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of the hybrid structures was performed via both 
ellipsometry and X-ray reflectivity and the thermal 
conductivity was examined by time domain ther-
moreflectance technique. It appears that even the 
incorporation of a limited amount of CNCs between 
the ZnO laminates strongly suppresses the thermal 
conductivity. Even small, submonolayer amounts of 
CNCs worked as a more efficient insulating material 
than hydroquinone or cellulose nanofibers which have 
been employed in previous studies.

Keywords Cellulose nanocrystals · Zinc oxide · 
Hybrids · Thermal conductivity · Aluminum doping

Abstract The employment of atomic layer deposi-
tion and spin coating techniques for preparing inor-
ganic–organic hybrid multilayer structures of alter-
nating ZnO-CNC layers was explored in this study. 
Helium ion microscopy and X-ray reflectivity showed 
the superlattice formation for the nanolaminate struc-
tures and atomic force microscopy established the 
efficient control of the CNCs surface coverage on the 
Al-doped ΖnO by manipulating the concentration of 
the spin coating solution. Thickness characterization 

Panagiotis Spiliopoulos and Marie Gestranius have 
contributed equally to this work.

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10570- 022- 04768-3.

P. Spiliopoulos · E. Kontturi (*) 
Department of Bioproducts and Biosystems, Aalto 
University, P.O Box 16300, 00076 Aalto Espoo, Finland
e-mail: eero.kontturi@aalto.fi

M. Gestranius · T. Tammelin 
VTT Technical Research Centre of Finland Ltd., P.O 
Box 1000, 02044 VTT Espoo, Finland
e-mail: Tekla.Tammelin@vtt.fi

C. Zhang · M. Putkonen 
Department of Chemistry, University of Helsinki, P.O 
Box 55, 00014 Helsinki, Finland

R. Ghiyasi · M. Karppinen 
Department of Chemistry and Materials Science, Aalto 
University, 00076 Aalto Espoo, Finland

J. Tomko · P. E. Hopkins 
Department of Materials Science and Engineering, 
University of Virginia, Charlottesville, VA 22904, USA

K. Arstila 
Department of Physics and Nanoscience Center, University 
of Jyväskylä, P.O Box 35, 40014 Jyväskylä, Finland

K. Arstila 
Nanoscience Center, University of Jyvaskyla, P.O. Box 35, 
40014 Jyväskylä, Finland

P. E. Hopkins 
Department of Mechanical and Aerospace Engineering, 
University of Virginia, Charlottesville, VA 22904, USA

P. E. Hopkins 
Department of Physics, University of Virginia, 
Charlottesville, VA 22904, USA

http://orcid.org/0000-0003-1690-5288
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-022-04768-3&domain=pdf
https://doi.org/10.1007/s10570-022-04768-3
https://doi.org/10.1007/s10570-022-04768-3


8152 Cellulose (2022) 29:8151–8163

1 3
Vol:. (1234567890)

Introduction

Hybrids of inorganic–organic materials are expected 
to hold a pivotal role in future research topics, since 
the structural idea beyond them focuses on combin-
ing the desired properties out of each component. 
Accounts on hybrid materials are prominent in the 
fields of, e.g., electrochemistry (Zoubi et  al. 2020), 
sensors (Jiang et al. 2013; Kladsomboon et al. 2018) 
optoelectronic devices (Majee et  al. 2015; Chung 
et al. 2011) and fuel cells (Nie et al. 2017). Organic 
layers sandwiched between inorganic layers can con-
tribute to the harvesting of thermoelectric energy in 
thin film structures by decreasing the thermal con-
ductivity of the material without negative influence 
on the electrical properties (Wan et  al. 2015, 2017). 
Overall, the effect of organic layers on the reduction 
of the thermal conductivity of inorganic structures 
has been analytically explained (Krahl et  al. 2018; 
Giri et al. 2016a, b; Liu et al. 2013). However, their 
efficient fabrication in a single pattern still exhibits a 
number of challenges. Inorganic thin film production 
by atomic layer deposition (ALD) has during recent 
decades developed into an industrial coating method, 
while still retaining its position as an indispensa-
ble method for deposition of thin inorganic layers in 
research context due to the numerous permutations 
of elements. Recently, the development in molecu-
lar layer deposition (MLD) and its combination 
with ALD has enabled the production of nanoscale 
organic–inorganic hybrid superlattices with molecu-
lar control over the layer thickness (Tynell et al. 2014; 
Khayyami et al. 2019). Alternating inorganic–organic 
superlattice thin films with strongly reduced ther-
mal conductivity have previously also been made 
from larger organic particles, namely nanocellulose, 
in which alternating layers have been produced by 
ALD deposition of ZnO and dip coating (Jin et  al. 
2017). In this paper, we want to refine the approach 
further by combining ALD deposition of ZnO layers 
with spin coating of well-defined nanocellulose lay-
ers, to introduce efficiency and tunability that could 
not be achieved by the dip coating technique. To our 
knowledge, the combination of these two techniques 
to yield multilayer hybrid structures has not been 
reported so far.

As a semiconductor, ZnO possesses many posi-
tive attributes for thermoelectric energy harvesting, 
such as high electrical conductivity and high Seebeck 

coefficient (Hahn et al. 1951). Moreover, ZnO is non-
toxic, inexpensive and a commonly used material 
deposited with ALD, and its behavior is well known 
and predictable as it is considered an ALD protype 
material (Tynell et al. 2014; Yousfi et al. 2000). The 
high thermal conductivity of ZnO is, however, a 
challenge in thermoelectric applications. Aluminum 
doping of ZnO has been introduced as a method to 
decrease the thermal conductivity of nanocomposites 
(Jood et al. 2011). As stated in the previous, also the 
introduction of organic materials with low thermo-
conductivity has been suggested to reduce it (Tynell 
et al. 2014; Jin et al. 2017).

Nanocellulose has been topical for the past 
10–15  years in materials research that has capital-
ized on its advanced mechanical properties (Aito-
mäki et al. 2014), high surface area (Phanthong et al. 
2018), low toxicity (Endes et al. 2016) and low ther-
mal conductivity (Hori et al. 2005; Uetani et al. 2017; 
Wicklein et al. 2015) among others. In fact, the ther-
mal stability of nanocellulose has been extensively 
studied via themogravimetric (TG) techniques, exhib-
iting structural integrity up to 200 °C, (Lu et al. 2020; 
Zhang et al. 2018, 2019) rendering it as an excellent 
component in hybrid structures, suitable for mildly 
elevated temperatures (Chiang et  al. 2020; Sadasi-
vuni et al. 2016). Furthermore, energy related appli-
cations, such as supercapacitors (Zu et al. 2016; Jose 
et al. 2019) have gained ground. Inclusion of nanocel-
lulose in thin film structures has been translated into 
solutions for sensors in particular (Mangayil et  al. 
2017; Nguyen et  al. 2019). Increased focus has also 
been paid in constructing graphene/nanocellulose 
thin films as promising structures in energy related 
applications due to their intrinsic thermal stability 
and electrical properties (Yang et  al. 2017; Potta-
thara et  al. 2021; Nie et  al. 2020a, b). Furthermore, 
Klochko et al. (2020) developed flexible thermoelec-
tric thin films through the combination of copper 
iodide with nanocellulose. Overall, the incorporation 
of nanocellulose in an inorganic structure for efficient 
manipulation of the thermal properties in the final 
hybrid composite, has been analytically described 
(Nie et al. 2020a, b; Zhang et al. 2020, 2019). Previ-
ously, we have optimized the low temperature ALD 
multilayer deposition process on nanocellulose for 
the control over oxygen and water vapor transmis-
sion rates (Putkonen et al. 2017). The employment of 
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nanocellulose for fabrication of energy-related hybrid 
inorganic–organic systems, however, still exhibits 
plenty of space to be explored.

Nanocelluloses are categorized into two main 
types: CNFs are flexible, usually mechanically iso-
lated microfibrils that gel easily in water (Kim et al. 
2015), while CNCs refer to much shorter rigid, rod-
like particles (Dufresne et  al. 2019), isolated by 
acid hydrolysis (Pääkkönen et al. 2019; Chen et al. 
2015). As a result, CNCs exhibit higher chemi-
cal homogeneity than CNFs because the hemicel-
lulose with CNCs has been mostly degraded and 
removed upon the hydrolysis (Spiliopoulos et  al. 
2021; Wyman et al. 2005; Gao et al. 2014). In addi-
tion, their employment carries another significant 
advantage: CNCs can be coated as well-defined 
submonolayers and continuous films on metal oxide 
surfaces, with efficient control over the uniform sur-
face coverage by simply altering the solution con-
centration in spin coating (Kontturi et  al. 2007). 
Previous work by our group has focused on the ZnO 
thermal conductivity reduction by the incorporation 
of TEMPO oxidized cellulose nanofibers (TOC-
NFs) between the ZnO layers by dip coating of 
the substrates into a TOCNFs dispersion, resulting 
in hybrid superlattice structures with potential as 
possible thermoelectric materials (Jin et  al. 2017). 
However, because the CNF coverage is difficult to 
control, the effect was not quantified to the organic/
inorganic component ratio. In principle, dip coating 
by adsorption cannot guarantee reproducibility for 
the ZnO layer surface coverage with CNF, in con-
trast to spin coating CNCs, for which all the experi-
mental parameters can be accurately controlled 
(Sahu et al. 2009).

In this study, a simple and easily reproducible 
experimental protocol was applied, aiming at the 
incorporation of cellulose nanocrystals (CNCs) 
between ZnO to construct hybrid nanolaminates. To 
investigate the efficiency of our protocol, we resorted 
to a sizeable variety of characterization techniques: 
helium ion microscopy (HIM) and X-ray reflec-
tivity (XRR) for the superlattice structure, atomic 
force microscopy (AFM) for the layer morphology, 
ellipsometry and XRR for the layer thickness, and 
time domain thermoreflectance (TDTR) for thermal 
conductivity of the resulting ultrathin films. Fig-
ure  1 shows the construction of hybrid superlattice 
structures involving Al-doped ZnO nanolaminates 

interspaced with CNCs at different surface cover-
age. Organic and inorganic layers were prepared by 
spin coating and ALD, respectively. Spin  coating is 
a fast and reproducible technique for cellulose films 
fabrication (Kontturi et  al. 2003) whereas ALD is a 
well-established, efficient method for facilitating inor-
ganic thin films, like ZnO in a highly conformal fash-
ion (Singh et al. 2014; Boyadjiev et al. 2016). Herein, 
a significant reduction in thermal conductivity was 
demonstrated, even by the incorporation of very lim-
ited amounts of CNCs in the superlattice.

Experimental

CNC preparation

Commercial bacterial cellulose (BC, Chaokoh Nata 
De Coco, Theppadungporn Coconut Co., Ltd, Thai-
land) was used as the raw material of CNCs. The BC 
cubes were stored in coconut gel and washed thor-
oughly with pure water followed by alkali extrac-
tion with 0.1 M NaOH (3 h, 85 °C) for purification. 
Finally, the BC cubes were once more washed thor-
oughly with pure water. The extracted product was 
freeze dried (Edwards Micro Modulyo Freeze Dryer, 
Crawley, England) with the noted pre‐treatments 
to dry matter content > 90%. The HCl gas hydroly-
sis of the freeze-dried material down to LODP 

Fig. 1  Hybrid superlattice thin film structure, consisting of 5 
Al-doped ZnO layers alternating with 4 CNC layers. The AFM 
images on the outer ring represent collected images of each 
layer
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(Leveling-off Degree of Polymerization) took place 
in a custom-built reactor (Pääkkönen et  al. 2018) 
at 1.0  bar of pressure for 21  h, followed by degas-
sing and extensive washing with milli-pore water. 
TEMPO‐mediated oxidation was performed in a 
Büchi reactor (volume 1.6  dm3) as described by Pääk-
könen et  al. (2019) and the charge-carboxylate con-
tent of the hydrolyzed and TEMPO‐oxidized BC was 
determined by conductometric titration (SCAN‐CM 
65:02) using Metrohm 751 GPD Titrino automatic 
titrator and Tiamo 1.2.1. Software. The charge con-
tent was calculated to 1.0 mmol/g, arising exclusively 
from the carboxylate amount of the sample. The aver-
age dimensions of the BC-CNCs were extracted from 
atomic force microscopy (AFM) and transmission 
electron microscopy (TEM) measurements and found 
to be 170 nm in length and 10 – 15 nm in diameter 
(Pääkkönen et al. 2019).

Hybrid inorganic–organic thin films preparation

The hybrid superlattice structures were fabricated 
by alternation of ALD depositions of Al-doped ZnO 
layers and spin coating of cellulose nanocrystals 
(CNCs) dispersions of three different concentra-
tions: 25, 100 and 250  mg   dm−3. Single side pol-
ished Si wafers of P-type doped with boron and 
with the orientation (100) produced by Okmetic 
were cut with a dicing saw (Disco Corporation, 
Tokyo, Japan) to 1 × 1  cm2 substrates. Prior to use, 
the substrates were cleaned by soaking for 5 min in 
2.5 M NaOH, followed by rinsing in Milli-Q water 
and drying with  N2 gas. The substrates were further 
coated with 5 layers of ZnO separated by 4 lay-
ers of CNCs (Fig.  1). The layered structures were 
additionally prepared on 1 × 1  cm2 single-side pol-
ished sapphire substrates (AdValue Technlogy, 
Tucson), following exactly the same procedure. 
The process was repeated for all CNC concentra-
tions. The ALD deposition of ZnO was performed 
at 90  °C in a Picosun™ R-200 reactor (Picosun 
Oy, Espoo, Finland). The operating pressure of the 
reaction chamber was around 10  mbar. Inert nitro-
gen gas with a purity of 99.999% was used as the 
carrier and purge gas. Diethyl zinc (DEZ, ≥ 52 wt. 
% Zn basis) purchased from Sigma-Aldrich) and 
distilled (DI) water were used as precursors for 

the deposition of ZnO. The pulse time of 0.2 s and 
purge time of 7.0  s were used for both precursors. 
ZnO doping was carried out by  Al2O3 via the use 
of trimethyl aluminum (TMA) and  H2O as pre-
cursors with the pulse and purge times of 0.3 and 
10.0  s for both precursors. The growth rates of 
binary materials for ZnO and  Al2O3 thin films were 
around 0.2 nm/cycle and 0.1 nm/cycle, respectively. 
Al doping content in ZnO films was controlled by 
the so-called supercycle ALD, i.e., a single TMA- 
 H2O cycle was inserted after a defined number of 
DEZ-H2O water cycles (Banerjee et al. 2010). The 
ALD supercycle of 13 × [10 × (DEZ +  H2O) + 1 × (T
MA +  H2O)] was used to deposit the ZnO thin films 
with a target thickness of around 20  nm and the 
estimated Al doping ratio of 5%. Notably, in order 
to attain a uniform growth of ZnO thin films on the 
nanocellulose coating, 3 cycles of TMA-H2O ALD 
were conducted before the ZnO ALD supercycles, 
as proposed by Baji et  al. (2012). Spin coating of 
CNCs took place via a P-6000 spin coater (Speed-
line Technologies, Inc.) at 4,000 rpm for 90 s.

Helium ion microscopy (HIM)

For HIM imaging of the thin film hybrid structures, 
reference samples of tin on carbon and gold on sili-
con were employed. The hybrid films were placed on 
45° stubs and imaged from flat cleaved edge and from 
a scratch through a diamond pen. The imaging was 
performed via a Carl Zeiss Orion NanoFab instru-
ment, utilizing a 35 keV helium beam. The working 
distance varied between 7–8 mm and the sample posi-
tion alternated between 45° and 90° relative to the 
beam. The beam current was 0.15 – 0.20 pA and the 
image size 2048 × 2048 pixels. The dwell time was set 
at 10.0 µs and the line averaging at 4. Charge neutrali-
zation (flood gun) was not used. The pressure in the 
measurement chamber was 1.7 × 10–7  Torr. Finally, 
all images were post-processed by level adjustment 
and gamma.

Atomic force microscopy (AFM)

The hybrid films were examined after each coating 
layer by an AFM Multimode 8 microscope (J scan-
ner) from Bruker AXS Inc. (Madison, Wisconsin 
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USA) for all concentrations of CNCs. The imaging 
was done with Ultrasharp μmasch silicon tips (HQ: 
NSC15/Al BS, Tallin, Estonia) via tapping mode. The 
typical force constant was 40 N/m and the resonance 
frequency was 325 kHz. Third order flattening and 3D 
image generation was performed in Nanoscope Anal-
ysis 1.5 software. The analysis of film images and the 
surface coverage estimation were subsequently done 
by ImageJ 1.52a (Wayne Rasband, National Institute 
of Health, USA) software.

Ellipsometry characterization

Hybrid films thickness values were measured by a 
FS-1 multiwavelength ellipsometer (Film Sense), 
after each ZnO coating layer. Wavelengths of 465, 
525, 590 and 635 nm were used to acquire the data. 
The Cauchy model was used for modeling the optical 
constants of the ZnO films.

X-Ray reflectivity (XRR)

The multilayer superlattice formation was analyzed 
by an X’pert Reflectivity v. 1.3 form PANalytical. 
The patterns were fitted by structural modelling. 
For the hybrid superlattice films, the initial fitting 
model – from bottom to top, respectively – included 
the following layers: Si substrate,  SiO2, ZnO layer 
(10%  Al2O3), corresponding number of cellulose and 
ZnO (10%  Al2O3) layers, ending up with  Al2O3 and 
 (H2O +  CO2) on top. The experimental data were fit-
ted using Reflex v44 (Vignaud et  al. 2019). During 
the fitting process all parameters including thickness, 
density and roughness as well as instrumental fac-
tors were adjusted for fitting to the experimental pat-
tern. The thickness values were confirmed by Fourier 
method to improve their reliability. Analytical details 
on the fitting procedure are described in the Supple-
mentary Information (S3).

Time-domain thermoreflectance (TDTR)

The cross-plane thermal conductivity of the hybrid 
films was determined with the time-domain ther-
moreflectance (TDTR) technique at room tempera-
ture. Hybrid films of 5 inorganic (ZnO) and 4 organic 
(CNCs) layers were prepared on sapphire substrates 
and employed for the measurements. The thermal 
conductivity of the samples was obtained by fitting 

of the experimental ‘cooling curve’ with a multilayer 
heat flow model (Cahil et al. 2004), where the thermo 
physical properties of the substrate and a metal trans-
ducer layer (80 nm Al), as well as the thermal resist-
ance of their respective interfaces, are accounted for. 
In principle, the heat flow model takes under con-
sideration: (i) an Al film transducer (necessary for 
TDTR measurements to relate the measured reflec-
tivity to temperature), (ii) the ZnO/CNC hybrid film, 
(iii) the sapphire substrate. The pertinent details of 
the experimental setup and the analysis procedure to 
determine the thermal conductivity of the hybrid thin 
films can be found by Giri et al. (2016a, b).

Results and discussion

The formation of a superlattice structure was con-
firmed using several different methods. Figure  2 
shows the HIM images visualizing the multilayered 
(N = 9) hybrid structure of the sample cross sections. 
The use of HIM allowed images clearly showing the 
inorganic–organic layer alteration, making it evident 
that the formation of ZnO/CNC hybrid layered struc-
tures had been successful.

Alongside the HIM images, a clear sign of the 
superlattice structure was provided by the XRR data, 
strengthening the validity of the concept. The alterna-
tion of the superlattice peaks as the coating procedure 
is advancing is clearly visible through the reflection 
pattern of Fig. 3. The formation of the regular super-
lattice structure is seen from the appearance of regu-
larly repeating more intense peaks in the patterns. 
Such superlattice peaks are absent for single-layer 
ZnO film. Then, when the number of repeating lay-
ers increase, also the number of the smaller peaks in 
between two consequent superlattice peaks system-
atically increases, as shown in previously published 
hybrid multilayer systems (Krahl et al. 2020; Jin et al. 
2017).

The formation of additional intermediate fringes 
(denoted by red arrows) between the superlattice 
peaks (denoted by blue arrows) is notable as the N 
number is increasing from 3 to 9 (Fig.  3). This is 
independent of the CNC concentration and hence 
attributed exclusively to the formation of additional 
layers, in agreement with previous reports (Jin et al. 
2017; Ha et al. 2011), as a result of the different elec-
tron densities between the organic and the inorganic 
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component. For the 250  mg   dm−3 concentration 
hybrids these fringes appear broader throughout all 
the (N) layers, something that could be attributed to 
the full coverage provided by the CNC layers on the 
ZnO (see, Fig. 4 – AFM analysis and Table 1).

The CNC surface coverage for the ZnO/CNC 
(N = 2, c = 25  mg   dm−3) and ZnO/CNC (N = 2, 
c = 100  mg   dm−3) was extracted through ImageJ 
software analysis. However, the results for the ZnO 
(N = 2, c = 250  mg   dm−3) were misleading. Increase 
of the concentration to 250  mg   dm−3 provides full 
CNC coverage on the ZnO wafer, yet ImageJ analysis 
was unable to establish it due to the inability of detect-
ing the CNCs underneath the top layer. Therefore, we 
present the corresponding phase contrast images to 
demonstrate the full-coverage for the 250  mg   dm−3 
CNC layer (Fig.  4). The lower concentrations show 
clear phase contrast between the substrate and the 
CNCs (Figs. 4a and 4b) whereas the CNC layer spin 
coated from 250  mg   dm−3 concentration shows a 

Fig. 2  HIM images 
of the cross sections 
of a ZnO/CNC (N = 9, 
c = 25 mg  dm−3), b 
ZnO/CNC (N = 9, 
c = 100 mg  dm−3), 
c ZnO/CNC (N = 9, 
c = 250 mg  dm−3) and 
d ZnO/CNC (N = 9, 
c = 100 mg  dm−3)

Fig. 3  XRR patterns of the hybrid samples. N number denotes the 
coating layer sequence and each concentration is mentioned above 
the corresponding pattern. The red arrows point to the emerging 
intermediate fringes and the blue arrows to the superlattice peaks, 
growing more prominent with increasing N
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uniform phase (Fig.  4c), indicating that the layer is 
made of a single material only.

In principle, the intercalating full-coverage CNC 
layers between the inorganic ones result in effi-
cient separation of the superlattice peaks, while 
the presence of lower coverage CNC layers (25 and 
100  mg   dm−3) appears not to lead to efficient ZnO 
layer separation. As a result, the XRR patterns from 
the films with 25 and 100 mg  dm−3 CNC concentra-
tions appear not as distinct as those from the films 
with 250  mg   dm−3 CNC concentration. This occurs 
simply because the ZnO/CNC interfaces for the 
25 and 100  mg   dm−3 hybrid films are not perfectly 
defined, due to the lower coverage at the smaller CNC 
concentrations – an explanation which is also sup-
ported by our previous study (Jin et al. 2017).

The Si-wafers substrates were efficiently coated 
with Al-doped ZnO (N = 1) whose morphology and 
surface coverage is demonstrated in the Supplemen-
tary Information (Fig. S1). For the following lay-
ers, AFM height images after layers N = 2, 3, 9 are 
presented in Fig.  5 and corresponding AFM height 
images for the remaining deposition steps are avail-
able in the Supplementary Information (Fig. S2).

The ZnO deposition on CNCs induces a mor-
phological alteration especially on ZnO/CNC 
(N = 3, c = 25  mg   dm−3) and ZnO/CNC (N = 9, 
c = 25 mg   dm−3) films, as well as through the inter-
mediate stages (see also Supplementary Information 

Fig. S2) where the consecutive coating layers result 
in visible roughness increase in the AFM images. 
In fact, the lower CNC coverage of ZnO/CNC 
(N = 2, c = 25  mg  dm −3) and ZnO/CNC (N = 2, 
c = 100  mg   dm−3) enables the visualization of the 
coating effect via comparison with the ZnO/CNC 
(N = 9, c = 25  mg   dm−3) and ZnO/CNC (N = 9, 
c = 100  mg   dm−3) images. It should also be men-
tioned that the lower roughness indicated for the 
25 mg/l concentration hybrids from the XRR analy-
sis (Fig.  3), appears to be beneficial for observing 
the coating effect through the AFM images, in con-
trast with the increased roughness indicated for the 
250  mg/l hybrids. Here, we emphasize the suitabil-
ity of CNCs as the intercalating layer between the 
ZnO. CNCs provide a surface with an abundance of 
OH groups, which supports the formation of a ZnO 
layer due to their reactivity with the precursors mol-
ecules during ALD. The selection of another cellu-
lose derivative with high degrees of substitution, e.g., 
cellulose xanthate (Weißl et al. 2019), would prohibit 
the formation of an efficient ALD coating because of 
a relatively low number of available OH groups. In 
total, the HIM, XRR and AFM measurements have 
provided us with a clear evidence of the concept on 
the hybrid multilayered structure formation.

Ellipsometry measurements took place after every 
ZnO deposition to establish the thickness values of 

Fig. 4  Phase contrast AFM 
images of the N = 2 hybrids 
for the three different con-
centrations employed

Table 1  Surface coverage (SC) values and roughness (root mean square) values for the ZnO/CNC (N = 2, c = 25 mg  dm−3), ZnO/
CNC (N = 2, c = 100 mg  dm−3) and ZnO/CNC (N = 2, c = 250 mg  dm−3) hybrids, as calculated by image analysis from AFM data

ZnO/CNC sample N = 2, c = 25 mg  dm−3 N = 2, c = 100 mg  dm−3 N = 2, 
c = 250 mg  dm−3

CNC, SC % 12.3 ± 2.08 17.3 ± 0.57 100
Roughness (nm) 3.0 3.5 3.3
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the hybrids. Figure  6 shows these values, together 
with those from the XRR characterization, dem-
onstrating a good correlation between the two tech-
niques for thickness measurements.

As expected, the addition of layers increases the 
overall hybrid film thickness linearly with the num-
ber of layers added. Additionally, a small effect of 

the CNC concentration on the overall hybrid film 
thickness was detected by ellipsometry in Fig.  6a, 
as higher CNC concentrations resulted into thicker 
films. The XRR data did not detect these small vari-
ations in the total film thickness caused by the CNC 
concentration, probably due to the film roughness 
(Table 1), so only an average value of 85 nm for N = 9 

Fig. 5  AFM height images 
of the hybrid samples. The 
coating layer number (N) 
and the concentration c are 
denoted for every sample

Fig. 6  Thickness values 
of the hybrid samples 
extracted from a Ellipsom-
etry and b XRR characteri-
zation for all the ZnO/CNC 
hybrids
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CNC/ZnO samples is presented in Fig.  6b. On the 
other hand, the XRR data enabled us to determine 
the individual CNC layer thicknesses in the hybrid 
films: this value was found to increase from 1.5 nm 
to 3.0 nm and finally to 3.5 nm with increasing CNC 
concentration from 25 to 100 and to 250  mg   dm−3 
respectively. Thickness measured by XRR and ellip-
sometry also corresponds relatively well to thick-
ness measurement from the HIM images as well, as 
presented in the Table  2. Image analysis from HIM 
images gave slightly smaller thickness estimates, in 

the range of -4 to -7  nm compared to ellipsometry, 
possibly due to the ultra-high vacuum the samples 
were subjected to in the HIM. The minor variations in 
thickness – measured from several different locations 
of the N = 9 hybrids with HIM – underline a uniform 
thickness throughout the sample and the repeatability 
of the layer build up process.

Comparing the thickness of the (ZnO/CNC, N = 9) 
hybrids with the ZnO/CNF from Jin et  al. (2017) 
small variations were detected. Especially for the 
100 mg/l CNC concentration the thickness of 94 nm 
provided from the ellipsometry data, is very close to 
the approximation of 100 nm for the ZnO/CNF N = 9, 
but the comparison between CNC and CNF layers 
between these two studies should be treated with cau-
tion because of the completely different premises of 
the coating techniques.

The thermal conductivity values obtained from the 
TDTR measurements are demonstrated in Fig. 7. The 
entire N = 9 samples for 25, 100 and 250  mg   dm−3 
CNC concentrations were examined and a compari-
son to ZnO-based hybrid samples of different organic 
components (hydroquinone, cellulose nanofibers, 
ethylene glycol (EG) and CNCs itself from previous 
studies (Tynell et al. 2014; Jin et al. 2017; Liu et al. 

Table 2  Thickness values for the ZnO/CNC (N = 9, 
c = 25  mg   dm−3), ZnO/CNC (N = 9, c = 100  mg   dm−3) and 
ZnO/CNC (N = 9, c = 250 mg  dm−3) hybrids, as calculated by 
image analysis from three different points from the HIM data

Thickness (nm)

Sample p1 p2 p3 Average

N = 9
c = 25 mg  dm−3

76.2 72.9 75.3 74.8

N = 9
100 mg  dm−3

80.7 81.6 82.3 81.5

N = 9
250 mg  dm−3

88.8 89.0 93.2 90.3

Fig. 7  Thermal conduc-
tivity values measured 
for the ZnO/CNC, N = 9 
hybrid samples (red frame) 
compared with results of 
previous studies (Tynell 
et al. 2014; Jin et al. 2017; 
Lui et al. 2013). Thermal 
conductivity of pristine 
CNC layer was retrieved 
from Diaz et al. (2014)
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2013; Diaz et  al. 2014) is presented. A large reduc-
tion in the thermal conductivity takes places for all 
the ZnO/CNC samples not only compared to that of 
a ZnO film (Alvarez-Quintana et al. 2010) but also to 
the values of other hybrid systems.

Cellulose nanofibers (CNF) have been proved 
more efficient in reducing the thermal transport in 
ZnO films (Jin et al. 2017) than hydroquinone (HQ), 
but the incorporation of CNC layers between the ZnO 
laminates resulted in even lower thermal conductiv-
ity, as demonstrated in Fig.  6. Herein, the compari-
son between the thermal conductivities of ZnO/CNF 
and ZnO/CNC hybrids is relevant since all of them 
are composed of the same layer number (N = 9). 
The ALD layers produced in this study are doped 
with aluminum, which is a known route to reduce 
the thermal conductivity of ZnO in bulk when com-
pared to ZnO and  ZnAl2O4 nanocomposites (Jood 
et al. 2011). However, the system differs highly from 
the one in this study, as it is disordered compared to 
this nanolaminate. It is also clear that the incorpo-
ration of different CNC concentrations affects the 
thermal conductivity value. We attribute this to the 
increasing CNC layer thickness (1.5, 3.0 and 3.5 nm) 
with increasing CNC concentration (25, 100 and 
250 mg  dm−3), in agreement with the previous studies 
(Jin et al. 2017; Ghiyasi et al. 2020, 2021) which have 
also pointed out the beneficial role of the increased 
organic layer thickness in depressing the thermal con-
ductivity of the hybrid. However, despite the unequiv-
ocal effect of the CNC incorporation on the ZnO ther-
mal conductivity, more efficient thermally insulating 
systems have been reported, e.g., ZnO/EG (Liu et al. 
2013), which was even lower than the thermal con-
ductivity of plain CNCs (Diaz et al. 2014). The mech-
anism of the thermal conductivity reduction is based 
on blocking the phonons, responsible for heat trans-
mittance, by the incorporation of organic layers with 
poor thermal conductivity between the ZnO lami-
nates. However, the specific structural details leading 
to quantitative differences in reduced thermal conduc-
tivity by the organic layers in hybrid systems have not 
been elucidated. One of the future tasks is to develop 
a theoretical framework around the mechanism of 
thermal conductivity reduction in hybrid multilayer 
systems. This will enable tools for optimization but it 
is outside the scope of the current, descriptive study.

It is apparent that the technique of spin coating in 
this work facilitates defined cellulose layers in a more 

reproducible and accurate manner than the simple 
dipping of the substrate in the CNF suspension that 
was performed by Jin et al. (2017), as it allows a more 
efficient control of the coating parameters (spinning 
speed and time). As a result, homogeneously spread 
layers of CNCs lead to a more efficient scattering of 
phonons, thereby minimizing the cross-plane thermal 
conduction. It would be reasonable to assume that 
increasing the CNC concentration – and as a result 
the CNC surface coverage and finally the thickness 
of the organic component – would diminish the pho-
non propagation even further, but this was not the 
case. In fact, an increase of the CNC concentration 
(i.e., the thickness of the CNC layers) has a relatively 
mild effect on the thermal conductivity as an increase 
in concentration to 100 and 250  mg/dm−3 reduced 
the thermal conductivity 11% and 25% respectively 
compared with the 25 mg/dm−3 case. It appears that 
even the incorporation of a limited amount of CNCs 
through the ZnO laminates can induce a significant 
reduction in the thermal conductivity, while the for-
mation of a full-coverage CNC layer is not a require-
ment for achieving this reduction.

Conclusions

Layered hybrid ZnO/CNC films were prepared by a 
combination of ALD and spin  coating techniques. 
HIM, XRR and AFM data confirmed the presence 
of a multilayered structure, constructed of discrete, 
alternating layers of ZnO and CNC, amounting to 
superlattice structures. TDTR examined the hybrids 
cross plane thermal conductivity, establishing a large 
reduction after the CNC incorporation. It appears that 
even the formation of a CNC submonolayer, without 
ensuring full coverage on the ZnO wafers, can result 
in efficient phonons scattering through the cross 
plane, while the intercalation of thicker CNC layers 
causes a mild additional decrease in the thermal con-
ductivity of the hybrid film.
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