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Abstract We investigate the terahertz complex conductivity spectra of cellulose9

nanocrystal (CNC) based composite films fabricated with different blending ra-10

tios of the conducting polymer poly(3,4-ethylenedioxythiophene):poly(styrene sul-11

fonate) (PEDOT:PSS) and without/with glycerol additive. A partially localized12

nature of carriers in the composite is clearly seen in the obtained spectral shapes of13

complex conductivity and is well described by an extended Drude model. We find14

that the carriers become denser and less localized with increasing PEDOT:PSS15

blending ratio and that the addition of glycerol to the composite is efficacious in16

enhancing carrier delocalization as well as mechanical flexibility.17
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Graphical abstract18

Terahertz transmission through cellulose nanocrystal (CNC) based composite films

with different PEDOT:PSS blending ratios and without/with glycerol (G) additive

Transport model analysis

of conductivity spectra 

Partially localized nature of carriers

in CNC based composites
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1 Introduction21

Nanocellulose is a sustainable biomaterial with optical transparency, mechanical22

flexibility, and surface smoothness (Eichhorn et al. 2010; Klemm et al. 2011; Isogai23

et al. 2011; Moon et al. 2011; Dufresne 2013). Both amorphous cellulose nanofib-24

rils (CNFs) and purely crystalline cellulose nanocrystals (CNCs) provided with25

conductivity (Shi et al. 2013) have found a wide variety of organic optoelectronics26

applications (Hu et al. 2013; Huang et al. 2013; Koga et al. 2013; Zhou et al. 2013;27

Fujisaki et al. 2014; Jung et al. 2015; Nogi et al. 2015). Very recently, CNC based28

nanocomposites have been used as antibacterial fluorescent films functionalized29

with quantum dots (Xie et al. 2019) and as cryogel structures with high specific30

surface area (Darpentigny et al. 2020). Furthermore, there are a few studies on31

the optoelectronic response of nanocellulose in the terahertz (THz) region (An-32

drianov et al. 2015; Carnio et al. 2016; Elfwing et al. 2018; Unuma et al. 2019),33

whose importance for science and technology has rapidly increased over the last34

two decades (Ferguson and Zhang 2002; Tonouchi 2007; Lloyd-Hughes and Jeon35

2012).36

These studies suggest that different states of both nanocellulose itself and in-37

troduced carriers are uniquely reflected in THz spectral shapes and also provide38

more freedom to control the propagation of THz electromagnetic waves. It has39

been reported that pristine CNC films have different THz dielectric properties40

depending on cellulose sources (Carnio et al. 2016), and that cellulose based he-41

lical structures decorated with polyanionic conducting polymer have THz reso-42

nances (Elfwing et al. 2018). In a previous study, we measured the THz trans-43

mission through CNF flexible composite films with carriers induced by a typical44

type of conducting polymer, i.e., poly(3,4-ethylenedioxythiophene):poly(styrene45

sulfonate) (PEDOT:PSS), and demonstrated potential usefulness of the compos-46

ite in the THz region (Unuma et al. 2019). The obtained spectral shapes of THz47

complex conductivity, σ̃(ω), revealed a partially localized nature of the carriers,48

with its real part significantly larger than dc conductivity (Unuma et al. 2019).49

unuma
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Terahertz complex conductivity of cellulose nanocrystal based composite films 3

However, it is nontrivial how such an optoelectronic nature of carriers depends on50

the type of nanocellulose matrix for blended conductive materials.51

In this work, we investigated the THz complex conductivity spectra σ̃(ω) of52

CNC based flexible composite films fabricated with different blending ratios of PE-53

DOT:PSS and without/with glycerol additive. The carriers induced in the CNC54

based composite proved to be partially localized and were modified by the PE-55

DOT:PSS blending ratio in terms of their volume density and localization degree,56

suggesting the optoelectronic nature common to nanocellulose based composites57

with conductive organic materials. Furthermore, the addition of glycerol during58

the film fabrication process was found to enhance carrier delocalization as well as59

mechanical flexibility.60

2 Materials and methods61

The samples in our experiment were two series of free-standing CNC based com-62

posite films with systematically varied blending ratios of PEDOT:PSS up to 50%,63

as listed in Table 1. The host material was CNC alone in the CNC series. Because64

CNC samples at low blending ratios were somewhat brittle, glycerol was added65

as plasticizer (Valtakari et al. 2015) with 5% of the CNC weight in the other se-66

ries (called the CNC/G series hereafter). Here, glycerol is a well-known plasticizer67

that has been widely used to enhance the mechanical flexibility of nanocellulose68

films (Cielecka et al. 2019). To fabricate the samples, we prepared a CNC aque-69

ous dispersion (Melodea Ltd.) and a PEDOT:PSS aqueous dispersion (PH1000,70

Ossila Ltd.) at solids contents of 3.00% and 1.35%, respectively; we blended them71

together in six different dry weight percentages (0–50%) of PEDOT:PSS with-72

out/with the addition of glycerol (Sigma-Aldrich Finland Oy). Each composite73

dispersion was diluted to a solids content of 0.20% and then cast on polystyrene74

Petri dishes (with a diameter of 8.5 cm) in a controlled atmosphere (temperature:75

23◦C, relative humidity: 50%). We lifted the dried films off the dishes and thus76

obtained the free-standing samples. The thicknesses of the samples used for THz77

transmission measurements were approximately 20 μm: 19–21 μm for the CNC78

series and 17–24 μm for the CNC/G series (see Table 1).79

The photographs of the CNC samples and CNC/G samples taken against a80

logotype are shown in Fig. 1, together with the optical transmittance spectra81

measured using a UV/Vis/NIR spectrophotometer (V-570, JASCO Corporation)82

at light wavelengths of 350–950 nm. The optical transmittance was as high as83

0.9 for the 0% blended samples and became lower gradually with increasing PE-84

DOT:PSS blending ratio; it was suppressed to 0.1 or less at the blending ratio85

of 50%. The dc conductivities of the 50% blended samples at 298 K, evaluated86

by the van der Pauw method using a source measure unit (Model 2401, Keithley87

Instruments LLC), were 51 and 46 S/cm for the CNC composite and CNC/G com-88

posite, respectively. These values are comparable to or slightly larger than those89

reported for the CNF composite by us (Unuma et al. 2019) and CNC composites90

by another group (Alam et al. 2019).91

We measured the temporal waveforms of THz electric fields transmitted through92

the samples at 298 K and also those passing for reference in the absence of the93

samples. As described below, this allowed us to obtain the complex conductivity94

spectra σ̃(ω) = σ1(ω) + iσ2(ω), where the real part σ1(ω) and the minus imagi-95

unuma
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Fig. 1 (a) Photographs of CNC samples and CNC/G samples with PEDOT:PSS blending
ratios of 0–50%. Optical transmittance spectra of (b) CNC samples and (c) CNC/G samples.
The background logotype in (a) is used with permission from Åbo Akademi University.

nary part −σ2(ω) describe the conductive and dielectric properties of carriers at96

frequency ω/2π, respectively (Unuma et al. 2010, 2013b, 2019). The THz electro-97

magnetic waves were emitted from a photoconductive antenna and detected with98

a ZnTe electro-optic sensor. All paths of the THz waves were purged with dry air99

because water vapor in ambient air has strong absorption particularly at 1.7 THz100

Table 1 Host materials, PEDOT:PSS blending ratios, and film thicknesses of the samples. G
in the host materials denotes glycerol added with 5% of the CNC weight. Also shown are the
volume density N , localization degree C, and relaxation time τ of carriers, extracted as fitting
parameters in analyzing THz complex conductivity spectra with the Drude-Smith model.

Host material
PEDOT:PSS
blending ratio

Film thickness
(μm)

Drude-Smith parameters of carriers

Volume density N (cm−3) Localization degree C Relaxation time τ (fs)
CNC 0% 21 — — —
CNC 1% 19 2.0 × 1018 −0.94 30
CNC 2% 20 2.9 × 1018 −0.88 30
CNC 10% 19 1.8 × 1019 −0.85 27
CNC 25% 20 4.4 × 1019 −0.84 27
CNC 50% 19 8.2 × 1019 −0.84 28

CNC/G 0% 21 — — —
CNC/G 1% 20 1.8 × 1018 −0.91 28
CNC/G 2% 17 3.6 × 1018 −0.90 28
CNC/G 10% 23 9.8 × 1018 −0.81 27
CNC/G 25% 24 2.9 × 1019 −0.81 26
CNC/G 50% 23 5.2 × 1019 −0.81 25

unuma
ハイライト表示



Terahertz complex conductivity of cellulose nanocrystal based composite films 5

and distorts the shape of σ̃(ω) unfavorably. More details of the THz measurement101

method can be seen in our previous paper on the CNF composite (Unuma et al.102

2019).103

After we resolved all the measured frequency components of the THz waveforms104

by means of the Fourier transformation, we derived the complex transmission105

coefficient spectra of the samples to simultaneously determine the refractive index106

spectra n(ω) and the absorption coefficient spectra α(ω) (Unuma et al. 2010,107

2013b, 2019) with the use of the sample thicknesses given in Table 1. The complex108

conductivity spectra σ̃(ω) = σ1(ω) + iσ2(ω) were provided by σ1 = 2ωε0nκ and109

σ2 = ωε0(κ
2 − n2 + ε∞), where κ = cα/2ω is the extinction coefficient, c is the110

vacuum light velocity, ε0 is the vacuum permittivity, and ε∞ is the high-frequency111

background dielectric constant. Here, ε∞ was estimated to be 3.1 from nearly112

constant THz refractive indices of the 0% blended samples; this value can be used113

as a crude approximation (Unuma et al. 2010, 2013b, 2019) to obtain the complex114

conductivity spectra σ̃(ω) of carriers in both the CNC composite and CNC/G115

composite.116

3 Results and discussion117

The temporal waveforms of THz electric fields transmitted through the CNC sam-118

ples and CNC/G samples are shown in Figs. 2(a) and 2(b), respectively. The THz119

signals appeared with systematic time delays and amplitude reductions for each120

series of samples as the PEDOT:PSS blending ratio was increased. This behavior121

suggests that the velocity c/n(ω) of the THz waves decreased and the absorp-122

tion coefficient α(ω) increased significantly (Unuma et al. 2019) in both the CNC123

composite and CNC/G composite. In addition, the THz signals differed somewhat124

between the CNC composite and CNC/G composite at each blending ratio, re-125

flecting the glycerol-induced changes in both n(ω) and α(ω) for all the measured126

frequency components; the difference can be seen more clearly in spectral data127

below after the frequency components are resolved through the Fourier transfor-128

mation.129

Figures 3 and 4 show the complex conductivity spectra σ̃(ω) of the CNC sam-130

ples and CNC/G samples derived from the THz waveforms in Figs. 2(a) and 2(b),131

respectively. Both the real parts σ1 (filled circles) and the imaginary parts σ2 (open132

circles) became larger with increasing PEDOT:PSS blending ratio, as expected133

from the experimental situation where carriers were induced by PEDOT:PSS in134

the CNC composite and CNC/G composite. For each blending ratio, σ1 decreased135

gradually toward a finite positive value with decreasing frequency ω/2π and the136

imaginary part σ2 kept negative values. These spectral features, similar to those137

for the CNF composite (Unuma et al. 2019), indicate that carriers in the CNC138

composite and CNC/G composite have a partially localized nature. Furthermore,139

a comparison between Figs. 3 and 4 reveals that the CNC composite exhibited140

slightly larger σ1 and σ2 for the blending ratios of 10–50% than the CNC/G com-141

posite did, suggesting a higher carrier density induced in the CNC composite.142

To analyze the observed optoelectronic nature of carriers more quantitatively,143

we adopted an extended Drude model, i.e., the Drude-Smith model (Smith 2001),144

for the curve fitting of σ̃(ω). This model has been used to describe charge transport145

of partially localized carriers in the CNF composite (Unuma et al. 2019) as well146
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Fig. 2 THz waveforms transmitted through (a) CNC samples and (b) CNC/G samples with
different PEDOT:PSS blending ratios. The reference THz waveform passing in the absence of
samples is plotted by the black solid curve for each set of data.

as nanoparticle composites (Turner et al. 2002; Baxter and Schmuttenmaer 2006;147

Cooke et al. 2006; Walther et al. 2007) and conjugated polymers (Ai et al. 2006;148

Cunningham and Hayden 2008; Unuma et al. 2010; Cooke et al. 2012; Unuma et149

al. 2013a, b). The expression of complex conductivity in the Drude-Smith model150

is151

σ̃DS(ω) =
Ne2τ/m∗

1 − iωτ

(
1 +

C

1 − iωτ

)
. (1)

Here, we have three adjustable parameters for curve fitting: the volume density N152

[m−3] of carriers, the momentum relaxation time τ [s], and the localization degree153

C that can vary from −1 (for completely localized carriers) to 0 (for free carriers in154

the Drude model). We assume the effective mass m∗ [kg] to be 1.7m0 (m0: vacuum155

electron mass) (Unuma et al. 2019), as estimated previously by optical reflection156

spectroscopy for positive polarons in conjugated polymers (Lee et al. 1995).157

The fits to σ̃(ω) for the CNC samples and CNC/G samples are shown by158

curves in Figs. 3 and 4, respectively; the corresponding sets of fitting parameters159

N , C, and τ are listed in Table 1. As seen in Figs. 3 and 4, the observed spectral160

features of σ1 and σ2 are well fitted simultaneously with the Drude-Smith model161

for each sample. Furthermore, when we extrapolated the fits into lower frequencies162

for the 50% blended samples, we obtained σ̃DS(0) = 59 and 40 S/cm for the CNC163

composite and CNC/G composite, respectively. These values agree reasonably with164

the corresponding measurements of dc conductivity mentioned earlier (i.e., 51 and165
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Fig. 3 THz complex conductivity spectra σ̃(ω) of CNC samples with different PEDOT:PSS
blending ratios. Fits of the Drude-Smith model to σ̃(ω) are shown by curves.

46 S/cm), indicating that the Drude-Smith model provides a suitable description166

of the dc-to-THz charge transport in the present composite systems.167

Figure 5 plots the Drude-Smith parameters versus the PEDOT:PSS blending168

ratio for the CNC composite (filled circles) and CNC/G composite (open circles).169

In the CNC composite, carrier density N increased from 2.0 × 1018 to 8.2 × 1019
170

cm−3 (along a linear regression shown by the dashed line), localization degree C171

varied from −0.94 to the saturated value of −0.84, and relaxation time τ remained172

in the vicinity of 28 fs as the PEDOT:PSS blending ratio was increased up to173

50%. In the CNC/G composite, on the other hand, N increased from 1.8×1018 to174

5.2×1019 cm−3 (along a linear regression shown by the dash-dotted line), C varied175

from −0.91 to the saturated value of −0.81, and τ remained in the vicinity of 27176

fs. Thus, major differences between the CNC composite and CNC/G composite177

appear in the obtained values of N and C.178

Now, we would like to discuss how the carriers in the present composite sys-179

tems exhibited good THz conductivity at high PEDOT:PSS blending ratios and180

why the glycerol additive led to less localization and lower volume density of the181

carriers. First, the trends in N , C, and τ versus the blending ratio described above182

are very similar to those reported previously for the CNF composite (Unuma et183

al. 2019). This indicates that PEDOT:PSS is distributed into CNC matrices as184

uniformly as into CNF matrices and produces many conduction paths at high185

blending ratios, where the saturated values of C and the nearly constant values186

of τ can be regarded as taking over the original nature of the carriers inherent in187

PEDOT:PSS (Unuma et al. 2019). Because N is supposed to express the number188

of carriers in PEDOT:PSS divided by the total volume of a composite, N should189
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Fig. 4 THz complex conductivity spectra σ̃(ω) of CNC/G samples with different PEDOT:PSS
blending ratios. Fits of the Drude-Smith model to σ̃(ω) are shown by curves.

be proportional to the blending ratio as seen indeed with the linear regressions190

in Fig. 5(a). Thus, the magnitude of complex conductivity increases linearly with191

carrier density reaching the level of 1019 cm−3 at high blending ratios.192

Second, it has been reported that PEDOT is doped with PSS and also sur-193

rounded by excess PSS working as an insulator (Greczynski et al. 2001; Jönsson et194

al. 2003; Crispin et al. 2003), and that organic additives with high boiling points195

and strong polarities, such as glycerol and ethylene glycol, induce the segmenta-196

tion of PEDOT-rich conducting domains into smaller ones (Palumbiny et al. 2014;197

Unuma et al. 2016). In the CNC/G composite, smaller PEDOT-rich conducting198

domains distributed finely into CNC matrices can produce more conduction paths199

and thus lead to less localization of carriers. On the other hand, fewer doped car-200

riers may be created in the presence of glycerol additive because the distributions201

of PSS into CNC matrices are expected to be different from those into glycerol-202

treated PEDOT:PSS films alone. Our results for the CNC/G samples suggest that203

glycerol (Valtakari et al. 2015) or another additive (Ko et al. 2019) works for op-204

toelectronic modification of nanocellulose-PEDOT:PSS composite films [as well as205

for mechanical flexibility (Cielecka et al. 2019)].206

Finally, the present CNC based composites with PEDOT:PSS have up to two207

orders of magnitude larger σ1 than a bacterial cellulose composite reported previ-208

ously (Andrianov et al. 2015). Furthermore, since pristine CNC films were shown209

before to exhibit different THz dielectric properties depending on cellulose sources210

(Carnio et al. 2016), the obtained similar results for the CNF composite (Unuma211

et al. 2019) and the CNC based composites were rather unexpected. This sim-212

ilarity provides a generalized insight that will help select a suitable one among213
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Fig. 5 Drude-Smith parameters plotted versus PEDOT:PSS blending ratio for CNC samples
(filled circles) and CNC/G samples (open circles): (a) carrier density N , (b) localization degree
C, and (c) relaxation time τ . The dashed and dash-dotted lines in (a) show linear regressions
to the filled and open circles, respectively.

nanocellulose based conductive composites for specific purposes, e.g., in terms of214

cost, fabrication easiness, and other physical properties than investigated here.215

4 Conclusion216

We measured the THz complex conductivity spectra σ̃(ω) of CNC based compos-217

ite films with carriers induced by different blending ratios of PEDOT:PSS in the218

absence/presence of glycerol additive. A partially localized nature of the carriers219

was clearly seen in the obtained characteristic spectral shapes of σ̃(ω), where the220

real parts σ1 decreased toward finite positive values dependent on the blending221
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ratios and the imaginary parts σ1 kept negative values as the frequency ω/2π222

decreased. Our fitting analysis of σ̃(ω) with the Drude-Smith model extracted223

the volume density, localization degree, and relaxation time of the carriers, in-224

dicating that they become denser and less localized and keep a nearly constant225

relaxation time as the PEDOT:PSS blending ratio is increased. We also found that226

the addition of glycerol during the film fabrication process is helpful for carrier227

delocalization as well as mechanical flexibility. These findings on the CNC based228

composites can be applied to organic optoelectronics components, such as conduc-229

tive or electrostatically dissipative flexible films with controlled semitransparency230

for both THz waves and visible light. This work has offered a generalized insight231

into the optoelectronic nature of carriers in nanocellulose based composites in-232

duced and modified by conductive organic materials, following our previous study233

on potential usefulness of CNF composites in the THz region.234
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