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ABSTRACT

Inorganic–organic superlattice (SL) thin films are intriguing candidates for flexible thermoelectric applications; in such SLs, the heat
conduction can be efficiently blocked at the inorganic/organic interfaces. Fabrication of these materials using the atomic/molecular layer
deposition (ALD/MLD) technique allows precise layer-sequence manipulation. Another unique advantage of ALD/MLD is its capability to
yield conformal coatings even on demanding substrates such as textiles. These benefits have been demonstrated in previous works for SL
thin films where ZnO serves as the inorganic matrix and hydroquinone as the organic component. In this work, we extend the study to three
other organic components, i.e., p-phenylenediamine, terephthalic acid, and 4,40-oxydianiline, to address the importance of the bonding struc-
ture and the density difference at the inorganic/organic interface, and the thickness of the monomolecular organic blocking layer.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052450

Potential applications of lightweight and flexible thermoelectric
(TE) devices include wearable electronics and implantable medical
devices, in which they could be utilized to directly convert body heat
into electric power.1,2 The variety of flexible TE materials is rapidly
increasing to cover such devices; for example, different polymer-based
materials3,4 and inorganic–organic multilayers5 have been recently
developed. The performance of these materials is quantified by the so-
called figure-of-merit, ZT ¼ S2T/qj, which is maximized by increas-
ing the magnitude of Seebeck coefficient (S) and electrical conductivity
(1/q), while minimizing the thermal conductivity (j) at the operating
temperature (T). For conventional single-phase materials, it is chal-
lenging to suppress thermal conductivity without degrading electrical
conductivity, as they both depend on the carrier concentration.
However, heat is conducted in solids by both charge carriers and pho-
nons, i.e., j ¼ je þ jl. Thus, in recent years, “phonon engineering”
has become a major tool to manipulate the lattice contribution of ther-
mal conductivity (jl).

6 This approach is naturally most effective for
materials such as metal oxides with particularly high jl values and
negligible electrical contributions to heat conduction, je.

An intriguing phonon-engineering approach to improving per-
formance of TE materials is to fabricate nanoscale multilayer thin-film
structures in which considerable reductions in jl can be expected
due to the introduction of interfaces of the different material compo-
nents.7–11 Among these, inorganic–organic superlattices (SL)
structures are especially attractive,5,12 owing to the large acoustic impe-
dances, and thus large thermal resistance, between the inorganic and
organic materials.13 Another attractive synergy effect is seen in the
mechanics of the inorganic–organic SLs, as the organic layers embed-
ded within the more rigid inorganic matrix may considerably enhance
mechanical properties.14

Indeed, researchers have successfully intercalated organic mole-
cules into layered TiS2 and related 2D materials from organic solutions
either chemically or electrochemically, and reported significantly
enhanced TE characteristics.15–17 As an intriguing alternative to the
solution-based synthesis, the atomic/molecular layer deposition (ALD/
MLD) technique,18,19 derived from the leading ALD (atomic layer
deposition) technology for high-quality ultrathin inorganic films in
microelectronics,20 provides a gas-phase route to deposit nanoscale
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inorganic and organic layers in any layer-sequence pattern.21–24 Like
the parent ALD technique, the combined ALD/MLD approach utilizes
reactive gaseous precursors sequentially pulsed into the reactor to real-
ize the self-saturated surface reactions, which forms the basis for the
atomic/molecular level control over the growing thin film. The deposi-
tion conditions are appreciably mild and thus compatible with sensi-
tive substrates like polymers or textiles. Most uniquely, in ALD/MLD
the film grows in a conformal manner even on nanostructured/porous
substrates—an example is the cotton fibers within a textile substrate
which thus becomes an active part of the TE device.25,26

The two n-type semiconductors, ZnO and TiO2, extensively
exploited in the field of conventional ALD technology,27,28 are both
promising TE materials aside from their high phonon-dominated
thermal conductivities.29 Hence, they are excellent model inorganics
for investigations on the effects of organic interlayers in ALD/MLD
inorganic–organic SL thin films. Our previous proof-of-concept works
have demonstrated that the thermal conductivity of ALD-grown ZnO
and TiO2 thin films can be considerably reduced (even by a factor of
50) by inserting monomolecular organic layers within the inorganic
matrices throughMLD cycles.21–23,30 For all these experiments, hydro-
quinone has been used as the organic precursor. In the present work,
we now investigate the importance of the choice of organic precursor
in suppressing the thermal conductivity in ZnO:organic SL thin films.
The chosen organic precursors are hydroquinone (HQ; benzene-1,4-
diol), p-phenylenediamine (PPD; benzene-1,4-diamine), terephthalic
acid (TPA; benzene-1,4-dicarboxylic acid), and 4,40-oxydianiline
(ODA); see Fig. 1 for the molecule structures. With these four organic
precursors, we are able to address the importance of the type of func-
tional group present, i.e., hydroxy, amine or acid, the resultant chemi-
cal bond structure and density difference at the ZnO/organic interface,
as well as the length of the organic backbone which then defines the
thickness of the individual organic layers in the SL structure on the
thermal conductivity of inorganic:organic SL structures.

The depositions were carried out in a Picosun R-100 ALD reac-
tor, simultaneously on 1 � 1 cm2 sapphire substrate (MTI corp.) for
the thermal transport measurement and on 2� 2 cm2 silicon substrate
(Okmetic Oyj) for other characterizations. The following chemicals
were employed as precursors (corresponding source temperature indi-
cated): diethyl zinc (DEZ; >95%, Strem Chem., RT), de-ionized water
(H2O; RT), hydroquinone (HQ; Reagent Plus, Sigma-Aldrich,
>99.5%; 180 �C), p-phenylenediamine (PPD; Sigma-Aldrich; 98%;

180 �C), terephthalic acid (TPA; Sigma-Aldrich; 99%; 220 �C), and
4,40-oxydianiline (ODA; Sigma-Aldrich; 97%; 180 �C). Nitrogen
(99.999%; Parker nitrogen generator: HPN2-5000C-L-230V) was
applied as the purge and carrier gas. The carrier gas flow rate for DEZ
and H2O was set at 150 sccm and for the organic precursors at 200
sccm. The substrates were kept at 220 �C during the depositions. The
pulse/purge times for DEZ, H2O, and all the organic precursors,
respectively, were set to: 0.3 s/4 s, 0.2 s/5 s, and 40 s/100 s, based on
our preliminary/previous optimization experiments.27,31,32 The total
number of cycles was kept at 600 for all the films, as we aimed at as
identical films as possible; indeed, the film thickness was confirmed to
be 876 2nm for all the films by ex situ XRR (x-ray reflectivity;
Panalytical XPert diffractometer; Cu Ka) analyses.

In our previous works, we have thoroughly demonstrated for the
ZnO:HQ SL system that the films remain crystalline (of polycrystalline
ZnO wurzite structure) upon the inclusion of the organic layers even
down to few nm thick ZnO layers.21,27,30 In the present work, we
decided to introduce 6 regularly spaced organic layers within the over-
all ca. 87 nm thick SL films, not to significantly affect the intrinsic
properties of the individual ZnO layers, which thus were ca. 11 nm
thick. Initially, we nevertheless confirmed the film crystallinity for a
series of ZnO:ODA SL films, where the number of ODA layers was
increased from 6 to 14 and the individual ZnO-layer thickness
decreased accordingly from 11.4 to 5.5nm; the GIXRD (grazing-inci-
dence x-ray diffraction; Panalytical XPert diffractometer; Cu Ka; inci-
dence angle 0.5�) patterns for these SL films and a ZnO reference are
displayed in Fig. 2(a). Indeed, no significant differences are seen
among these patterns.

For the rest of the experiments with the different organic precur-
sors, we fixed the number of the monomolecular organic layers to 6,
such that the precursor pulsing sequence became as follows: 84
� (DEZþH2O) þ 6 � [(DEZþorg) þ 85 � (DEZþH2O)]. The
GIXRD patterns confirmed the crystallinity of all these four SL sam-
ples. However, from the intensities of the (100), (002), and (101) peaks
shown in Fig. 2(b), it can be seen that compared to the ZnO reference,
for the ZnO:TPA film the (002) reflection has gained intensity, imply-
ing enhanced c-axis orientation. This effect was very reproducible and
also seen for other ZnO:TPA SL films with more than 6 TPA layers.32

This can be understood from the tendency of the TPA molecules to
form bridging-type bonds with two Zn atoms on the underlining ZnO
layer, thereby pushing the layer toward the (002) orientation (Fig. 1).

FIG. 1. Molecular structures of the four organic precursors investigated and schematic representation of the resultant bonding structures at the ZnO/organic interfaces; color
codes for the atoms: Zn gray, O red, N blue, and H white.
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For the other organics investigated here, no similar tendency/effect
was seen [Fig. 2(b)]. The bridging-type bonding of TPA on the ZnO
surface can be verified from the Fourier transform infrared (FTIR;
Bruker Alpha 2) spectrum shown in Fig. 2(c) for ZnO:TPA. The two
peaks seen in the spectrum correspond to the characteristic symmetric
(1550 cm�1) and asymmetric (1402 cm�1) stretchings of the carboxyl-
ate groups in the TPA molecule, and the splitting between these peaks,
i.e., 148 cm�1, falls in the range of 130 < D < 200 cm�1, which is an
indication of the bridging-type bonding between the carboxylate group
and the Zn atoms.32,33 For the PPD, HQ, and ODA molecules due to

their functional groups (OH, NH2) only the unidentate type bonding
is possible (Fig. 1). Note that for the ZnO:HQ SLs, the interface bond-
ing structure is verified by computational modeling.34 Interestingly,
the differences in the bonding structures are also reflected in the den-
sity values determined for the organic layers separately from the XRR
data fittings (Table I).

The XRR patterns for the four SL films and the ZnO reference
are displayed in Fig. 3. First of all, superlattice peaks are seen for all of
the films except for the ZnO reference, as expected. Here, we like to
refer to previous high-resolution transmission electron microscopy

FIG. 2. (a) GIXRD patterns for a series of
ZnO:ODA films with different numbers of
ODA layers (6, 8, 12, and 14); (b) Parts of
GIXRD patterns for the ZnO:org films with
the four different organic components; (c)
FTIR spectrum for the ZnO:TPA(14) film.
In (b), the total peak intensities for each
sample are normalized based on the
(101) diffraction peak.

TABLE I. XRR and thermal conductivity characterization results; individual layer thickness and density values are average values for an extensive set of similarly ALD/MLD-
grown ZnO:org SL films.

Sample Sub-layer Molecule size (nm) Film/sub-layer thickness (nm) Density (g/cm3) Thermal conductivity (W/m/K)

ZnO � � � � � � 86.1 5.4 486 10
ZnO:PPD � � � � � � 88.3 12.76 5.8

ZnO 11.4 5.2 � � �
PPD 0.61 0.7 4.0 � � �

ZnO:HQ � � � � � � 86.2 6.26 0.4
ZnO 11.5 5.3 � � �
HQ 0.61 0.7 2.6 � � �

ZnO:TPA � � � � � � 84.1 5.96 0.2
ZnO � � � 10.9 5.6 � � �
TPA 0.81 0.9 1.3 � � �

ZnO:ODA � � � � � � 88.3 � � � 3.36 0.4
ZnO � � � 11.7 5.3 � � �
ODA 1.04 1.1 2.7 � � �
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(HRTEM) studies,35,36 which have illustrated clear images of the well-
defined SL structures for the ZnO:HQ system. The SL peaks seen by
XRR are clearest in the following order: ZnO:TPA � ZnO:HQ
> ZnO:ODA > ZnO:PPD, implying that the density difference at the
ZnO/organic interfaces decreases (i.e., organic layer density increases)
in the same order. We analyzed the XRR patterns carefully to obtain
the individual organic-layer thicknesses and densities for the films
(X’Pert Reflectivity software v1.3 from PANalytical). The thickness
values are well in line with the estimated lengths of the molecules
(Materials Studio 8.0 (BIOVIA Software Inc., USA), and the density
values indeed increase in the order: TPA < HQ < ODA < PPD.
However, here it is important to note that the previous HRTEM stud-
ies for the ZnO:HQ system revealed that despite the clear layering of
the organic layers, the ZnO grains tend to partly penetrate through
thin (below ca. 2 nm) HQ layers.35,36 Hence, the density values
obtained from the XRR fittings do not constitute from the organic
molecules only, but these (porous) organic layers are likely to accom-
modate additional Zn (and O) atoms as well. We assume that the
same may apply to the cases of the other organic components as well.

Then, we discuss the cross-plane thermal conductivity values for
our ZnO:org SL thin films and the ZnO reference film, measured at
room temperature using the time-domain thermoreflectance (TDTR)
technique; for the measurement details, see supplementary material.
The measured thermal conductivity values are given in Table I. First of
all, it can be seen that—independent of the type—all the investigated
organic components, when embedded as monomolecular layers within
the ZnO matrix, significantly decrease the high thermal conductivity
value of ca. 48W/m/K of the reference ZnO thin film, as the values for
our ZnO:org SL films (with 6 monomolecular organic layers) range
from 12.7 down to 3.3W/m/K. Then, considering the differences
between the four different organics, it seems that the density of the
“organic” layer (which constitutes not only of the organic molecule
itself but also of some ZnO possibly diffused into this layer) is an

important factor in controlling the thermal conductivity reduction.
The lower the density of this organic barrier layer is, the larger is the
density difference at the ZnO/org interface, to result in the larger
depression of thermal conductivity at the interface. This would very
well explain the lower thermal conductivity of the ZnO:HQ film in
comparison with ZnO:PPD, for which the organic component consists
of a single benzene ring which is somewhat similarly bonded to the
ZnO layer. Then, another important factor could be the thickness of
the organic layer (determined by the size of the organic molecule), in
such a way that the thicker layer would be more effective in depressing
the thermal conductivity. This would explain the clearly lower thermal
conductivity of the ZnO:ODA film in comparison with ZnO:HQ.
From these density and thickness considerations, the thermal conduc-
tivity value measured for the ZnO:TPA film is not completely out of
the trend but perhaps slightly higher than expected; we tentatively
explain this with the different type of interface bonding and the ten-
dency of the TPA layers to change the dominant orientation of the
polycrystalline ZnO layers, which may also affect the thermal conduc-
tivity of our ZnO:organic superlattice thin films.

Finally, we like to mention that the electrical transport properties
of ZnO:HQ and ZnO:TPA SL thin films have been investigated in pre-
vious experimental and computational studies.15,32,34 In general, the
effects of the organic layers on the electronic transport is less pro-
nounced compared to their effect on the thermal transport. Then,
comparison between the two organics, while the TPA layers slightly
depress the electrical conductivity even in low concentrations, the HQ
layers initially (in small concentration) increase the carrier concentra-
tion, effective mass, and electrical conductivity.

In conclusion, we have fabricated a series of ZnO:organic super-
lattice thin films with four different organic components. The ALD/
MLD fabrication conditions as well as the overall film thickness (ca.
87 nm) and the number of monomolecular organic layers (6) were
kept the same for all the SL thin films investigated. Moreover, a refer-
ence ZnO thin film of the same thickness was fabricated at the same
deposition temperature (220 �C). These choices allowed us to investi-
gate the effects of various ZnO/organic interface features on the cross-
plane thermal conductivity measured for the samples using the TDTR
technique. First, it could be verified that all the barrier organics
employed efficiently reduced the high thermal conductivity of ZnO.
Moreover, our results suggest that it is beneficial to select larger
organic molecules to increase the organic barrier layer thickness and
aim at barrier layer compositions with as low density as possible. We
positively believe that these design rules revealed here for ALD/MLD-
grown inorganic–organic thin films could be valid for a wider family
of thermoelectric superlattice thin-film structures.

See the supplementary material for detailed description of ther-
mal conductivity measurement and XRR fitting protocol.
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FIG. 3. XRR patterns for the ZnO:org films with the four different organic compo-
nents, and the ZnO reference film. The dashed lines are the fitted patterns, and the
arrows indicate the location of the SL peaks.
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