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In this study, we have deposited organic-inorganic hybrid semiconducting hydroquinone (HQ)/zinc
oxide (ZnO) superlattices using molecular-atomic layer deposition, which enables accurate control
of film thickness, excellent uniformity, and sharp interfaces at a low deposition temperature
(150°C). Self-limiting growth of organic layers is observed for the HQ precursor on ZnO surface.
Nano-laminates were prepared by varying the number of HQ to ZnO cycles in order to investigate
the physical and electrical effects of different HQ to ZnO ratios. It is indicated that the addition of
HQ layer results in enhanced mobility and reduced carrier concentration. The highest Hall mobility
of approximately 2.3cm?/V-s and the lowest n-type carrier concentration of approximately
1.0 x 10"%/cm® were achieved with the organic-inorganic superlattice deposited with a ratio of 10
ZnO cycles to 1 HQ cycle. This study offers an approach to tune the electrical transport characteris-
tics of ALD ZnO matrix thin films using an organic dopant. Moreover, with organic embedment,
this nano-laminate material may be useful for flexible electronics. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4916510]

The development of electronic devices requires accurate
control of material composition and feasibility of depositing
ultra-uniform thin films. It also demands monolayer-scale ac-
curacy on top of complex surfaces or high aspect-ratio fea-
tures and enable the creation of functionalities within the
film by adjusting the concentration and location of individual
component.' ™ Since atomic layer deposition (ALD) satisfies
most of these requirements, it has been widely applied in
research and industry.4_11

More recently, molecular layer deposition (MLD), a
thin film fabrication technique specially designed for or-
ganic molecule deposition, has attracted attention due to its
capability of depositing organic thin films with monolayer
level accuracy and freedom of material selection.'*™'> The
principle and process of MLD are similar to that of ALD,
which involves sequential, self-limiting surface reactions.
Researchers have reported several organic thin films being
deposited by MLD.'*?° Laminate structures, which are
constructed with two or more layers one after another,
have shown interesting semiconducting properties and
present potential applications in thin film transistors
(TFTs).>'"?* Organic-inorganic hybrid laminates structure
can be created by MLD combined with ALD in the same
deposition chamber, which we named as molecular-ALD
(MALD). Using this approach, organic-inorganic superlat-
tice can be fabricated in a vapor phase with nanometer-
precise control and minimized formation of defects during
the growth process, particularly when compared to solution
based methods.***>
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In this letter, we demonstrate the fabrication and charac-
terization of hydroquinone (HQ)/zinc oxide (ZnO) based
organic-inorganic superlattice with various ratios deposited
using MALD. The resulting hybrid nano-laminates were
characterized by physical and electrical manners. And the
deposition and conduction mechanism will be discussed.

Silicon (100) wafers (Silicon Valley Microelectronics)
were applied as substrates for physical characterization. For
electrical measurements, quartz substrates were used in order
to avoid current flow through the substrate. Before deposi-
tion, UV and ozone (O3) cleaning was applied for 5 min to
remove potential organic contaminates.

All organic-inorganic nano-laminates were deposited
using a D100 (NCD Tech, Korea) at 150 °C unless mentioned
otherwise. The flow rate of the N, carrier gas was 50 sccm.
HQ (Sigma-Aldrich) powder was placed in a stainless steel
canister and evaporated at 130°C. ZnO were deposited using
diethyl-zinc (DEZ, Sigma-Aldrich) and deionized water as
precursors, which were evaporated at 20 °C and 10 °C, respec-
tively. The schematic of HQ-ZnO hybrid thin film deposition
process is depicted in Fig. 1. HQ is introduced on top of ethyl-
terminated Zn surface. It is expected that HQ molecules are
deposited by an exchange reaction between its —OH functional
and the ethyl ligand (—-C,Hs) of DEZ precursors, while there
is no reaction or polymerization between hydroxyls of HQ
molecules during a HQ pulse.?® The following DEZ would
react with the phenol terminated surface. Sequentially, we
also deposit various thicknesses of ZnO using DEZ-H,0 to
prepare different compositional ratios of HQ in ZnO films. In
this letter, the ratio of HQ/ZnO is defined by the number of
DEZ-H,O cycles (shown as xN cycle in Fig. 1) per HQ
pulse, which results in organic-inorganic nano-laminate. One
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HQ-DEZ cycle consisted of 1s exposure of DEZ, 20s N,
purge, 10s exposure of HQ, and 60s N, purge. One ALD
cycle consisted of 1s exposure of DEZ, 20s N, purge, 0.5s
exposure of H,O, and 20s N, purge.

A spectroscopic ellipsometer (Sentech 800) was used to
measure the MALD nano-laminate thickness. A spectral
range of 400-850 nm with an incident angle of 75° was set
up for measurement. Surface morphology was obtained
using an atomic force microscope (AFM, Veeco Model 3100
Dimension V). Silicon cantilevers with a resonance fre-
quency around 289-331 kHz and spring constant about
20-80N/m were used to scan the sample using tapping
mode. X-ray diffraction (XRD) was applied to determine the
crystal structure of nano-laminates. The XRD (Rigaku
Ultima III) analysis was performed on films deposited
on SiO,/Si substrates with Cu Ko radiation at A= 1.54 A.
Cross-sectional transmission electron microscopy (TEM)
samples were prepared by lift-out method using a focused
ion beam (FIB, FEI Nova 2000) system equipped with a
nano-manipulator. All samples were characterized using a
field emission TEM (JOEL 2100).

For electrical properties, Hall-effect measurements
(LakeShore, 8400 Series) were performed for MALD films. All
nano-laminate samples consist of 100 cycles of DEZ/H,0, with
various numbers of HQ/DEZ cycle embedment. Aluminum
(Al) contacts were deposited using e-beam evaporation on four
corners of 1 cm X 1 cm square samples in a Van der Pauw con-
figuration. The carrier type, carrier concentration, and Hall mo-
bility were all deduced from Hall measurement in magnetic
field of 1.7 T at room temperature.”’

The self-limiting nature of the surface reaction was
examined by observing the thickness of HQ/ZnO (1:1)
hybrid films deposited for 100 cycles versus HQ dosing
time, as shown in Fig. 2(a). The results demonstrate that the
HQ reaction on top of —Zn-C,Hs is self-limiting and reaches
saturation after 10s of HQ dosage. This implies a self-
limiting surface reaction which is analogous to the deposi-
tion mechanism in ALD. If we assume the HQ/ZnO (1:1)
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FIG. 1. Schematic mechanism of HQ/
ZnO hybrid thin films deposited by
MALD. Total MALD cycle consist
of HQ-DEZ cycle and ZnO cycle
(DEZ-H,0) to control composition ra-
tio between organic and inorganic
layers of nano-laminate.

hybrid thin film is homogenous, that is, all the interfaces
inside the hybrid system are ignored for simplicity, the
Cauchy model is valid for the fitting of thickness and refrac-
tive index. The refractive index of resulting films was as low
as approximately 1.7 due to the incorporation of an organic
component,28 i.e., HQ molecules, compared to pure ZnO
which has refractive index value of approximately 2.0.
The dependence on the number of cycles of HQ/ZnO (1:1)
hybrid thin film versus thickness is plotted in Fig. 2(b).
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FIG. 2. (a) HQ pulse saturation curve (all thickness was measured after 100
cycles), and (b) growth rate confirmation of HQ/ZnO (1:1) hybrid thin films
deposited at 150 °C (Insets are surface morphology images of relevant films
characterized by AFM tapping mode).
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FIG. 3. XRD patterns of HQ/ZnO nano-laminates deposited at 150 °C on sil-
icon substrates.

The measured growth rate is approximately 5.4 ;\/cycle,
where a cycle consists of DEZ-HQ-DEZ-H,O exposure. The
growth rate is quite reasonable considering the size of a ben-
zene ring (approx. 3.6 A) plus one molecule of ZnO (approx.
2.0 A),” indicating the HQ molecules are more likely chemi-
sorbed perpendicular to the sample surface. Surface mor-
phology was studied by AFM, as shown in the inset of Fig.
2(b). The HQ/ZnO (1:1) deposited at 150°C for 30 cycles
has a relatively low RMS roughness value of 0.288 nm, com-
pared to the roughness of Si substrate (approx. 0.3 nm). After
100 and 300 cycles, the roughness is nearly constant (RMS
of 0.351 nm and 0.378 nm, respectively). Overall, the surface
roughness does not strongly depend on film thickness and is
very smooth even after hundreds of cycles of deposition.
Effects of HQ/ZnO ratio on physical and electrical char-
acteristics of hybrid system have been investigated. All HQ/
ZnO nano-laminates were deposited with the equivalent
number of DEZ/H,O0 cycles, i.e., 100. Pure ZnO was depos-
ited for 100 cycles at the same temperature using the MALD
system as a reference for both physical and electrical
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characterization. XRD patterns of the nano-laminates are
shown in Fig. 3. All of the diffraction peaks can be indexed
according to the wurtzite structure of ZnO.***' The data
clearly illustrate that by increasing the HQ component, the
laminate becomes more amorphous in crystal structure. The
HQ/ZnO film with 1:1 ratio is almost completely amorphous,
with only a weak sign of ZnO wurtzite structure observed in
the XRD pattern, indicating the blocking effect of HQ on
ZnO crystal growth. Direct observation of the nano-laminate
structure was performed by cross-sectional TEM, as shown
in Fig. 4. As expected, these images, along with the contrast
difference of these nano-laminates shown as insets, indicated
that nano-laminates have a layer-by-layer structure consist-
ing of a ZnO matrix and uniform HQ in-between layers
rather than island growth. Bright lines are clearly visible
among the dark ZnO matrix, whereas there is no line in the
ZnO reference sample. Since both carbon and hydrogen are
lighter elements than zinc, it is expected that those bright
lines correspond to HQ layers. These results provide direct
evidence of the superlattice structure.

For electrical properties, Hall measurements were per-
formed to extract the mobility and carrier concentration from
a pure ZnO thin film (reference sample) as well as HQ/ZnO
ratios of 1:100, 1:33, and 1:10 nano-laminates, as summar-
ized in Fig. 5. All samples are n-type semiconductors. By
introducing a single layer of HQ between ZnO and the sub-
strate, the mobility increased more than 50% (from approx.
1.0cm?/Vs to 1.6cm?/V -s), whereas the carrier concentra-
tion dropped from approx. 6.5 x 10"%/cm® to 5.0 x 10"¥/cm?>.
The mobility of the HQ/ZnO (1:33) laminate (approx.
2.2 cm?/V-s) is more than double of pure ZnO. The mobility
of the HQ/ZnO (1:10) laminate (approx. 2.3 cm?/V-s) did not
increase significantly relative to the HQ/ZnO (1:33) sample,
as shown in Fig. 5(a). We obtain mobility of HQ/ZnO nano-
laminates, which results from HQ ratio without consideration
of crystallinity effects.®” Further investigation regarding
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FIG. 4. Cross-sectional TEM images of (a) ZnO, (b) HQ/ZnO (1:33), and (c) HQ/ZnO (1:10) nano-laminates. The insets are the contrast profiles of ZnO thin

film and HQ/ZnO nano-laminates for the corresponding TEM images.
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FIG. 5. (a) Hall mobility and (b) carrier concentration of HQ/ZnO nano-
laminates as a function of HQ component.

crystallinity effects on electrical transport characteristics will
be performed. On the other hand, the carrier concentration of
HQ/ZnO nano-laminates dropped from approximately
6.5 x 10"¥/cm? for pure ZnO to approximately 1.8 x 10'%/cm’
for the HQ/ZnO (1:33) sample, and further decreased to
approximately 1.0 x 10'®/cm? for the HQ/ZnO (1:10) sample,
as shown in Fig. 5(b).

This result is promising because RF magnetron sputter-
ing is the dominant method for ZnO semi-conductive thin
film deposition,>*** whereas, in general, ALD-deposited
ZnO thin films are too conductive for TFT applications due
to the high carrier concentration with typical value of
approximately 10'"°cm™ (normally, for TFT applications,
carrier concentration should be lower than 10'®cm™?).%
Non-stoichiometry due to oxygen vacancies (V,) and/or zinc
interstitials (Zn;) is generally thought to be responsible for
the high conductivity in ALD-deposited Zn0.***%37 In most
doped ZnO thin film studies, in which dopants such as Al
served as n-type donors,”®?*° carrier density can be
increased due to the generation of V,, or Zn;, and the mobility
are normally decreased, possibly because of impurity scatter-
ing. In contrary, it is relatively difficult to obtain p-type dop-
ing in wide-band-gap semiconductors, including ZnO,
possibly because dopants may be compensated by low-
energy native defects, such as Zn; or V,, or low solubility of
the dopant in the host material.***? In the HQ/ZnO system,
the higher the HQ to ZnO ratio, the higher mobility and the
lower carrier concentration was observed. It is possible that
our HQ embedment involves defect-related mechanism to
reduce electrons, i.e., hydroxyl groups decrease oxygen
vacancies as well as electron concentration. It is also
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possible that HQ may serve as a p-type dopant for the hybrid
system. Further study is required to elucidate a mechanism
of the doping effects of HQ. For mobility improvement,
unlike conventional crystallinity effect, i.e., the higher the
crystallinity, the higher the carrier mobility, the inverse rela-
tionship between the mobility and crystallinity of our hybrid
system may be attributed to the introduction of HQ layers
caused reduction of scattering events. By adjusting the HQ/
7ZnO ratio for the nano-laminates, we can alter the electrical
properties of the thin films. This study offers an approach to
tune the electrical transport characteristics of ALD ZnO ma-
trix thin films using organic dopants. Moreover, limited pub-
lications have been reported using organic p-dopants in
semiconductors.**** Mainly because it is still a challenge to
quantitatively describe the doping process in organic sys-
tems, let alone the in-situ layer-by-layer doping. From our
results, introducing organic dopants, even layer so, poten-
tially it offers an opportunity for HQ-ZnO films to be used
for flexible electronics.

In summary, we investigated the growth characteristics
of HQ/ZnO organic-inorganic hybrid thin films. Using
MALD technique, we design a deposition scheme of HQ/
ZnO nano-laminates with a variety of HQ to ZnO ratios. The
physical properties of organic-inorganic superlattice thin
films are investigated by ellipsometry, AFM, XRD, and
cross-sectional TEM, indicating a well-controlled self-limit-
ing layer-by-layer growth. Hall-effect measurements demon-
strate that the addition of HQ has a significant impact on
the electrical characteristics of ZnO matrix film by improv-
ing the mobility and reducing the carrier concentration.
The highest Hall mobility of approx. 2.3cm?/V-s and the
lowest carrier concentration of approx. 1.0 x 10'%/cm® were
achieved with the HQ/ZnO (1:10) sample. Using this
approach, organic component HQ are embedded into inor-
ganic ZnO thin films to form hybrid nano-laminates, which
can be applied as semiconducting material for future elec-
tronics applications.
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