.

Example 33. The device of any one of Examples 1-32, wherein the first layer and the second

layer are capable of transmitting light.

Example 34. The device of any one of Examples 1-33, wherein: the first carbon nanostructure
comprises a first single-walled carbon nanotube (SWCNT) that is doped with 2,3,5,6-
tetrafluoro-7,7.8,8-tetracy anoquinodimethane (FsTCNQ), the FsTCNQ is present at an atomic
concentration between greater than 0% and 30%, the second carbon nanostructure comprises a
second SWCNT at least partially coated with poly(3-hexylthiophene-2,5-diyl) (P3HT), the
P3HT is present at a mass ratio of the P3HT to the second SWCNT between 0.1:1 and 1:1,
inclusively, and the first layer and the second layer have a combined thickness between 1

nanometer and 200 nanometers.
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Example 35. The device of any one of Examples 1-34, wherein the active layer comprises at
least one of an inorganic semiconductor material, an organic-inorganic semiconductor material,

or an organic semiconductor material.

Example 36. The device of any one of Examples 1-35, wherein the inorganic semiconductor
material comprises at least one of silicon, germanium, gallium, arsenic, cadmium, tellurium,

lead, or sulfur.

Example 37. The device of any one of Examples 1-36, wherein the organic-inorganic

semiconductor material comprises a perovskite.

Example 38. The device of any one of Examples 1-37, wherein the perovskite comprises

methylammonium lead iodide.

Example 39. The device of any one of Examples 1-38, wherein the organic semiconductor
material comprises at least one of polyacetylene, phthalocyanine, polyethylene terephthalate,
poly(3.4-ethylenedioxythiophene), poly(3-nethyl-thiophene), poly(3-hexylthiophene) a

fullerene, or a fullerene derivative.

Example 40. The device of any one of Examples 1-39, further comprising a charge collecting
layer, wherein the first layer is positioned between the second layer and the charge collecting

layer.

Example 41. The device of any one of Examples 1-40, wherein the charge colleting layer

comprises a metal.
Example 42. The device of any one of Examples 1-41, wherein the metal comprises nickel.

Example 43. The device of any one of Examples 1-42, wherein the metal is capable of

transmitting light.

Example 44. The device of any one of Examples 1-43, wherein the metal is configured as a

mesh having openings comprising a characteristic diameter of up to 300 nanometers.

Example 45. The device of any one of Examples 1-44, further comprising a layer of
PEDOT:PSSP-Sorbitol - wherein the PEDOT:PSSP-Sobitol glectrically connects the charge

collecting layer to the first layer.

Example 46. The device of any one of Examples 1-45, further comprising a second charge
transport layer, wherein the active layer is positioned between the second layer and the second

charge transport layer.
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Example 47. The device of any one of Examples 1-46, wherein the second charge transport

layer comprises titanium dioxide.

Example 48. The device of any one of Examples 1-47, wherein the device is capable of

transmitting visible light through the device.

Example 49. The device of any one of Examples 1-48, further comprising a reservoir
containing an intercalating molecule, wherein the first charge transport layer is positioned

between the active layer and the reservoir.

Example 50. A method for reversibly switching a window integrated photovoltaic device
between a first state and a second state, the method comprising: a first reversible transferring
of a molecule from a reservoir through at least a charge transport layer to an active layer;
intercalating the molecule in the active layer; decalating the molecule from the active layer;
and a second reversible transferring of the molecule through at least the charge transport layer
to the reservoir, wherein: the first reversible transferring results in the first state, while in the
first state, the active layer is substantially transparent to visible light, the second reversible
transferring results in the second state, while in the second state, the active layer is substantially
opaque to visible light, and while in the first state and the second state, the device is capable of

converting at least a portion of light to electricity.

Example 51. The method of Example 50, wherein: the charge transport layer comprises a first
layer and a second layer, the first layer is in contact with the second layer, the second layer is
positioned between the first layer and the active layer, the first layer comprises a first carbon
nanostructure, the second layer comprises a second carbon nanostructure, and the charge

transport layer is positioned between the active layer and the reservoir.

The foregoing discussion and examples have been presented for purposes of illustration
and description. The foregoing is not intended to limit the aspects, embodiments, or
configurations to the form or forms disclosed herein. In the foregoing Detailed Description for
example, various features of the aspects, embodiments, or configurations are grouped together
in one or more embodiments, configurations, or aspects for the purpose of streamlining the
disclosure. The features of the aspects, embodiments, or configurations, may be combined in
alternate aspects, embodiments, or configurations other than those discussed above. This
method of disclosure is not to be interpreted as reflecting an intention that the aspects,

embodiments, or configurations require more features than are expressly recited in each claim.
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Rather, as the following claims reflect, inventive aspects lie in less than all features of a single
foregoing disclosed embodiment, configuration, or aspect. While certain aspects of
conventional technology have been discussed to facilitate disclosure of some embodiments of
the present invention, the Applicants in no way disclaim these technical aspects, and it is
contemplated that the claimed invention may encompass one or more of the conventional
technical aspects discussed herein. Thus, the following claims are hereby incorporated into this
Detailed Description, with each claim standing on its own as a separate aspect, embodiment,

or configuration.
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CLAIMS

What is claimed is:

1. A device comprising:
an active layer; and
a first charge transport layer, wherein:
the first charge transport layer comprises a first layer and a second layer,
the first layer is in contact with the second layer,
the second layer is positioned between the first layer and the active layer,
the first layer comprises a first carbon nanostructure, and

the second layer comprises a second carbon nanostructure.

2. The device of claim 1, wherein the first carbon nanotube comprises a first single-

walled carbon nanotube (SWCNT).

3. The device of either claim 1 or claim 2, wherein the first SWCNT further comprises a
dopant.
4, The device of any one of claims 1-3, wherein the dopant comprises at least one of

triethyloxonium hexachloroantimonate, 2,3,5,6-tetrafluoro-7,7.8,8-
tetracyanoquinodimethane, a phosphine, an alkyl crown ether complex, an amine, nitrogen, or

boron.

5. The device of any one of claims 1-4, wherein the dopant is present at an atomic

concentration between greater than 0% and 30%.

6. The device of any one of claims 1-5, wherein the first layer has a thickness between

one nanometer and 200 nm, inclusively.

7. The device of any one of claims 1-6, wherein the first SWCNT is at least partially

semiconductive or partially metallic.

8. The device of any one of claims 1-7, wherein the second carbon nanostructure

comprises a second SWCNT.
9. The device of any one of claims 1-8, wherein the second SWCNT is not doped.

10. The device of any one of claims 1-9, wherein:
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the second carbon nanostructure further comprises a polymer, and

the second carbon nanostructure is at least partially coated by the polymer.

11. The device of any one of claims 1-10, wherein the polymer comprises at least one of
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6"-{2,2" -bipyridine} )], poly[(9,9-
dihexylfluorenyl-2,7-diyl)-co-(9,10-anthracene)], poly(9,9-dioctylfluorenyl-2,7-diyl), poly|2-
ureido-6[ 1 H|-pyrimidinone], poly[(9,9-di-n-dodecyl-2,7-fluorendiyl-dimethine)-(1,4-
phenylene-dinitrilomethine)], or poly(3-hexylthiophene-2,5-diyl) (P3HT).

12. The device of any one of claims 1-11, wherein the polymer is present at a mass ratio

of the polymer to the second carbon nanostructure between 0.1:1 and 1:1, inclusively.

13. The device of any one of claims 1-12, wherein the second layer has a thickness

between greater than one nanometer and 200 nm, inclusively.

14.  The device of any one of claims 1-13, wherein the second SWCNT is at least partially

semiconductive or partially metallic.

15. The device of any one of claims 1-14, wherein the first layer and the second layer are

permeable to an intercalating molecule.

16. The device of any one of claims 1-15, wherein the intercalating molecule comprises
CH:NHo.
17. The device of any one of claims 1-16, wherein the first layer and the second layer are

capable of transmitting light.

18.  The device of any one of claims 1-17, wherein:

the first carbon nanostructure comprises a first single-walled carbon nanotube
(SWCNT) that is doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracy anoquinodimethane
(FsTCNQ),

the F4TCNQ is present at an atomic concentration between greater than 0% and 30%,

the second carbon nanostructure comprises a second SWCNT at least partially coated
with poly(3-hexylthiophene-2,5-diyl) (P3HT),

the P3HT is present at a mass ratio of the P3HT to the second SWCNT between 0.1:1

and 1:1, inclusively, and
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the first layer and the second layer have a combined thickness between 1 nanometer

and 200 nanometers.

19. The device of any one of claims 1-18, wherein the active layer comprises at least one
of an inorganic semiconductor material, an organic-inorganic semiconductor material, or an

organic semiconductor material.

20. A method for reversibly switching a window integrated photovoltaic device between a
first state and a second state, the method comprising:

a first reversible transferring of a molecule from a reservoir through at least a charge
transport layer to an active layer;

intercalating the molecule in the active layer;

decalating the molecule from the active layer; and

a second reversible transferring of the molecule through at least the charge transport
layer to the reservoir, wherein:

the first reversible transferring results in the first state,

while in the first state, the active layer is substantially transparent to visible light,

the second reversible transferring results in the second state,

while in the second state, the active layer is substantially opaque to visible light, and

while in the first state and the second state, the device is capable of converting at least

a portion of light to electricity.

21. The method of claim 20, wherein:
the charge transport layer comprises a first layer and a second layer,
the first layer is in contact with the second layer,
the second layer is positioned between the first layer and the active layer,
the first layer comprises a first carbon nanostructure,
the second layer comprises a second carbon nanostructure, and

the charge transport layer is positioned between the active layer and the reservoir.
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