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ABSTRACT: Mesoporous structures made of cellulose
nanocrystals (CNCs) and their self-assembly into films are
of great interest not only due to their abundancy and
sustainability but also due to their ease of chemical
modification and nanoscale biomimicry capabilities. However,
their implementation in (opto)electronic devices requires
further understanding on how these self-assembled twisted
mesoporous superstructures respond to electrical stimulus. In
this regard, this work focuses on the infiltration of solid CNC
droplets with three distinct alkali ions (Li*, Na*, and K*) to
yield films with improved electrochemical response when
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compared to pristine ones, while preserving their photonic character. Electrochemical characterization shows capacitances of up
to 2.5 uF cm™” allowing for their integration as solid-state gate electrolytes in amorphous indium—gallium—zinc—oxide
transistors, resulting in low operating voltages (<2 V), on/off ratios of up to 6 orders of magnitude, and high saturation
mobilities >10 cm® V™' s™". Devices fabricated on Na* and K" infiltrated CNC films present the best characteristics, indicating
pure capacitive charging of the semiconductor. The insights presented here contribute to applications in solid-state ionics in
mesoporous structures or the combination of optically active electrolytes capable of providing unique functionalities in ion-

gated transistors and circuitry.

KEYWORDS: cellulose nanocrystals, self-assembly, mesoporous structures, ion-gated transistors, photonics

B INTRODUCTION

The use of natural materials such as cellulose in electronic
devices has shown to be of monumental importance to open
up paths to not only cheap but also future-orientated electronic
and optoelectronic devices."” The attention gained for its
integration as an active or passive component into a big variety
of devices can be mainly attributed to its abundance and mass
production possibilities, making it one of the cheapest
alternatives to replace conventional plastics in the industry.””
However, challenges for the integration of conventional paper
into optoelectronic devices, such as surface roughness, porosity
and opaqueness, remain.” As a consequence thereof attention
has shifted to substrates based on cellulose on the nanoscale,
showing promising properties including transparency, low
surface roughness, and high mechanical strength.(’_9 One
specific type of nanocellulose, namely cellulose nanocrystals
(CNCs), stands out as they have shown intriguing properties
for their use as substrates or solid-state electrolytes for
electronic devices.'”'" When dispersed in water CNCs behave
like a lyotropic liquid crystal and give rise to either isotropic or
anisotropic suspensions.12 Whereas drying an isotropic
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suspension (low CNC concentration) vyields transparent
films, interesting photonic properties (structural color by
iridescence) can be obtained by drying an anisotropic
suspension (CNC concentration >2 wt %) because of a
twisted ordering on the nanoscale."” This ordering is due to an
evaporation-induced self-assembly (EISA) process and is
termed a chiral nematic structure.”'*"> These types of
structural colors are ubiquitous in nature. They are found for
instance in the characteristic blue wings of the morpho
butterfly, certain types of scarab beetles, birds, or even
seashells, and they offer potential for their use in highly
engineered optical systems.'®

The photonic properties that these chiral nematic films
develop (such as iridescence and distinct reflection and
transmission of left- and right-handed circular polarized light
(CPL), respectively) are fascinating and could show potential
to be used in exotic applications such as in CPL sensing and
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Figure 1. Film preparation and characterization. (a) Schematic flow diagram of the CNC deposition process. (b) Macro (taken by a camera) and
micro (obtained by polarized optical microscopy (POM)) images of the photonic droplets under CPL illumination. Scale bars indicate 2 mm and
100 um, respectively. (c) Distinct photonic response in normalized reflectivity as a function of the wavelength. The pink area indicates an
underlying contribution to the reflectivity coming from the ITO thin film. (d) CNC lengths (L) and widths (d) as measured by atomic force

microscopy (AFM). Scale bar indicates 500 nm.

processing.'” A lot of attention has been devoted to the study
and improvement of the self-assembly in suspensions, films,
and especially microdroplets.'®'” The latter may promote
considerable raw material reduction when considered for large
area or printed electronics or photonics. However, the
integration as an active electronic component such as in
electrolyte gated transistors (EGTs) is still very challenging as
pristine CNC films lack the electrolytic properties to drive such
devices at low voltages. Chemical modification (pH, salts, or
ionic content) in suspension heavily affects particle electro-
static interactions and destroys chiral nematic ordering.””*" It
is thus of great interest to enhance the electrolytic properties to
implement CNC films into microelectronic devices while
maintaining the photonic properties.

In this work we report on a method of enriching dry chiral
nematic CNC droplets with alkali (Li*, Na*, and K*) ions
through infiltration to produce highly polarizable photonic
solid-state electrolytes. These films will be investigated on
behalf of their photonic character with polarized optical
microscopy (POM), chemical composition through X-ray
photoelectron spectroscopy (XPS), and electrochemical
behavior through electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and chronoamperometry.
Finally, the solid droplets will be implemented as gate
dielectrics into sputtered amorphous indium—gallium—zinc—
oxide (a-IGZO) transistors and inverters as a proof-of-concept
for microelectronic device integration.

B RESULTS AND DISCUSSION

Pristine CNC Film Preparation and Optical Character-
ization. The CNCs were obtained by chemically breaking
down (sulfuric acid hydrolysis) microcrystalline cellulose into
high aspect ratio nanorods, which remain stabilized in aqueous
suspension due to sulfate groups on the CNCs’ surface.””** A
CNC suspension with 3 wt % and pH of 3 was used for film
preparation. Figure la shows a schematic flow diagram of the
technique used to achieve the square shaped photonic films. A
poly(ethylene naphthalate) (PEN) mask, with a 1 cm X 1 cm
opening, was used as a shadow mask during UV irradiation to
define a hydrophilic area on the otherwise hydrophobic
indium—tin-oxide (ITO) film, which functions as a reservoir
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for 100 uL of CNC suspension. After EISA in a controlled
environment (T = 23 °C and 25% relative humidity (RH))
until constant weight, iridescent square films are obtained,
which selectively reflect LCPL and transmit RCPL as
confirmed macro- and microscopically in Figure 1b. The area
inside the dashed line marks the region of the film with highest
uniformity, not only in thickness (around 10 ym) and surface
roughness but also in photonic response. These properties are
strongly affected by the coffee ring effect when moving to the
outer parts. POM images taken from the indicated area show a
typical monodomain mosaic structure, evidencing a predom-
inant blue coloration. Taken from the same area, Figure lc
shows the normalized reflectivity as a function of the visible
light spectrum for LCPL (orange line) and for RCPL (black
line). Because of the internal left-handed twisted structure, the
films show a clear distinction between LCPL and RCPL (Acpy,
~ 55%). The reflected wavelength (Aegecteq) is calculated by
the de Vries equation”*

j’reﬂected = nang sin 91 (1)
where n,,, is the average refractive index of the medium, P
denotes the distance of a full nematic director rotation (see the
Supporting Information S1), and 6, represents the angle
between the incident light and the chiral nematic layers. The
maximum reflected wavelength (4,,., = 475 nm) from Figure
lc results from the contribution of the average of coinciding
pitch values in the measured area.”

Figure 1d shows a size distribution study of individual CNC
rods on a mica surface by atomic force microscopy (AFM). It
is possible to observe elongated ricelike nanorods with high
aspect ratios of around L/d 41. Additional surface
topography measurements show that the films (seen in Figure
1b) obtained from these CNCs are characterized by a very low
surface roughness due to excellent packing of the nanocrystals,
yielding on average 36.5 nm rms, which is well below the
surface rouéghness reported for conventional office paper (~6.4
pm rms).”

Consequently, the obtained droplets of pristine CNC
present photonic properties in the visible light spectrum and
a very smooth surface for thin or thick film deposition.
However, it was found that these droplets lack the necessary
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Figure 2. Ion infiltration of chiral nematic droplets, and optical characterization. (a) Flow diagram of the adopted ion infiltration process visualized
through LCPL light. Scale bars represent S mm. (b) Comparison of CPL response (Acp ) and photonic bandgap wavelength (4,,,,;) for CNC:0 and
infiltrated films. Error bars shown are standard deviations of five independent measurements. (c) FTIR curves of pristine and infiltrated films.

electrolytic performance to induce conducting channels into
semiconductors at low voltages through electric double layer
(EDL) charging, when used as dielectrics in transistors.
Therefore, an ionic infiltration procedure was adopted to
enrich the pristine photonic films (from here on treated as
CNC:0) with distinct alkali ions while maintaining their
photonic character (from here on treated as CNC:Li,
CNC:Na, and CNC:K, for the respective ions, or in general
CNC:M). Another advantage of using chiral nematic films
instead of their isotropic counterparts, where no nanoscale
ordering or photonic bandgaps are observed, is the fact that
ionic doping through infiltration (as described in the next
section) is facilitated due to their mesoporous structure, arising
from the EISA process. The self-assembly gives rise to micro-
and nanopores, whereas isotropic CNC suspensions originate a
more tightly packed matrix. Ionic infiltration is therefore more
homogeneous into the porous chiral nematic network where
ions diffuse with more facility. This can be observed in the
Supporting Information S2, where cross-sectional EDS
confirms this hypothesis for a potassium infiltration into an
isotropic and a chiral nematic CNC film.

lonic Doping of Photonic Films. To obtain the ion-
enriched photonic electrolytes, the films were submersed 1 h in
10 mL of 0.5 M lithium, sodium, or potassium hydroxide
solutions, depending on the desired ion and afterward dried
under nitrogen flux until constant weight. Figure 2a shows
photographs under LCPL illumination of the three infiltration
stages: initial state, submersed, and final state after drying.
During ion infiltration a visible red-shift is observed, indicating
an increase of the pitch through swelling and refractive index
matching, affecting P and n,, of eq 1, increasing A fected-
Interestingly, the red-shift decreases when moving from LiOH
to KOH. This trend can be explained by the increase in

hydration shell and number when moving from Li* to K,
which results in a higher amount of infiltrated water (Li > Na >
K), increasing swelling and pitch.”” Visually, the final and
initial states are identical, which shows that chiral nematic
ordering is preserved inside the films. This is confirmed by
POM imaging (see Figure S3a) and reflectance spectroscopy
where Figure 2b plots Acpy and A, against the films after
infiltration. On average, the films show similar behavior, not
diverging beyond each other’s standard deviations with Acpy
laying on average between 55% and 60% and A,,, between 450
and 500 nm. The films are also suited for application in
transparent electronics (see Figure S3b) as they show a high
transmittance of around 80% outside their photonic bandgap
(for 2 > 450 nm see Figure S3c).

The use of paper, or cellulose for that matter, as an
electrolyte can be attributed to its inherent ability of water
retention (either adsorbed or coordinated), which forms a
three-dimensional network, aiding in the process of ionic
conduction. Consequently, for a solid-state electrolyte with a
fixed ionic concentration we would expect higher ionic
conductivity when increasing the amount of water in its
structure, resulting in enhanced properties for the envisioned
application as a solid-state electrolyte in EGTs. Figure 2c
shows the Fourier transform infrared spectroscopy (FTIR)
spectra of the films, which help to trace the amount of water
that is retained by the films. From the inset of Figure 2¢ we can
observe the typical absorption bands of cellulose, such as H-
bond stretching of OH groups between 3600 and 3000 cm ™,
C—H stretching at 2900 cm™', or the characteristic cellulose
bands between 1800 and 600 cm™'.** Additionally, two specific
bands for water retention can be identified. These are
connected to OH bending of the adsorbed water molecules
(1635 cm™) and their interaction with the OH groups of the
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Figure 3. X-ray photoelectron spectroscopy and atomic quantification. (a) Core level spectra of O 1s, C 1s, S 2p, and alkali metals and the
respective deconvoluted peaks. (b) Atomic concentration of sulfur (blue curves) and alkali metal ions (red curves) on the surface (solid line) and at

the CNC:M/ITO interface (dashed line).

cellulose chains (3600—3000 cm™).”” The spectra can be
normalized to the C—H stretching band at 2900 cm™ which
forms a common baseline for the study of water content inside
the films. We observe that the infiltrated films show higher
water content when compared to CNC:0. The addition of
species with considerable hydration enthalpies into the
mesoporous films increases their hygroscopic behavior, which
results in an increase of adsorbed water species. At the 1635
cm™' band we observe that the trend of total amount of
adsorbed water follows the hydration energies of the ions (Li >
Na > K). This trend is also traceable during electrochemical
characterization below, where CNC:Li shows the highest ionic
conductivity.

X-ray Photoelectron Spectroscopy (XPS). XPS survey
spectra (see Figure S4.1) were run for each sample. Detailed
spectra of carbon (C 1s), oxygen (O 1s), sulfur (S 1s), and the
individual alkali metals (Li 1s, Na 1s, and K 2p) were recorded
and used for proof of ionic doping and respective atomic
quantification. Figure 3a depicts the deconvoluted O 1s, C Is,
and S 2p and alkali metal core level spectra of the surface. A
similar set of spectra taken from the CNC:M/ITO interface
can be found in Figure $4.2.

In Figure 3a clear differences in chemical activity are
observed when comparing KOH to NaOH and LiOH
treatments. Whereas the O 1s and C 1s peaks of CNC:K are
basically identical to the CNC:0 ones, we see pronounced peak
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changes for CNC:Li and CNC:Na. This indicates increased
reactivity of the LiOH and NaOH species with both the
cellulose and the sulfate groups, which shall be discussed in
more detail in the following.

The O 1s emission before infiltration can be fitted with only
one component, which is assigned to the CNC structure
(Oc¢ne)- After ion infiltration, a second component arises at
lower binding energies (Oy). The ratio of the Oy to the Ocyne
component directly reflects the atomic concentration of
infiltrated ions, being highest for sodium, intermediate for
lithium, and lowest for potassium. Additionally, the binding
energy of Oy decreases with decreasing electronegativity of the
respective alkali metal. These two observations confirm that
the O,; component corresponds to oxygen bonded to the alkali
metal ions.

For the C 1s emission we obtained four peaks after
deconvolution, corresponding to carbon with no oxygen bond
(C1), carbon with a single oxygen bond (C2: corresponding
mostly to ether groups and C—0O), carbon with two oxygen
bonds (C3: corresponding to carbonyl and anomeric carbons
in cellulose), and finally a high binding energy component for
carbon with three oxygen bonds with a relative area below 2%
(C4: for carboxyl or ester groups, not expected for this type of
cellulose).’>*" The C 1s emissions indicate changes to the
carbon bonds of the cellulose backbone which showed to be
more pronounced with increased alkali ion reactivity, as has
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Figure 4. Electrochemical impedance spectroscopy. (a) Electrochemical cell structure with a colored cross-section SEM image of a CNC:M film,
showing monodomains, distinct pitch values, and mesoporous structure. Arrows indicate the micropores described by the equivalent circuit model
(ECM). Scale bar = 400 nm. Identification of the ECM elements (1, 2, and 3). (b) ECM used for data fitting (WE = working electrode and CE/RE
= counter and reference electrodes). (c) Phase as a function of applied frequency and respective fittings. (d) Nyquist plot of the obtained data and

respective fittings. Inset shows zoom of indicated area.

been reported for similar treatments of cellulose with alkaline
solutions. The most pronounced decrease in oxygenated
carbon species is observed for the CNC:Li and CNC:Na
films compared to CNC:0 and CNC:K, the latter two being
practically the same in this respect.

Furthermore, the S 2p binding energies confirm the presence
of the sulfate groups that form on the surface of the CNCs
during the hydrolysis with sulfuric acid.”* Moreover, the
individual alkali emissions prove the success of the ionic
doping process.”” The next important observation is the
correlation between the amount of infiltrated ions and the
sulfur content, represented in Figure 3b. It is known that
NaOH is a strong candidate for desulfonation reactions on
sulfuric acid-treated CNCs.>*** A possible reaction during
desulfonation is the replacement of the sulfate groups by either
—OH or —ONa, the latter being confirmed by the intensity
changes and the chemical shifts of the Oy component, as
described above. This modification to the CNCs not only
results in a loss of anisotropy when in suspension but also
decreases the S 2p peak intensity of suspensions and dry films.
Consequently, and as observed in Figure 3b, for NaOH
infiltration we trace such a desulfonation reaction. Notably, no
bond changes for S 2p can be inferred as only a change in
intensity but not in binding energy is measured. This confirms
that the sulfate groups are simply washed out after
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desulfonation. We see that LiOH has a similar effect with a
decrease in sulfur concentration. However, it is noted that
these reactions only occur partially, as the S 2p peaks do not
disappear completely. With the occurrence of desulfonation we
also see higher Li* and Na* concentrations (Figure 3b). On the
other hand, no significant desulfonation occurs for KOH,
indicating a relatively low reactivity with the CNCs.
Furthermore, when we compare the top surface concentrations
with the ones at the CNC:M/ITO interface in Figure 3b
(dashed line), a visible decrease in ionic concentration for Li*
and Na* is observed (Li* and Na* atomic concentrations
decrease throughout the film from 5% and 9.2% to 1.3% and
2%, respectively). As these ions react more strongly with the
CNCs, they are not efficient for uniform infiltration.
Potassium, on the other hand, is the only one that infiltrates
the films homogeneously from top to bottom with an atomic
concentration of around 1%.

Electrochemical Characterization. To assess electro-
chemical behavior, electrolytic capacitors with the CNC films
as solid-state electrolytes were fabricated as depicted in Figure
4a and investigated through electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV), and chronoam-
perometry.

It was possible to fit the data by using the equivalent circuit
model (ECM) depicted in Figure 4b, containing a double time
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Figure S. Cyclic voltammetry (CV) and chronoamperometry. (a) CV of the films with +100 mV around open circuit potential (V) at different
scan rates. (b) Ionic conductivity and double-layer capacitance (Cp,) as a function of samples. The orange box indicates capacitances usually
achieved for conventional office paper (around 100 nF cm™2).** (¢) Chronoamperometry with an excitation potential of V,,. = 50 mV at 5 s. The
inset shows the peak capacitive current reached at excitation. (d) Capacitance retention over 4000 cycles. (e) CV for electrochemical cell with a-
IGZO at the working electrode as indicated by the inset to measure faradaic and capacitive currents.

constant (two RC components), accounting for the porous
character of the chiral nematic films. This ECM has been
successfully used to fit coatings with pocket or pore
formations.>® In the case these pockets or pores are filled
with electrolyte they will contribute to the electrochemical
behavior of the cell under study as additional solid/electrolyte
interfaces are created, where EDLs form.>® In our case we can
imagine that through the chiral nematic character the resulting
anisotropy gives rise to nanopores because of the repulsive
forces between individual CNCs. Further investigations report
on grooves and gaps even in the micrometer range, which are
formed during the drying process.””*” Figure 4a also shows a
cross-section SEM image of a CNC film. During drying initial
tactoid formations at the gel state give rise to monodomains
with distinct pitch values (indicated as pitch 1, 2, and 3).
During the process these monodomains contract like springs
that were left under extension, leaving behind pores in the
micrometer range (yellow arrows in Figure 4a). These
observations led us to the proposed ECM to describe the
electrochemical data obtained during EIS. Comparing
numeration from Figure 4a,b, the model is composed of an
impedance R, (1), taking into account the contact resistance of
the used electrodes, a RC circuit (2) describing jointly the
resistance of the film (R;) and interface double-layer
capacitance (Cy), and finally a second RC circuit (3)
accounting for the mesopores and nanogaps throughout the
CNC film with pore resistance and capacitance (Rpo and C,,,
respectively). Figures 4c and 4d show the resulting phase and
Nyquist plots from EIS, where the used ECM describes the
obtained data in both the high- and low-frequency regimes,
accounting for dipolar and ionic relaxation modes, respectively.
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The films show a capacitive regime between 10 Hz (for
CNC:Li) and 1 Hz (for CNC:0). This gives already a hint
about an increased ionic conductivity for CNC:Li when
compared to CNC:Na, CNC:K, and CNC:0. This assumption
however can be better analyzed by the Nyquist plots in Figure
4d, where the films show a compressed semicircle, indicating
inhomogeneous charge distribution across the EDL at the
CNC/electrode interfaces. This leads to the use of constant
phase elements (CPE) as nonideal capacitors in the ECM.
Qualitatively, we can identify a difference between the CNC:0
film and the infiltrated ones. The semicircles shorten through
the addition of ions and water retention into the film, reflecting
an increase in ionic conductivity.38 An increase in retained
water promotes a higher chance of its dissociation to give OH™
and H' that can migrate through the structure, as proposed by
other works.”*™*' The increased amount of water thus
increases not only ionic conductivity but also EDL formation
leading to higher double-layer capacitances, as will be seen by
CV measurements below. The inset of Figure 4d zooms in on
the marked area and reveals the individual semicircles of the
infiltrated films. In Nyquist plots the width of the semicircle
(indicated as R;) characterizes the bulk resistance, which can
be extracted to yield the ionic conductivity (o;). The plots
indicate that a decrease in ionic radius of the infiltrated cation
leads to decreased R; and thus an increase in ionic conductivity
(Li* > Na* > K*). This shows again accordance with the
increased water content observed via FTIR.

Double-layer capacitance (Cp,) was measured by using CV
and considering a linear increase of the charging current (Ii)
with the scan rate (dv(t)/dt) at low voltages following eq 2:

L= dv(t)

2 DL g

le 2)
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Figure 6. Transistor and inverter characterization. (a) Schematic device architecture with microscope image of a single transistor in reflection mode
with LCPL filter. Scale bar indicates SO0 um. (b) Transfer curves where I and I are represented by solid and dashed lines, respectively. (c)
Comparison of saturation mobility (¢) subthreshold swing (SS) and on/off ratios. All error bars shown are standard deviations of at least five
different devices. (d) Output curves for a Vp,g sweep from 0 to 3 V and distinct Vg reaching from —2 to 2 V in 0.5 V steps. (e) Voltage transfer
curve of an inverter on CNC:Na with diode connected load. The inset shows a schematic of the circuit.

where I, and I are the maximum and minimum currents at the
open circuit potential (Vo) for a specific CV curve. The CV
curves represented in Figure Sa show higher currents for the
infiltrated films when compared to CNC:0, approaching also
more ideal capacitor characteristics (more rectangular curve
shape).

Figure 5b summarizes ionic conductivity and Cp; obtained
through EIS and CV, respectively (taking CNC film thickness
~10 pum and electrode dimensions (I mm X 1 mm) into
account). We observe that both parameters are greatly
enhanced through ionic doping, seeing an increase of 1
order of magnitude. For the ion-enriched films, we see a
continuous decrease when moving from CNC:Li to CNC:K,
which is again connected to the individual hydration enthalpy
and the ability for water retention and its dissociation. The
same trend was observed during chronoamperometry (Figure
Sc) where an excitation potential of V,,. = 50 mV was applied
to observe the exponential Cp discharge over time. The inset
depicts the achieved peak currents I, at excitation, and we
observe again a decrease when moving from CNC:Li to
CNC:K, which is directly related to the Cp of the films. The
films were also cycled up to 4000 times (Figure S5d),
evidencing excellent Cp; retention. Interestingly, the ion-
enriched films seem to need some cycles to fully stabilize their
capacitance which can be connected to charge redistribution
inside the films from a pristine state during initial cycling. A
property that was not observed for the CNC:0 films, as no
infiltrated ions are present for redistribution.
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In summary, our findings show that in an ideal electrolytic
capacitor lithium is indeed a better ionic conductor for this
type of solid-state electrolyte, as higher ionic conductivities and
capacitances were consistently achieved with CNC:Li. These
results show potential use in electrolytic capacitors or
applications with ideally polarizable cells. However, the interest
herein lays in their potential use in electric double-layer
transistors (EDLTs), and thus electrochemistry at the
electrolyte/semiconductor interface plays an important role.
For pure EDL charging (desirable in EDLTs), capacitive
charging should be maximized and faradaic currents, which are
connected to mass transfer across the interface (desirable for
electrochemical transistors, ECTs), should be minimized. To
study the interaction between our photonic electrolytes and
the employed semiconductor, a-IGZO was deposited between
the CNC:M films and the working electrode as depicted in
Figure Se. CV curves for these test structures were run
(depicted in Figure Se) at identical gate potentials (between
—0.5 and 2.0 V) and scan rates (500 mV s™') used to turn the
transistors to the on-state. From the curves we observe that
considerable faradaic currents arise for CNC:Li films of up to 1
order of magnitude higher than for CNC:Na and CNC:K
films. This indicates that a-IGZO is permeable to Li ions that
diffuse into the semiconductor across the electrolyte/semi-
conductor interface, which can be detrimental for transistor
performance (see the Supporting Information SS). The
electrochemical results are confirmed during transistor
characterization below, where improved transistor parameters
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are consistently obtained with CNC:Na and CNC:K films over
CNC:Li. It is thus important to consider the type of ions to be
used when aiming for a specific application. Whereas
electrochemical transistors aim for redox reaction inside the
semiconductor, pure EDL charging is desired for EDLTs.*”
The findings presented here might prove useful for the design
of solid-state electrolytes that take the role of transistor
dielectrics in other applications involving EGTs.

Transistor and Inverter Characterization. The semi-
conductor (a-IGZO) and the source (S) and drain (D)
electrodes (gold) were deposited on top of the CNC:M films
by using sputtering and electron-beam evaporation with
shadow masks (channel width W = 2000 ym and length =
S0 pm). The ITO thin-film serves as the common gate
electrode. A staggered bottom-gate transistor architecture type
was chosen (as depicted in Figure 6a), which has considerable
advantages when compared to planar types (where S/D and
gate (G) lay in the same plane), namely, faster ionic movement
due to a more uniform electric field distribution in the
dielectric, leading to faster switching and lower operation
voltages.** The inset shows an amplification of a single
transistor on top of a CNC:Na film. Here, the underlying
photonic character becomes evident.

Figure 6b plots the drain and gate currents (Ipg and Igg,
respectively) as a function of applied gate voltage (V) at S/D
voltage (Vps) of 1.5 V. The devices work at very low voltages
with high on—off ratios (I,,/I,4 & 6 orders of magnitude) and
present a counter clockwise behavior with low hysteresis. The
obtained results show the potential of the ionic doping of CNC
films, as transistors on pristine CNC films showed very low
current modulation for high Vpg and Vgg (Supporting
Information S6). A negative turn-on voltage (V,,) of about
—1 V is observed, conferring a depletion mode behavior.

Observations made during EIS hold also true during
transistor characterization. Despite CNC:Li showing highest
ionic conductivity and Cpy, Li* ions tend to diffuse into the a-
IGZO, which results in a collapse of the interface EDL and
therefore charge accumulation in the channel of the transistor
(observe in Figure 6b an increase in leakage current (Is) and a
decrease in on current for CNC:Li). I is higher because of
the faradaic redox currents that were also observed during CV.
On the other hand, increased capacitive charging for CNC:Na
and CNC:K lowers Igs and greatly enhances transistor
characteristics. Figure 6c plots the transistor parameters for
the different CNC films, showing an increased channel
mobility (1) and on/off ratio when moving from Li* to K*
(for data and equations see the Supporting Information S7),
despite the curves of CNC:Na and CNC:K being almost
identical. However, even with CNC:K having lowest Cp the
reached channel mobility is higher than for transistors on
CNC:Na (see Figure 6¢). An explanation is that Na* might be
more strongly bound at the CO™ groups after desulfonation
than K%, as discussed in the XPS section. This ultimately could
play a role in the ionic polarizability, and consequently the
CNC:K films show higher mobility. Also, a more uniform
infiltration throughout the film was confirmed by XPS which
clearly improves the performance of CNC:K films as an
electrolyte in these devices. It is important to note that the
mobility calculated here (especially for CNC:K = 35.86 cm?
V™' s7!) is quite high when compared to similar transistors
employing IGZO in either electrolyte gated or conventional
oxide dielectric transistors.””~** We have to be aware in this
situation that this exceptionally high mobility might be due to
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a mathematical artifact, which is connected to an under-
estimation of the capacitance used for calculations (Cpp
obtained by CV). The effective capacitance at low frequencies
for these films develops around 2-fold above the used
interfacial charging capacitance. This might in fact decrease
the calculated mobilities by a factor of 2. Nevertheless, even in
this less favorable case we are still facing remarkable mobilities
on the order of 10 cm® V™! s™! for these devices (CNC:Na and
CNC:K), which are in line with what is reported in the
literature.

Figure 6d plots the output curves where Vg was swept from
0 to 3 V for distinct Vg reaching from —2 to 2 Vin 0.5 V
steps. Again, we see that transistors on CNC:Li films struggle
to reach similar values of CNC:Na and CNC:K. Qualitatively,
CNC:Na and CNC:K transistors reach a clear saturation
regime, yielding very stable outputs for higher Vg values.

An NMOS inverter circuit composed of two identical
transistors on CNC:Na with a diode-connected load was
fabricated as depicted schematically in the inset of Figure Ge.
The voltage transfer curve shows a clear inverting behavior
with a logic swing around 1.25 V and unity gain, since the load
and driver transistors have the same characteristics. If
additional amplification is intended, either transistor sizing
needs to be changed, to obtain disparities in transconductance
between the two, or the load transistor needs to be replaced
with a fixed resistance load. The inverter and transistors
presented here are expected to work beyond the frequency
where the ion-doped CNC films present a predominant
capacitive regime, since the maximum on current remains in
the range of hundreds of microamperes at 10 Hz, resulting in
on/off current ratios still above 10° (see the Supporting
Information S8).

B CONCLUSION

In summary, we report on the integration of ion infiltrated
twisted mesoporous photonic dried droplets based on cellulose
nanocrystals (CNCs) into semiconductor devices and inverter
circuits. The presented ionic doping technique infiltrates alkali
metal ions into CNC films after they went through evaporation
induced self-assembly and attained their final chiral nematic
arrangement. This way the CNCs are locked in space and
maintain anisotropy and thus specific photonic bandgaps.
Distinct circular polarized light (CPL) reflection (up to 60%
distinction between left- and right-handed CPL) in the visible
region (475 nm) was measured through polarized optical
microscopy. XPS evidences the presence of alkali metals in the
CNC films after infiltration and shows significant changes to C
Is, O 1s, and S 2p peaks for lithium and sodium infiltrated
films, whereas potassium infiltrated films remain like the
pristine ones. Desulfonation and changes to the carbon bonds
of the cellulose backbone are registered for LiOH and NaOH
treatment, whereas KOH does not affect the CNCs as much.
Nevertheless, XPS confirms the ijonic doping with atomic
concentrations of 5%, 9%, and 1% for Li*, Na*, and K,
respectively. Electrochemical characterization shows a consid-
erable increase in capacitance and ionic conductivity when
comparing the infiltrated with the pristine films. CNC:Li films
show the highest Cp; and ionic conductivity. However, when
in contact with a-IGZO, Li ions start to diffuse into the
semiconductor, giving rise to faradaic currents. Pure capacitive
charging (favorable for electric double-layer transistor
implementation) was observed for CNC:Na and CNC:K
films. This observation is confirmed during transistor
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characterization, where devices on CNC:Na and CNC:K
showed better performances. The devices work in depletion
mode (Vg, < 0 V) with on—off ratios up to 6 orders of
magnitude and saturation mobilities of up to 35 cm* V™' 57,
which might, however, be conditioned by an underestimated
Cp,- Additionally, steep subthreshold swings of 100 mV dec™"
were achieved conferring fast on—off transitions. An inverter
circuit was implemented to show the potential use in logic
microelectronic circuitry. As future perspectives it would be
interesting to apply first-principles calculations, taking kinetic
and thermodynamic parameters into account, to model the
double-layer and electronic structure at the electrolyte/
semiconductor interface."’

The results are intriguing as previous works concentrated
mostly on the smallest possible ions (Li*) with highest ionic
conductivity for their use in electrolyte gated transistors.
Especially for paper gated transistors, this work might give a
push into the direction of more abundant ionic conductors
such as sodium or potassium, which were not expected to yield
improved electrochemical characteristics in combination with
nanocellulose and the employed amorphous IGZO as
semiconductor. The types of cellulose-based solid-state
electrolytes presented here with directional anisotropy and
photonic bandgaps might find use in a vast field of applications
ranging from batteries to supercapacitors and optoelectronic
devices for light or electrochemical sensing or even in the
printing technology area.

B METHODS

CNC Preparation. CNCs were obtained as described elsewhere."
The CNC suspension with a 3.00 = 0.05% w/w (gravimetrically
determined) was used in its acid form (pH = 3). Nanoparticles with
137.30 + 39.81 and 3.33 + 1.01 nm of length and width, respectively,
and an aspect ratio 41.23 + 17.30 were obtained (determined from SO
measures with Image], version 1.45 s, of the nanoparticles observed by
AFM). These particle dimensions are in accordance with the ones
described in the literature for similar hydrolysis times.>

CNC Film and Infiltration. To produce the pristine CNC films
from suspension a hydrophobic ITO surface on glass was irradiated
with UV for 20 min (PSD Series, Digital UV Ozone System by
NOVASCAN). A rectangular mask with an opening of 1 cm was used,
which left the central area exposed to the treatment, while the rest of
the substrate remained protected and hydrophobic. Post-UV exposure
the CNC suspension only spread inside the treated area, which gave
rise to rectangular films. The films were left for 24 h to dry in a
controlled environment (SICCO, 25% RH, T = 21 °C). Ion
infiltration was performed in a round polystyrene Petri dish with a
diameter of 3 cm. The used solutions for infiltrations were 10 mL of
0.5 M hydroxide solution (LiOH, NaOH, or KOH). The glass/ITO
substrates with the films were placed in the solution facing up and left
for infiltration for 1 h, after which the samples were removed and
rinsed off in ultrapure water for 3 s for washing, followed by nitrogen
drying.

Profile and AFM. Thickness measurements were performed using
a XP-200 profilometer from AMBIOS Technology. Surface scanning
was performed with a speed of 0.1 mm s™' and a stylus force of 1 mg.
Atomic force microscopy was performed on an Asylum Research
MFP-3D Stand Alone system operated in alternate contact mode.
Commercially available silicon AFM probes (Olympus AC160TS; £,
=300, k = 26.1 N m™") were used to generate the surface images,
which were then plane-fitted.

Optical Characterization (Macroimaging, POM, and FTIR).
Macroimages were taken in reflectance mode by a LEICA IC80 HD
camera with a LEICA magnifying lens. An Edmund Optics plastic
circular polarizer (with T > 40% for A between 400 and 800 nm) was
used for LCPL and RCPL images. POM images were obtained in

0
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reflection mode by using an Olympus BX51 microscope, coupled with
an Olympus DP73 CCD camera, and acquired with the Stream Basic
v.1.9 Olympus software. A cold illumination source generated by a
halogen lamp (KL 2500 LCD, Olympus) was used. The images were
obtained with X10 objectives (Olympus, MPlanFL N). To detect the
reflection of right- and left-handed circularly polarized light, a quarter-
wave plate (U-TP137, Olympus) coupled with a polarizer was
inserted in the optical path. The reflective wavelengths detected for
LCPL and RCPL channels were recorded with a Jobin Yvon
monochromator H10 Vis, equipped with a photomultiplier mounted
onto the microscope, and acquired with the Jobin Yvon Autoscan v
1.22 software. Fourier-transform infrared (FTIR) spectroscopy
acquisitions were performed at room temperature by using an
attenuated total reflectance (ATR) sampling accessory (Smart iTR)
equipped with a single-bounce diamond crystal on a Thermo Nicolet
6700 spectrometer, with the following conditions: incident angle of
45°, 4000—650 cm™! range, 4 cm™! resolution, and 32 scans.

X-ray Photoelectron Spectroscopy (XPS). An Axis Supra
spectrometer by Kratos Analytical was used with monochromatic Al
Ko radiation. Because of the insulating character of the samples,
charge neutralization with an electron flood gun and charge
referencing of the C1 component to 284.8 eV were employed. The
top surfaces were analyzed with a pass energy of 5 eV, giving rise to an
energy resolution better than 0.45 eV. For the interface surfaces, an
aperture of 55 ym and a pass energy of 80 eV were used. Detaching
the CNC films from the substrates was achieved by peeling off using
double-sided carbon tape attached to the top surface.

Electrochemical Characterization. Electrochemical character-
ization was performed using a Gamry Instruments Reference 600
potentiostat at room temperature (23 + 2 °C, 2#40% RH) in a typical
capacitor structure with evaporated gold contacts with an active area
of 1 mm? and ITO as the bottom electrode. For electrochemical
impedance spectroscopy, measurements were performed with a 10
mV ac signal in a frequency range between 0.1 and 10° Hz. Cyclic
voltammetry was performed at different scan rates (50, 100, 250, and
500 mV s™') and £100 mV around open-circuit potential (Voc). The
stability was evaluated with CV over 4000 cycles at a frequency of 500
mV s™!. For CV with the semiconductor, first a-IGZO was deposited
at the working electrode and on top gold contacts. CV was performed
between —0.5 and 2 V at a fixed scan rate of 500 mV s~
Chronoamperometry was performed with an excitation potential of
Vexe = 50 mV, and the charging current was recorded for 100 s.

Transistor Fabrication and Characterization. The transistors
were fabricated at room temperature without any substrate heating or
postprocess annealing. The ITO-coated glass substrate served as the
common bottom gate electrode (Xin Yan Technology Limited,
XY15s, 15 Q sq7, polished with T > 85% at 550 nm and thickness of
155 + 20 nm). The CNC films served as gate dielectric with the
sputtered amorphous indium—gallium—zinc—oxide (a-IGZO: In,0;—
Ga,0;—Zn0; 2:1:2 mol % using an AJA ORION system) as the
active oxide semiconductor on top, followed by titanium/gold (Ti/
Au—electron beam evaporated 6 and 65 nm, respectively) source and
drain contacts. Everything was patterned by using shadow masks with
a channel width (W) of 2000 ym and length (L) of S0 ym (W/L =
40). Electrical characterization of the devices was performed at room
temperature by using a Keithley 4200-SCS and a JANIS ST-500 probe
station. Transfer curves were conducted with a Vg sweep of 0.1 V
steps from —2 to 2 V with Vg = 1.5 V. Time interval between Vg
points was 0.1 s. Output curves were run with Vg ranging from 0 to 3
Vin 0.1 V steps with Vg between —2 and 2 V in 0.5 V steps.
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