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ABSTRACT: Nanolaminates are of great interest for their unique properties
such as high dielectric constants and advanced mechanical, electrical, and optical
properties. Here we report on the tuning of optical and structural properties of
Al2O3/ZnO nanolaminates designed by atomic layer deposition (ALD).
Structural properties of nanolaminates were studied by SEM, GIXRD, and
AFM. Optical characterization was performed by transmittance and photo-
luminescence (PL) spectroscopy. Complex study of monolayer properties was
performed by ellipsometry. Optical constants for Al2O3 and ZnO monolayer
were calculated. The band gap of ZnO single layers and the excitonic PL peak
position were shifted to the UV region related to quantum confinement effects.
No peaks in the UV region were observed in nanolaminates with 2 nm ZnO
single layer thickness due to fully depleted region in small crystalline grains (<2
nm). The improved room temperature photoluminescence of nanolaminates
makes them prominent materials for optical biosensors applications.

■ INTRODUCTION

In the past decade, the attention of researchers has been given
to the design of new nanoscale materials with advanced
properties. One of these nanostructures is nanolaminates
formed by alternating layers of different materials, which have
individual layer thicknesses on the nanometer scale.1−3 These
multilayered structures often demonstrate unique properties
such as high dielectric constants and advanced mechanical,4−6

electrical, and optical properties. The latter depends on the
constituent materials forming the nanolaminates.1−3 Among
these materials, zinc oxide, an n-type semiconductor with wide
band gap value (3.3 eV) and high exciton binding energy (0.06
eV), demonstrates room temperature photoluminescence in the
UV−vis region.7 Electrical and optical properties of ZnO can be
tailored by doping8 using, for instance, aluminum or/and
aluminum oxide (Al2O3).

9−14 Quantum confinement effects in
ZnO can appear in the case of the encapsulation into a
dielectric core,15−18 changing electrical, dielectric, and optical
properties. Due to this, ZnO ultrathin layers (thickness less
than 50 nm) surrounded by a dielectric media, formed by
Al2O3, for instance, are expected to demonstrate quantum
confinement effects.
Atomic layer deposition (ALD) is a powerful tool to fabricate

different oxide materials.19 Due to two self-limiting surface

reactions, ALD allows growing pinhole free, continuous,
smooth, and substrate conformal ultrathin film as well as
multilayered films with precise dimensional control at the
subnanometer level. Different studies report the growth of
Al2O3/ZnO nanolaminates as well as the incorporation of Al
doping in ZnO using ALD.4−6,20,21 The comparison between
ZnO pure thin film and Al2O3/ZnO nanolaminates shows that
the ZnO changes its growth direction when deposited on Al2O3

layer.10 Al2O3 thin films deposited by ALD are amorphous in
nature independently of their thickness, whereas ZnO nano-
layers show a transition from amorphous to nanocrystalline
phases when bilayer spacing increased.6 Thin amorphous Al2O3

layers work as stopping layers for ZnO crystal growth.22

The investigation of optical properties of Al-doped ZnO
showed the increase of band gap as a function of Al doping
concentration varying from 3.28 to 3.7.10,11 This blue shift of
band gap has been attributed to the Al doping of ZnO layers
(Burstein−Moss effect) as well as to the quantum confinement
effects.10,11 Wang et al.23 demonstrate that Al2O3 buffer layer
led to an increase of the near band edge emission (NBE) and a
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decrease of a deep level emission (DLE). The ratio of NBE/
DLE intensities was above 60. The DLE quenching of the ZnO
films growing on Al2O3 buffer layer was attributed to the
decrease of oxygen vacancies concentration on the interfacial
layer. The proposed model supposed that the oxygen atoms are
removed from the amorphous Al2O3 layer and occupy the
oxygen vacancies at the initial stage of the growth of ZnO films
to improve its crystallization.23 Recently, Karvonen et al.22

demonstrated the enhancement of the third-order optical
nonlinearity in ZnO/Al2O3 nanolaminates fabricated by ALD.
In the present paper, we report structural and optical

properties of Al2O3 nanolaminates, fabricated by ALD method.
Single layer parameters (thickness, grain size, refractive index,
extinction coefficient, and band gap) were calculated. The
mechanism of formation of nanolaminates and Al penetration
into ZnO layer was proposed. Blue shift of the band gap with
the decrease of the bilayer Al2O3/ZnO thickness in the
nanolaminate is observed. Room temperature photolumines-
cence shows the modification of the excitonic PL of ZnO
dependent on the thickness of bilayer. Mechanisms of blue shift
of the band gap and PL changes of nanolaminates are discussed
in light of the quantum confinement effect and the Al doping as
well as the improvement of crystallinity of the nanolaminates.

■ MATERIALS AND METHODS
Synthesis of Al2O3/ZnO Nanolaminates by ALD.

Diethyl zinc (DEZ) (Zn(CH2CH3)2, 95% purity, CAS: 557-
20-0) and trimethylaluminum (TMA) ((CH3)3Al) 98% purity,
CAS: 75-24-1) were purchased from Sigma Aldrich. Silicon
wafer p-type (100) was obtained from MEMC Korea company
and glass substrates from RS France. Substrates were
precleaned in acetone, ethanol, and deionized water for 5
min to remove organic contaminants. A custom-made ALD
reactor was used for the synthesis of Al2O3/ZnO multilayers.
ALD was performed using sequential exposures of TMA
(DEZ) and H2O separated by a purge of nitrogen with a flow
rate of 100 sccm. The deposition regime for ZnO and Al2O3
consisted of a 0.1 s pulse of DEZ (TMA), 30 s of exposure to
DEZ (TMA), 30 s of purge with nitrogen followed by 2 s pulse
of H2O, 30 s of exposure to H2O, and finally 40 s purge with
nitrogen. ZnO thin films as well as Al2O3/ZnO nanolaminates
with different numbers of cycles were deposited on both Si
substrates and glass substrates by ALD (Table 1), and the
temperature was fixed to 100 °C.
Characterization. Structural properties of Al2O3/ZnO

nanolaminates were characterized by scanning electron
microscopy (SEM; Hitachi S-4800 microscope) and grazing
incidence X-ray diffraction (GIXRD; Bruker D5000). The
surface morphology was studied by Asylum Research MFP-3D
atomic force microscope, operating in tapping mode and

equipped with a commercial silicon tip. The size of the AFM
images was 3 μm × 3 μm. The thicknesses of ZnO and Al2O3
layers were measured using SEM and ellipsometry.
Optical properties of ZnO thin films have been studied with

UV−vis transmittance (UV−vis spectrophotometer Shimadzu
UV-1700, spectral range 300−1100 nm, 1 nm step) and
photoluminescence spectroscopy (spectral range 370−800
nm). The excitation of luminescence was performed by a
solid state laser source (Nd:YAG, LCS-DTL-374QT, Russia,
355 nm, 13 mW/cm2). The registration of the emitted spectra
was provided by an experimental setup described elsewhere.24

For spectroscopic ellipsometry measurements, spectral
ellipsometer M-2000X from J.A.Woollam (U.S.A.) with a
rotating compensator operating in the spectral range from 200
to 1000 nm was used. All measurements were performed at
fixed angle of incidence at 70°. For regression analysis
Complete Ease software from J. A. Woollam was used.

■ RESULTS AND DISCUSSION
Design of Nanolaminates. Figure 1a shows cross-

sectional SEM images of ZnO thin film of 100 nm thickness
and two illustrative examples of Al2O3/ZnO nanolaminates
with different sequences. The SEM images indicate a conformal
coating by ALD of the Si substrate in both cases. The SEM
cross section proves as well that the sequence of alternating
Al2O3 and ZnO interlayers was achieved throughout the total
film thickness of the nanolaminates. In all nanolaminates, the
first layer on Si substrate was Al2O3, and the top layer of the
nanolaminate was ZnO. The SEM images show that the single
layer of ZnO developed a rough surface of columnar growth
where the nanolaminates consist of alternating layers of
amorphous Al2O3 and nanocrystalline ZnO.6,23 The growth
rates of Al2O3 and ZnO in the nanolaminates vary from 1.4 to 2
Å per cycle and 1.8 to 2 Å per cycle, respectively, as it has been
determined elsewhere.6

The EDX of nanolaminates Al2O3/ZnO 10 (10/10 nm)
consisting of alternating ZnO/Al2O3 films (Figure 1b) grown at
100 °C by ALD showed the presence of Al, Zn, and O. GIXRD
patterns of Al2O3/ZnO nanolaminates are shown in Figure 1c.
The Al2O3/ZnO 50 (2/2 nm) nanolaminates with the thinnest
bilayer thickness showed weak broad X-ray diffraction peak at
34.26° which can result from their amorphous structure or their
crystalline size below 2 nm.25 The increase of the bilayer
thickness in the nanolaminates, Al2O3/ZnO 10 (10/10 nm), led
to the appearance of XRD peaks at 2θ = 31.82° and 34.35° and
a weak peak at 2θ = 36.1° corresponding to (100), (002), and
(101) reflections of ZnO, respectively. For thicker bilayer
thickness, Al2O3/ZnO 2 (50/50 nm), strong peaks at 2θ =
31.74° and 34.35° have been observed. The XRD peak at 36.1−
36.2° appeared in both spectra for thick bilayers in the
nanolamiantes but with rather low intensity. A change in the
preferential growth orientation (strong (002) and negligible
(101) XRD peaks) is observed when comparing the thicker
nanolaminate Al2O3/ZnO 2 (50/50 nm) to the single ZnO film
(100 nm). No peaks related to Al2O3 were observed.
From these XRD spectra, lattice constants and d-spacing

between the atomic planes for ZnO single films and Al2O3/
ZnO nanolaminates with different sequences were calculated.
The lattice constant (a) increased when the bilayers thickness
in the nanolaminates enhanced, whereas the lattice constant (c)
decreased at the same time. The lattice constant (a) was lower
than the similar value for ZnO (i.e., 100 nm thick: Table 2),26

but the lattice constant (c) was higher than for ZnO (i.e., 100

Table 1. ALD ZnO Single Thin Film and Al2O3/ZnO
Nanolaminate Synthesis

samples
cycles of
Al2O3

cycles of
ZnO

numbers of
bilayers

bilayer
thickness
(nm)

Al2O3/ZnO 50
(2/2 nm)

10 10 50 4

Al2O3/ZnO 10
(10/10 nm)

50 50 10 20

Al2O3/ZnO 2
(50/50 nm)

250 250 2 100

ZnO 100 nm − 500 − −
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nm: Table 2). As a result, for Al2O3/ZnO 2 (50/50 nm) and
Al2O3/ZnO 10 (10/10 nm), the d-spacing (100) is lower than
for ZnO single layer (i.e., 100 nm: Table 2), whereas for the d-
spacing (002), it is a bit higher than for ZnO single layer. We
note that the d-spacing (101) was lower for Al2O3/ZnO 2 (50/
50 nm) and Al2O3/ZnO 10 (10/10 nm) than for ZnO (i.e., 100
nm thick: Table 2).26

Texture coefficients (TC) calculated for the nanolaminates
samples with different sequences, according to Marquez et al.,27

match the preferred growth orientation in the (002) direction.
In thicker bilayers (Al2O3/ZnO 2 (50/50 nm)), lateral growth
in the (100) direction was observed (TC = 1.28).
Grain size was estimated from the Scherer equation for thick

bilayers thicknesses Al2O3/ZnO 10 (10/10 nm) and Al2O3/
ZnO 2 (50/50 nm)28,29

λ
β θ

= ·
·

D
0.9
cos( ) (1)

where λ, β, and θ are X-ray wavelength, full width at half-
maximum (fwhm), and diffraction angle, respectively. The grain
size of Al2O3/ZnO 50 (2/2 nm) nanolaminates has been
estimated from TEM measurement reported elsewhere.6 The
obtained grain size values were ∼2, 7, and 14 nm for Al2O3/
ZnO 50 (2/2 nm), Al2O3/ZnO 10 (10/10 nm), and Al2O3/
ZnO 2 (50/50 nm), respectively.

From these observations, we can conclude that in the first
stage, vertical growth of ZnO on amorphous Al2O3 is initiated.
At low bilayer thickness Al2O3/ZnO 50 (2/2 nm), wurzite ZnO
with low crystalline quality was observed. The lattice parameter
(c) increased, matching possible interstitial Al incorporation in
ZnO structure at least at the interface between ZnO and
Al2O3.

12 The thickness of doped layer of ZnO might be in the
range of 0.1−1 nm as the increase of the bilayer thickness from
4 to 100 nm in the nanolaminates turned back the lattice
constants of the ZnO to the values which characterize single
ZnO film.
Surface morphology of the samples was studied using the

AFM method (Figure 2a). Samples with low bilayer thickness
Al2O3/ZnO 50 (2/2 nm) and Al2O3/ZnO 10 (10/10 nm)
showed smooth surface with insignificant surface roughness.
Well-shaped hill-shaped features with average lateral dimen-
sions 50−100 nm have been observed on the Al2O3/ZnO 2
(50/50 nm) sample surface. The mean square roughness,
calculated from AFM data, showed linear behavior vs the
increase of bilayer thickness (Figure 2b). The obtained results
are consistent with that published by Elam et al.21 Amorphous
Al2O3 blocks the ZnO crystal growth and forces the ZnO to
renucleate on the Al2O3 surface. We note that surface
roughness of nanolaminates was lower than that for 200 nm
thick ZnO (Figure 2b).26

Figure 1. SEM images of ZnO thin film of 100 nm thickness and Al2O3/ZnO nanolaminates with different sequences (a) EDX of Al2O3/ZnO
nanolaminates (b) and GIXRD of ZnO thin film of 100 nm thickness and Al2O3/ZnO nanolaminates with different sequences (c).

Table 2. Lattice Constant, d-Spacing, and Texture Coefficient of ZnO Single Thin Film of 100 nm Thickness and Al2O3/ZnO
Nanolaminates with Different Bilayer Thicknesses

Al2O3/ZnO 50 (2/2 nm) Al2O3/ZnO 10 (10/10 nm) Al2O3/ZnO 2 (50/50 nm) ZnO (100 nm)

Lattice Constant
a (nm) − 0.3244 ± 0.0006 0.3247 ± 0.0004 0.3253 ± 0.0005
c (nm) 0.523 ± 0.0006 0.5218 ± 0.0004 0.5215 ± 0.0005 0.5213 ± 0.0002

d-Spacing
d(100) (nm) − 0.2809 0.2812 0.2849
d(002) (nm) 0.2615 0.2609 0.2607 0.2606
d(101) (nm) − 0.2481 0.2485 0.2478

Texture Coefficient
[100] − 0.66 1.28 1.66
[002] − 2.07 1.52 0.237396
[101] − 0.27 0.20 0.468436
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Optical Properties. Transmittance. Transmittance spectra
of Al2O3/ZnO nanolaminates are shown in Figure 3a. All
measured samples were transparent in the range of 550−1100
nm. The absorption edge of the samples was found in the
region of 370−410 nm. Blue shift of absorption edge was

observed particularly with the decrease of nanolaminate bilayer
thickness. The band gap value of the samples was calculated
considering that Al2O3 was totally transparent and the observed
absorption edge was related to ZnO layers. ZnO is known as a
semiconductor with direct optical transitions. Therefore, the
absorption coefficient α can be described by the following
equation30

α
ν

ν
=

−h E

h

( )g
2

(2)

where hv and Eg are photon energy and band gap values,
respectively. Absorption coefficient α is related to the
transmittance of the sample T as

α· = ⎜ ⎟
⎛
⎝

⎞
⎠d

T
ln

1
(3)

where d is a thickness of the sample.
In order to simplify the calculation of the band gap values of

the nanolaminates, an optical density OD (OD = α × d) was
used. Considering eq 2 and eq 3, the plot (OD × hv)2 vs hv was
obtained (Figure 3b). Band gap values Eg were graphically
calculated in the linear part of the absorption edge with respect
to eq 2 (Figure 3b) and are summarized in Table 3.

The band gap increased with the decrease of the bilayer
thickness in the nanolaminates. The obtained Eg values can be
affected by structural defects (interstitials, vacancies, etc.) and
impurities. The observed blue shift could be determined by
three physical phenomena:31,32 (i) quantum confinement effect

Figure 2. (a) AFM images of Al2O3/ZnO nanolaminates with different
bilayer thicknesses and ZnO thin film of 100 nm thickness (b) Blue
square, roughness vs the film thickness of single layer of ZnO; black
square, roughness vs the top layer of ZnO in the Al2O3/ZnO
nanolaminates.

Figure 3. (a) Transmittance spectra and (b) band gap estimation of Al2O3/ZnO nanolaminates with different bilayer thickness and single ZnO thin
film.

Table 3. Band Gap of Al2O3/ZnO Nanolaminates with
Different Bilayer Thicknesses and ZnO Single Thin Film of
50 nm Thickness

Eg (eV) from
transmittance

Eg (eV) from
ellipsometry

Al2O3/ZnO 50 (2/2 nm) 3.41 3.45
Al2O3/ZnO 10 (10/10
nm)

3.3 3.36

Al2O3/ZnO 2 (50/50
nm)

3.28 3.31

ZnO (50 nm) 3.24 3.25
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of small nanograins, (ii) doping of ZnO by Al, and (iii)
improvement of crystalline quality of the single layer.
In our previous work,26 we reported Eg and crystalline values

of pure ZnO single layers deposited by ALD. ZnO samples
(thickness 50 nm) were nanocrystalline with 6 nm of grain size
and a band gap about 3.24 eV. We also showed that Eg value
increased from amorphous to nanocrystalline samples.26 As was
mentioned before, the Al2O3 layer stimulates ZnO growth and
improves the crystallinity of the films. However, the grain size
of Al2O3/ZnO 2 (50/50 nm) nanolaminates was twice as high
compared with the 50 nm thick layer of ZnO. Considering this
fact, we suppose that the blue shift, which is related to the size
effects, can occur only for nanolaminates with bilayer thickness
of 4 nm. For other samples, which were based on 20 and 100
nm thick bilayers, the doping by Al and improvement of the
crystalline structure are the most plausible explanations for
observed blue shift.10,11

Spectroscopic Ellipsometry. Spectroscopic ellipsometry has
been applied for the investigation of the thickness and the
optical constants (refractive index and extinction coefficients)
of single ZnO and Al2O3 layers as well as the evaluation of
nanolaminates (Figure 4). The regression analysis was
performed applying different types of models. ZnO layer was
characterized using Psemi−MO and two Gausian oscillators
from “Complete Ease” software. For characterization of Al2O3
layers, the Cauchy dispersion function was selected. It is
commonly used for transparent materials as dielectrics and
semiconductors. First, optical constants and layer thickness of
single Al2O3 and ZnO layers deposited on Si substrate were
obtained. It was done by fixing the thickness value and fitting
the dispersion function. The values of Cauchy function used for
Al2O3 characterization coefficients A = 1.716, B = 2.36 × 10−2,
and C = 1.57 × 10−3 and a thickness of layer (d = 40.81 nm)
were determined from regression analysis. This optical constant
value is close to that reported by Barker et al. on α-A12O3
lattice belonging to the trigonal crystal system.33 The single
layer of ZnO optical constants and layer thickness (d = 48.63
nm) were obtained from regression analysis with the following
Psemi−Mo oscillator values: Amp1 = 2.542, Br1 = 0.0798, Eo1
= 3.288, WR1 = 2.2419, PR1 = 0.631, AR1 = 0.542, O2R1 =
−0.565; Gaussians oscillator values were Amp2 = 2.53, Br2 =
2.53, En2 = 6.47, Amp3 = 0.265, Br3 = 0.46, En3 = 0.885. The
calculated optical constants of ZnO nanolayers obtained by

ALD are in good agreement with ZnO having hexagonal
crystals structure reported by Dai et al.34

In order to study the optical response of ellipsometric
parameters of multilayer system (nanolaminates) composed of
Al2O3 and ZnO layers deposited by ALD method during
regression analysis, the thicknesses of layers were fixed
parameters; meanwhile, coefficients in optical dispersion
functions were free fitting values. As noted above, the obtained
optical constants for single Al2O3 and ZnO layers were used as
a starting point for the regression analysis based evaluation of
ZnO/Al2O3 nanolaminates.
For the Al2O3/ZnO 50 (2/2 nm) nanolaminate, the

Bruggeman effective media approach was used for regression
analysis. First, the total thickness was obtained in a range from
400 to 1000 nm. After that the coefficients of optical constants
functions were fitted in spectral range from 300 to 1000 nm to
evaluate the peculiarity in the UV range. Bruggeman’s effective
media approximation model gives the possibility of evaluating
the percentage of materials from which the layer consists and
usually is used for the evaluation of polycrystalline materials.
After the fitting of percent’s in effective media model, using
Complete Ease software, it was calculated that the part of Al2O3
takes 54.9% and ZnO 45.1% of total volume. We note here that
due to the roughness of the interface between layers, the
ultrathin (about 2 nm) layer’s fluctuations can be of the same
order as the thickness of this layer. It can be seen from XRD
measurements that the amorphous layers have thickness below
2 nm. This means that such nanolaminates are closer to the
dispersed system than to the regular one. Thus, the effective
medium approach could be a good enough tool for calculation
of the effective refractive index. Since the exact shape of such
fluctuations is unknown, the Bruggeman approach is most
preferable because it is better to use it in the case of the absence
of any independent information about microstructure and in
describing film roughness and intermixed layer effects.35,36

However, the investigation of nanolaminates using He-ion
microscope reported elsewhere had demonstrated layered
structure of the total film.6 In order to estimate the error
which could be generated due to this anisotropic structure, we
used a linear approach of effective medium and Hashin−
Shtrikman limit37 with known volume fractions of the
components (55%/45%). This estimation showed that the
difference between dielectric constants along and perpendicular

Figure 4. (a) Refractive index (real part) of Al2O3 single thin film and Al2O3 in Al2O3/ZnO nanolaminates with different bilayer thicknesses. (b)
Refractive index (real part) of ZnO single thin film and ZnO in Al2O3/ZnO nanolaminates with different bilayer thicknesses.
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to the nanolaminate structures is only 0.1%. This demonstrates
that our choice of Bruggeman effective medium approach is
able to give accurate enough results.
The main parameters of single ZnO and Al2O3 layers

(refractive index n and extinction coefficient k) were calculated
from ellipsometry measurements. It was found that Al2O3 was
transparent in the whole UV and vis range of the wavelength
(Figure 4a). We note here that ellipsometry allows obtaining
the optical constants n (real part of refractive index) and k
(imaginary part of refractive index). This was used in the
present paper: n vs wavelength was plotted to analyze
correlation with the structural properties. However, no drastic
changes in n values were observed when we plot n, sqrt(n2 −
k2), and sqrt(n2 + k2) in the UV−vis range (Figure SI2 of the
Supporting Information).
ZnO single layer demonstrated an absorption peak in the

range from 360 to 410 nm (Figure 4b). It is known that
extinction coefficient k and absorption coefficient α are related
as38

α π
λ

= · ·k4
(4)

where λ is a wavelength. Using eqs 2 and 4, band gap values of
ZnO single layer were calculated (Table 3). The calculated Eg
values were similar to the ones obtained by transmittance
spectroscopy (see Figure 3b). It was found that average
refractive index of ZnO single layer in nanolaminates was
higher than that for the single ZnO films. No drastic changes in
refractive index of ZnO in nanolamitates were observed in the
range of 450−700 nm. The peak between 350 and 400 nm
corresponds to the band gap transition of ZnO.39 Blue shift of
the peaks in dispersion curves (n(λ)) were observed with the
decrease of the single ZnO layer thickness in nanolaminates
due to grain size decrease, doping by Al, or the improvement of
the crystalline quality.39 The observed blue shift peak is in good
correlation with the calculated band bap values.
Doping of ZnO by Al resulted in changes of optical

properties, such as band gap and refractive index.40,41 It was
shown that refractive index of ZnO doped by Al decreased with
the concentration ratio of Al-dopant.40,41 The observed results
of refractive index of ZnO showed the increase of refractive
index in comparison to single ZnO films. Recently we
demonstrated that 50 nm ZnO film on Si was barely
nanocrystalline with average grain size of about 6 nm.26 It
was considered that shift of the refractive index is related to the
packing density of the film:40,42,43 as the packing density
increases, the n value increases.40,42,43 In fact, the packaging
density (density per volume) is related to the microstructure of
the films. The higher the packing density, the less moisture/
voids are inside ZnO thin film. ZnO has a columnar
microstructure, and a columnar growth is proved. When we
deposited ZnO on Al2O3, lateral growth can take place. The
deviation from the columnar growth can change then the
microstructure and increase the packing density and the
refractive index as reported by Krishna et al.44According to
the XRD analysis, the larger grain size in nanolaminates
increased with the bilayers thickness. It might be considered
that no significant doping occurred in ZnO single layers, but
the increase of refractive index of ZnO was based on improved
crystalline properties. We suppose that the Al doping at the
ZnO/Al2O3 interface did not influence the refractive index of
ZnO layers.

The refractive index of Al2O3 single layer in nanolaminates
increased in comparison to single layer of Al2O3 deposited on
Si (Figure 4b). This layer had amorphous structure.6 In the
present work Al2O3 also had amorphous nature as no XRD
peaks related to this material were observed. This result is not
fully understood yet; however, we could consider the
improvement of the structure in amorphous Al2O3, similar to
ZnO, which resulted in the increase of the refractive index and/
or the Zn incorporation at the ZnO/Al2O3 interface.

Photoluminescence Spectra. Photoluminescence spectra of
nanolaminates are shown in Figure 5, demonstrating UV and

vis emission bands usually observed in ZnO nanostructures.
The UV peak corresponds to free exciton emission, and the vis
peak is observed due to defect level emission.23 The intensity of
UV peak increased with the increase of the bilayer thickness in
the nanolaminates. The intensity of the vis band does not
follow the same tendency. The ratio of UV/vis emission could
be a parameter of the crystalline structure quality of ZnO inside
the nanolaminates.45,46

The low intensity of UV in Al2O3/ZnO 50 (2/2 nm) could
be effected by high surface-to-volume ratio of the nanocrystal-
line ZnO. Ábrahaḿ et al.47 showed that in ZnO quantum dots
the UV/vis ratio increased with the quantum dot (QD) radius.
The low intensity of UV emission of QD could be attributed to
the domination of the surface defect irradiative recombination
and the separation of photogenerated charges between volume
and surface of QD.48

The PL spectra of the nanolaminates were analyzed by
Origin 7.0 software by splitting the spectra on separate peaks
with the Gaussian fitting (Supporting Information, Figure SI1).
The obtained data are presented in the Table 4. Excitonic peaks
at 377−378 nm and phonon replicas at 386−388 nm fit well

Figure 5. Photoluminesacnce spectra of 50 nm thick single ZnO film
and Al2O3/ZnO nanolaminates with different bilayer thicknesses.

Table 4. Peak Positions of ZnO Single Thin Film and Al2O3/
ZnO Nanolaminates with Different Bilayer Thicknesses

Al2O3/ZnO 50
(2/2 nm)

Al2O3/ZnO 10
(10/10 nm)

Al2O3/ZnO 2 (50/
50 nm)

ZnO (50
nm)

425.3 380 378 382
560.5 389 386 391
653.1 414 417 406
− 566 552 518
− 660 637 619
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with the previously published results.49−52 Peaks at 413−425
nm could be induced by neutral Zn vacancies and/or surface
defects.49−52 Peaks at 536−565 and 635−656 nm correspond
to oxygen vacancies and the interstitial oxygen.53

It was mentioned that UV/vis intensity of nanolaminates did
not increase monotonically with the increase of the single layer
thickness (Figure 5). It could be affected by structural changes
during the layer growth and/or doping by Al. Yogamalar et al.30

demonstrated that Al3+ ions could substitute Zn2+ and therefore
Zn vacancies are formed, which are increasing the visible PL
band. Additionally, Al doping results in the increase of the
electron concentration which could stimulate the defect-based
luminescence.30 Doping by Al also stimulated the formation of
surface defects, which could be luminescence centers as well.30

Additional defects at Al2O3/ZnO interface could be formed,
which is confirmed by a relatively strong peak at 413 nm
(Figure 5). It was shown that peaks at 413−426 were related to
neutral Zn vacancies or/and Zn interstitials.53−55 Because no
doping by Al was approved with ellipsometry and XRD
measurements, the increase of the peak intensity could be the
result of higher concentration of Zn vacancies/Zn interstitials at
Al2O3/ZnO interface, as described above.
The obtained nanolaminates were biocompatible and suitable

for surface modification. At room temperature, enhanced
photoluminescence of Al2O3/ZnO 50 (2/2 nm) could be
exploited as a platform for the development of new optical
sensors and biosensors.

■ CONCLUSION
In conclusion, optical and structural properties of Al2O3/ZnO
nanolaminates deposited by ALD are reported. The ALD
methods allow the tailoring of structural and optical parameters
of the nanolaminates, including single layer thickness, grain
size, band gap, and PL. From analysis of optical and structural
properties, it was determined that during the synthesis, the
formed ZnO single layer in the nanolaminates was not doped
by Al. The possible mechanism of nanolaminate formation
implies that Al diffused into the interface of ZnO/Al2O3 bilayer,
forming defect states which increased visible band of PL. Blue
shift of band gap and excitonic peak position of ZnO single
layers were explained by quantum confinement effect and the
improvement of crystalline quality of ZnO layer. The advanced
properties of the nanolaminates such as biocompatibility, easy
surface modification, and enhanced photoluminescence at
room temperature could provide good capacity for the
development of nanolaminates-based optical sensors and
biosensors.
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