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Abstract
Multilayer thin-film structures are promising for many future high-tech applications. We
investigate the structure of polycrystalline ZnO thin films with sub-nanometer amorphous
inorganic (AlOx) and organic (benzene) layers grown by atomic/molecular layer deposition.
Small quantities of aluminium are typically introduced in ZnO films for doping, while one of
the intended functions of the organic layers is to block thermal conductivity. We apply the AlOx

and benzene layers both simultaneously and separately, and investigate the resultant superlattice
films with transmission electron microscopy, x-ray reflectivity and x-ray diffraction
measurements. The study reveals that both AlOx and benzene form distinct layers in the ZnO
matrix even down to one atomic/molecular layer. Furthermore, we demonstrate that despite the
clear layering, the ZnO grains can penetrate through thin (below ca. 2 nm) benzene and AlOx

layers.

Keywords: atomic layer deposition, molecular layer deposition, inorganic-organic superlattice,
ZnO, transmission electron microscopy, x-ray reflectivity

(Some figures may appear in colour only in the online journal)

1. Introduction

Insertion of additional layers in (semiconducting) thin films
provides us important means to control various material prop-
erties. This is extensively utilized not only for carrier dop-
ing, but also to create distinct interfaces for 2D electron gases
(e.g. LaAlO3/SrTiO3 [1, 2]) and for controlling material char-
acteristics such as thermal conductivity (e.g. SrTiO3/CaTiO3

[3–5]), electrical transport (e.g. ZnO/Al2O3 [6, 7]) and optical
properties (e.g. Ta2O5/Al2O3 [8, 9]). Similarly, heterostruc-
tures are important for increasing crack resistance and barrier
properties (e.g. Al2O3/diethylene glycol [10, 11]).

Atomic layer deposition (ALD) is the state-of-the-art thin-
film technology in microelectronics [12–14], and an especially
powerful deposition technique for layer-engineering owing to

its excellent atomic-level layer control due to the stepwise and
self-limiting deposition process. Indeed, the layer sequence of
different layers has been precisely controlled to grow various
heterostructures, including both ternary and quaternary com-
pounds [15, 16] and different superlattice (SL) and nanolam-
inate structures [17, 18].

There is a counterpart for the ALD technique to deposit
organic thin films from gaseous precursors; this technique
is called molecular layer deposition (MLD). Most import-
antly, the two methods, ALD and MLD, can be combined to
grow hybrid inorganic-organic thin films for layer-engineered
heterostructures. The combined ALD/MLD approach allows
the control of the exact thickness of each layer, allowing to
combine classical inorganic materials and organic layers in a
defined and controlled nanostructure [14, 19, 20].
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Despite the apparent importance of the various thin-film
heterostructures, only limited efforts have been made to char-
acterize inorganic-organic multilayer thin films for their inter-
face properties, in particular for the state of the inserted
(sub)nanometer thick layers within the host thin-film matrix
[21–23]. The open questions include, e.g. how thin can the
intermittent layers be before solid-state diffusion becomes an
issue, and how well are they separating the matrix material
layers. To shed light on these questions we deposited ZnO
thin films with AlOx and benzene intervening layers using
ALD/MLD. For ALD, both ZnO and Al2O3 are among the
prototype materials [24, 25]. In particular, ZnO is composed
of earth-abundant and nontoxic elements and has potential as
a transparent conductive oxide or thermoelectrics when doped
with aluminium [26, 27]. Moreover, also ZnO/Al2O3 SL and
nanolaminate films have been investigated mostly for their
electrical properties [28–30]. Similarly, ZnO/benzene films
have been investigated for thermoelectrics, as the inorganic–
organic interfaces within the semiconducting ZnOmatrix have
been shown to work for efficient reduction of thermal conduct-
ivity [31–35], as they have extremely high thermal interface
resistances (kapitza resistance) [36]. We will demonstrate that
even single ALD or MLD cycles on ZnO can lead to distinct
layers, but that neither very thin AlOx nor benzene layers are
an effective hindrance to the ZnO grain growth.

2. Methods

2.1. Film deposition

We employed the well-established diethylzinc (DEZ) and
water ALD process for growing the ZnO layers [24], and
the trimethyl aluminium (TMA) and water ALD process for
the AlOx layers [25, 37]. The benzene layers were depos-
ited by replacing the water precursor in the ZnO process with
hydroquinone (HQ) [38, 39]. An advantage with the chosen
system is that their deposition temperature windows overlap,
making their combination in principle straightforward. The
films were deposited on silicon wafers (OKmetic, p-type, cut
along the (100) plane) diced into 3 × 3 cm2 substrates. Prior
to deposition they were shortly rinsed with ethanol and dried
with an airgun to ensure no dust or organic residue was on the
surface.

We deposited the films in a Picosun R-100 reactor at 230 ◦C
and 15 hPa under nitrogen flow (200 sccm), using commercial
precursors: DEZ (>52 wt% Zn, Sigma-Aldrich), TMA (97%,
Sigma Aldrich), HQ (≥99.5% Reagent plus, Sigma-Aldrich)
and deionised water. Nitrogen gas (for purging and trans-
port) was produced in an in-house nitrogen generator (Parker
HPN2-5000C-L-230V). All precursors were kept at room tem-
perature in separate containers during the deposition with the
exception of HQ which was heated to 150 ◦C for sublimation.
Even at 150 ◦C, the vapour pressure of HQ is rather low which
was compensated by long pulsing times. After each precursor
pulse the line and reactor chamber were purged with N2. The

Table 1. Pulse and purge times used in this study.

Precursor Pulse (s) Purge (s)

DEZ 0.3 5
H2O 0.5 5
HQ 15 30
TMA 0.5 5

precursor pulse times and corresponding N2 purge times are
given in table 1 for all precursors.

The samples with both benzene and AlOx layers were
prepared with 51 cycles of DEZ − H2O followed by x
DEZ + HQ cycles, 51 DEZ + H2O cycles, x TMA + H2O
cycles and 51 DEZ + H2O cycles; the last four steps
were repeated six times. The value of x was either 1
(A6B6) or 10 (A6B6-thick). Additionally, we prepared
samples with only AlOx (A6 and A12) and compared them
with previously reported [40] ZnO/benzene samples of the
same structure (B6 and B12); in all of those samples
x was 1.

2.2. Characterization

X-ray diffraction (XRD) patterns were collected with a
Panalytical X’Pert Pro MPD device with Cu–Kα1 radiation
(1.5406 Å) in continuous mode from 2Θ from 5◦ to 80◦. The
voltage used to generate the x-rays was 45 kV and the electron
flow set to 40mA. The sample was rotated during themeasure-
ment. The grain size (τ ) was estimated using the Scherrer for-
mula: τ = Kλ

β2Θcos(Θ) from the peak broadening β2Θ (full width
at half maximum (FWHM)), shape factorK, wavelengthλ, and
peak angle Θ [41]. The FWHM of the 002 Si-single crystal
substrate peak served as an estimate for instrument broaden-
ing and was subtracted from the 002 ZnO FWHM.

X-ray reflectivity (XRR) is a very convenient method to
quickly determine not only the thickness of a sample but also
the presence of the regular SL structure and its period; for
example, in their early study Jensen et al showed by XRR
distinct layers in their ZnO/Al2O3 nanolaminate films [30].
It is based on the reflection of x-rays at the interfaces and
the following interference pattern that produces fringes whose
distance depends on the distance between the reflecting inter-
faces, with the SL structures producing ‘SL peaks’ [41]. These
XRR measurements were carried out in a the same XRD
equipment except with the following modifications: a station-
ary sample stage, a copper attenuator and a 0.09 mm anti-
scatter slit to reduce the beam intensity and noise at the low
measurement angles. The data were analysed using Panalytic-
als X’Pert XRR program.

Samples for the transmission electron microscopy (TEM)
observations were coated with a protective Cu layer
(ca. 70 nm) by metal evaporation (Univex 300 Leybold-
Heraeus) and then prepared using focused ion beam (FIB)
milling with a Ga–Ion source. A 2 µm carbon layer was depos-
ited to avoid damage from ion beam during sample prepara-
tion. The ions were accelerated with 30 kV in a JEOL JIB4700
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Figure 1. Cross section sketches of the present multi-layered
thin-film samples.

setup with an Omniprobe400 for lift-out of the TEM lamella.
The final samples were thinned and polished to ca. 70 nm by
gradually decreasing the ion beam voltage and beam size. The
images were obtained on a JEOL TEM (JEM2800) with an
electron accelerating voltage of 200 kV, using scanning TEM
(STEM) mode.

3. Results and discussion

A sketch of the structures of our multilayered thin-film
samples is shown in figure 1. Both the total film thickness and
the individual layer thicknesses could be accurately determ-
ined from the XRR data. We kept the ZnO layers to be
equally thick in all samples. Therefore, due to the thicker AlOx

and benzene layers, the sample A6B6-thick is a bit thicker
(127 nm) than the other samples which are all around 100 nm
thick. For A6B6-thick, the cycle number 10 used to deposit
the thicker AlOx (with 10 TMA + H2O cycles) and benzene
(with 10 DEZ+HQ cycles) layers was chosen on the assump-
tion that the thickness of these layers could be enough to fully
separate the ZnO blocks [23].

As will be discussed later in more detail, our TEM and
XRR data unambiguously show that both the TMA + H2O
and DEZ + HQ cycles result in distinct layers in all our mul-
tilayer thin films (deposited at 230 ◦C), thus verifying the SL
structures sketched in figure 1. From the previous studies for
the ALD–ZnO/AlOx system, it seems that the possible diffu-
sion of aluminium into ZnO may depend on the deposition
temperature, and possibly also on other process parameters.
Dasgupta et al [28] saw an up-shift of the ZnO XRD peaks
upon TMA+H2O cycles for their samples deposited between
140 ◦C and 220 ◦C, and Ahn et al [29] observed notable Al
diffusion when the deposition temperature exceeded 250 ◦C,
while Lee et al [42] reported distinct AlOx layers for their
films deposited at 200 ◦Cwith single TMA+H2O cycles with
no effect on the lattice parameters of ZnO. It should also be
noted that TMAmay etch the surface of ZnO during deposition
[43, 44]; however, in our samples the effect—if existing—was
too small to be observed.

Figure 2. XRD patterns for samples A6B6 and A6B6-thick; the
substrate peak is Si (200), all other peaks are from ZnO.

3.1. XRD

Figure 2 shows the XRD patterns for samples A6B6 and
A6B6-thick in the 2Θ range of 30◦–40◦. In this region the
three main peaks of ZnO (100, 002 and 101) are present; also
visible is a weak silicon substrate peak at 33◦. No peaks due
to Al2O3 could be found (also not outside the shown range),
as expected for such a thin and presumably amorphous layers.
The same holds true for the Zn–benzene layers. The ZnO lay-
ers are polycrystalline with a preference to grow along the
c-direction; this is in line with previous reports on ALD-grown
ZnO films [24, 28, 30, 42, 45]. In the sample A6B6-thick
grown with 10 TMA + H2O cycles and 10 DEZ + HQ cycles
(x= 10) for each individual barrier layer, the ZnO 002 peak is
the only clear peak with the 101 peak being barely visible and
the 100 reflection being totally absent.

The grain size estimated from the Scherrer formula is 12 nm
in A6B6 which is bigger than the thickness of individual ZnO
layers (ca. 8 nm). This is a good indicator that the thin ben-
zene and AlOx layers are no hard borders for the ZnO growth
and that in fact some grains might grow right through these
layers. Interestingly, in A6B6-thick the grain size (7 nm) was
found to be somewhat smaller, and just below the ZnO-layer
thickness. This could be interpreted such that the thicker inser-
ted layers in A6B6-thick work as a strict barrier for the ZnO
crystal growth, leading to the lower crystallinity.

3.2. TEM

The observations made from the XRD data could be verified
by TEM. First of all, the STEM images of samples A6B6
and A6B6-thick shown in figure 3 reveal clear heterostruc-
tures that are in an excellent agreement with the targeted layer
sequences; indeed, even our single pulses of TMA lead to
clearly distinguishable AlOx layers (figures 3(a) and (c)).

Moreover, our tentative assumption that the crystal domains
can penetrate both the thin benzene and AlOx layers in A6B6
is especially visible in figure 3(c), where the darker vertical
crystallites appear to grow seemingly across any layers. Also,
the blocking of the ZnO grain growth at the thicker barrier
interfaces in sample A6B6-thick can be confirmed as no grains
are seen to clearly penetrate the Zn–benzene or AlOx layers
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Figure 3. Bright and dark field TEM images of samples A6B6 and A6B6-thick.

grown with x = 10 cycles. This is in line with the previous
observations made for ZnO films with inserted Zn–benzene
layers showing that nine ALD/MLD cycles in minimum were
required to block the ZnO penetration [23].

What we now see here for the first time is that the AlOx

layers behave very similar to the benzene layers. This is not
straightforwardly expected, given the considerably different
chemistries of AlOx and Zn–benzene moieties. After all ben-
zene is a rather bulky organic molecule and very different
from the surrounding ZnO matrix, while AlOx—even though
amorphous—is a metal oxide like ZnO and has a crystalline
form (Al2O3) crystallizing in the same crystal system. Also,
aluminium in small quantities is known to enter the ZnO lattice
[26, 27]. However, while the benzene molecules are bulkier
they are also not as densely packed and even in an ideal case
only every 2nd possible reaction site can be occupied due to
steric hindrance [46]. This free space between the benzene
molecules could provide pathways for ZnO grains to penet-
rate the benzene layer and explain why the benzene layers do
not seem to be more effective than the AlOx layers in regards
to blocking the ZnO grain growth.

We do see small differences in the electron density of the
AlOx and Zn–benzene layers. Especially in the images from
A6B6 this is visible. In the dark field mode where lighter ele-
ments appear darker and heavier elements brighter the ben-
zene layers appear much stronger against the ZnO background
confirming the lower electron density in these carbon and
hydrogen rich layers compared to the Al containing layers
(figure 3(a)). Consequently in the bright field mode (lighter

elements brighter, heaver elements darker) the benzene layers
appear brighter than their Al-rich counterparts (figure 3(c)).

Another noteworthy feature is that the interfaces show
a slight ‘waviness’. This is small and we are not sure if
this is expression of the inserted AlOx and Zn–benzene lay-
ers growing over a slightly rugged polycrystalline ZnO sur-
face, ‘smoothening’ the film in the process, as such an effect
has been mentioned in literature [47, 48]. Another plausible
explanation could be a post-deposition smearing that could
happen have happened during the FIB cutting.

3.3. XRR

Simulating the XRR patterns yielded the film thicknesses at
107 and 124 nm for the two heterolayered samples, A6B6
and A6B6-thick, respectively, and an interface roughness of
around 1 nm for both. All these values match well with the
TEM data (figure 3). The XRR patterns also show clear SL
peaks, marked with arrows in figure 4; this nicely highlights
the capability of XRR to detect SL-type heterostructures. Not
surprisingly, the SL peaks are much more pronounced for
A6B6-thick reflecting the thicker intermittent layers and the
better-defined interfaces. Nevertheless, the SL peaks can be
found in all samples. In direct comparison, the B6 and B12
samples with 6 or 12 Zn–benzene layers, respectively (and
previously reported [40]), show slightly more pronounced SL
peaks than the A6 and A12 samples with 6 or 12 AlOx lay-
ers. We think this is due to the ZnO/benzene having a bigger
difference in electron density than the ZnO/AlOx boundary as
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Figure 4. XRR patterns for samples A6B6 and A6B6-thick, and
also for A6, B6, A12 and B12 as comparison; B6 and B12 patterns
are from samples reported in [40] .

Table 2. Total film and individual layer thicknesses obtained from
XRR simulations and TEM images.

Thickness (nm) From XRR From TEM

ZnO layers in A6B6 8 ± 1 6 ± 2
ZnO layers in A6B6-thick 7 ± 1 7 ± 2
AlOx in A6B6 0.1 ± 1 1.3 ± 2
AlOx in A6B6-thick 2.5 ± 1 1.7 ± 2
Benzene in A6B6 0.3 ± 1 1.8 ± 2
Zn–benzene in A6B6-thick 3 ± 1 1.7 ± 2
Total film A6B6 106 ± 5 102 ± 2
Total film A6B6-thick 124 ± 5 119 ± 2

was already indicated in the slightly stronger contrast of the
ZnO/benzene boundary in the TEM images. The overall dens-
ity for all filmswas between 5.5 and 5.6 g cm−3 and, within the
error limits, essentially the same as for bulk ZnO (5.6 g cm−3

[49]). The excellent agreement between the XRR and TEM
data is a promising observation, as XRR is a much quicker
and cost-efficient technique to perform in routine work.

It is interesting to note that XRR is able to distinguish
between the two different barrier layers as the measured pat-
tern clearly shows 6 repeating subunits and not 12 for A6B6
and A6B6-thick. In figure 4 these samples are compared with
samples that only have benzene or AlOx interface layers but
not both. The similarity of A6B6 with samples that have 6
AlOx or benzene layers (A6 and B6 in figure 4) is striking and
very different from samples that have 12 AlOx or benzene lay-
ers (A12 and B12) despite the total number of interface layers
in A6B6 equalling that of A12 and B12.

Table 2 shows the individual layer thicknesses obtained
from analysing the electron microscope images and the sim-
ulations of the XRR curves; in overall the results are very
similar, the biggest difference being in the individual thick-
nesses of AlOx and benzene layers, which also have the biggest
relative errors. In the XRR simulation this error comes from
the fact that the fringes represent the overall film thickness

and changes below 1 nm, e.g. AlOx would result in very little
change in the overall thickness of the film, so really the thick-
nesses of these very thin layers must be taken with great care.
In the electron microscope images the biggest error comes
from the benzene and AlOx layers not being completely flat,
the slight waviness mentioned before and seen in figure 3 is
also present in the beam direction (perpendicular to the picture
plane) and leads to a ‘smearing’ of the layers making the thin
layers in the pictures appear bigger than they might really be,
the same is true for the surface (capped with copper).

4. Conclusions

Deposition of AlOx layers with TMA+ H2O ALD cycles and
Zn–benzene layers with DEZ+ HQ ALD/MLD cycles within
a ZnO thin film at 230 ◦C leads to a strictly multilayered thin-
film structure. Both of the inserted materials can be clearly
distinguished from the surrounding polycrystalline ZnO mat-
rix. This is shown in the XRR patterns and depictured on the
TEM images. Most excitingly, XRR clearly detects SL struc-
tures with six repetitions for films with 6 + 6 alternate AlOx

and Zn–benzene layers.
Regarding the efficiency to block the ZnO grain growth, no

clear difference between the AlOx and Zn–benzene layers was
seen, despite their different electron densities (seen by both
XRR and TEM) and chemistry features. In both cases, ZnO
was shown to grow through the very thin interfaces grownwith
only ALD or ALD/MLD cycle, whereas using ten deposition
cycles effectively hindered the ZnO-grain growth through the
layer. This was seen from the TEM images and also revealed
from the grain size analysis with XRD, showing a reduction in
average grain size with thicker interface layers.

The present study has thus demonstrated the capability of
ALD/MLD in engineering well-defined multilayered hetero-
structures of chemically different components, like AlOx and
benzene in a ZnO matrix down to monoatomic/molecular lay-
ers within the same sample; even with only one single pre-
cursor pulse the layering stays intact and is clearly visible.
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