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ARTICLE INFO ABSTRACT

Ultrathin zinc oxide (ZnO) films with thickness down to several nanometers have been fabricated by atomic layer
deposition. The chemical composition, surface morphology, crystalline structure, optical properties and pho-
toluminescence characteristics of the ZnO films with various thicknesses were investigated. The X-ray photo-
electric spectroscopy illustrates that the deposited films are uniformly distributed with zinc and oxygen atoms.
Spectroscopic ellipsometric measurements reveal that both the refractive index and extinction coefficient de-
crease monotonically as the thickness of the film decreases. The thickness of the ZnO films obtained via ellip-
sometry is consistent with X-ray reflectivity measurements. The excitonic emission peak of the photo-
luminescence spectrum shifts to higher energies when the film thickness decreases to a few nanometers. This
blueshift phenomenon is consistent with the expansion of the fundamental optical bandgap determined from
ellipsometry, which could be well described by the effective mass model using physically meaningful para-
meters. The results obtained in this study could provide guidance to the design and optimization of optoelec-
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tronic devices based on ultrathin ZnO films.

1. Introduction

Zinc oxide (ZnO) is an attractive semiconductor for short wave-
length optoelectronic devices due to its wide bandgap and extra-
ordinary excitonic properties [1,2]. For bulk ZnO at room temperature,
the optical bandgap is 3.3 eV and the exciton binding energy is as high
as 60 meV [3]. These properties makes ZnO a promising candidate for
application in, especially, low-dimensional optoelectronic devices [4]
in the form of quantum dots [5,6], nanowires [7,8] and nanodiscs [9],
etc., where novel optoelectronic properties emerge due to the quantum
effects at reduced geometric size. Ultrathin ZnO film is another kind of
low dimensional material with geometry reduced in the thickness di-
rection. The optical properties, i.e. dielectric constants, optical bandgap
and photoluminescence (PL), of such ZnO films might be tuned simply
by the film thickness.

Since the exciton Bohr radius of ZnO is approximately 2 nm [1,2], it
is of great interest to investigate the properties of ZnO films which are a
few nanometers thick [10-13]. Nie et al. [10] found that the exciton
peak of the absorption spectra of the ZnO films with thickness down to
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4.8 nm follows the effective mass model derived by Brus [14], but the
dielectric constants and PL properties were not studied. Mosquera et al.
[11] investigated the dependence of the free exciton energy and core-
level binding energy on the thickness of ZnO films, however, the
thinnest film under study was 10 nm. Li et al. [12] studied the exciton
binding energy and bandgap energy (determined from ellipsometry) of
ZnO films with thickness down to 10 nm, the other properties were not
investigated. Pal et al. [13] reported the bandgap enlargement of ul-
trathin ZnO films with only two thickness below 10 nm (5 and 9 nm),
the PL properties were missing. Chaaya et al. [15] studied the tunable
optical properties of ZnO films with thickness of 25, 50, 125 and
250 nm, which are beyond the thickness range for quantum confine-
ment. None of the previous works have systematically studied the
various properties of ultrathin ZnO films. The observed bandgap en-
largement at reduced film thickness were fitted by the effective mass
model with parameters which are not physically meaningful [10-13].
The quantum confinement effect has not been demonstrated convin-
cingly. Therefore, the optical properties of ultrathin ZnO films with
thickness down to a few nanometers should be investigated thoroughly.
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Several methods have been used to deposit ZnO films, such as
magnetron sputtering [11,12,16-23], pulsed laser deposition
[10,24,25], metal-organic chemical vapor deposition [26-30] and
atomic layer deposition (ALD) [15,31-38]. Among these techniques,
ALD is probably the most promising approach to fabricate high quality
ultrathin ZnO films with atomically specified thickness at low tem-
perature [39-41]. Due to the merits of high conformity and accurate
thickness control, ALD has been widely employed to deposit functional
nanolayers for semiconductor devices [42-44], biosensors [45] and a
variety of membranes in application of gas separation, water filtration
and catalysis [46]. In this work, we report the optical properties of
ultrathin ZnO films with thickness down to a few nanometers fabricated
by ALD. The chemical composition, surface morphology, and crystalline
structure of these ultrathin films were characterized thoroughly. The
unique optical properties of the fabricated ultrathin ZnO films, i.e.
bandgap enlargement and blueshift of PL spectra, due to quantum
confinement effects were demonstrated by the effective mass model
using physically meaningful parameters.

2. Material and methods
2.1. Film deposition

The ZnO films were deposited on silicon (1 0 0) substrates (Siltronix,
P type, resistivity of 1-30 Q cm) with a PicoSun R200 ALD system. The
precursors were diethyl zinc (DEZ, CAS: 557-20-0, Sigma-Aldrich, 99%
purity) and pure water (CAS: 7732-18-5, Sigma-Aldrich, 99.99%
purity) with the chemical reaction:

Zn(CH,CH;), + H, O~ ZnO + 2C,Hy

The pulse length for DEZ and pure water were 0.1 and 0.2 s, re-
spectively. The carrier gas for the precursors was nitrogen, the flow was
150 and 200 sccm (standard cubic centimeters per minute) for DEZ and
pure water, respectively. After each pulse, pure nitrogen was purged for
4 s. Before deposition, the silicon substrates were cleaned following
standard RCA procedures [47]. The surface oxide was removed by
dipping in buffered oxide etch solution (6:1 vol ratio of 40% ammo-
nium fluoride in water to 49% hydrofluoric acid in water, Sigma-Al-
drich, 99% purity) for 2 min. The substrate temperature was main-
tained at 200 °C during film deposition. After deposition, the reaction
chamber was cooled down to room temperature before removing the
substrate from vacuum. ZnO films with variable number of deposition
cycles, i.e. 20, 30, 40, 50, 100 and 200 cycles, were deposited and the
samples were named as 20C, 30C, 40C, 50C, 100C and 200C, respec-
tively.

2.2. Film characterization

The chemical compositions of the ZnO films were characterized by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB
250Xi) measurements under ultrahigh vacuum conditions (5 X 108
Pa). The X-ray source was Al K, with monochromatic emission at
1486.6 eV, and the energy resolution was 0.45 eV. Argon ions with
energy of 2 keV were used to etch the ZnO films for surface con-
tamination removal and depth profiling measurements. The surface
roughness of the ZnO films was measured by an atomic force micro-
scope (AFM, Asylum Research MFP-3D-SA) in the tapping mode. The
crystalline structure of the ZnO films was characterized by an X-ray
diffractometer (Rigaku SmartLab) in the 6-26 mode. The incident angle
of the Cu Ka radiation was 0.35°. The scanning angle range was 25°-75°
and the step size was 0.02°. X-ray reflectivity (XRR) measurements of
the ZnO films were also performed on the same diffractometer with
scanning angle range of 0-6° and step size of 0.01°. The thickness and
refractive index of the ZnO films were measured by a spectroscopic
ellipsometer (J. A. Woollam M2000U) in the spectra range from 250 to
1000 nm, and the incident light angle was 65°. Room temperature
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Fig. 1. Comparison of film thickness results obtained by ellipsometry and XRR.
Inlet: X-ray reflectivity curve fitting result for the 100C sample.

photoluminescence (PL) of the as-deposited ZnO films were excited by a
helium-cadmium (He-Cd) laser emitting at 325 nm and detected by a
silicon detector.

3. Results and discussion
3.1. Deposition rate

XRR and spectroscopic ellipsometry are useful non-destructive
techniques for the characterization of ultrathin films. Both of these two
techniques were used to measure the ultrathin ZnO films ex situ. The
film thickness results obtained via these two methods were compared in
Fig. 1. The detailed analysis of the ellipsometry results are in the
spectroscopic ellipsometry section.

It is apparently from Fig. 1 that the growth rate decreases when the
film gets thicker. The growth rate drops from 0.21 = 0.014 nm per
cycle to 0.17 * 0.002 nm per cycle when the number of ALD cycles is
more than 50. Such self-limiting behavior of ultrathin ZnO films has
also been observed by other researchers [32].

A typical XRR curve is shown in the inlet of Fig. 1, where the nor-
malized X-ray reflectivity is plotted against the incident angle of X-ray.
The Kiessig fringes characteristic could be clearly observed. The mea-
sured reflectivity curve is fitted by a theoretical curve simulated by the
recursive Parratt's formula which includes the effect of surface and
interface roughness [48]. The fitting procedure was performed by using
the Rigaku GlobalFit software. Upon fitting, the film thickness, film
density and surface roughness parameters could be obtained simulta-
neously. Good fits are obtained for all the samples, which are illustrated
in Fig. S1 in the supporting information. The revealed parameters for
the ultrathin ZnO films are shown in Table 1.

It is shown from Table 1 that the density of the deposited ZnO films
were close to the value of bulk ZnO (5.6 g/cm3 [49,50]), except for the
20C sample. Similar density result has been obtained by in situ quartz
crystal microbalance measurements for ZnO films deposited by ALD

Table 1
XRR measurement results.

Sample Thickness (nm) Density (g/cm®) Roughness (nm)

20C 0.859 = 0.501 3.45 = 0.03 0.4070 = 0.0050
30C 4.166 = 0.312 5.55 + 0.03 0.9890 = 0.0030
40C 5.614 = 0.302 5.56 + 0.02 0.4317 = 0.0020
50C 7.111 = 0.452 5.57 * 0.02 0.4090 = 0.0020
100C 15.32 + 0.502 5.56 + 0.05 0.3744 = 0.0016
200C 33.51 = 0.601 572 + 0.04 0.4514 = 0.0019
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Fig. 2. (a) Survey spectrum and elemental spectra for (b) Zn 2p (c) O 1 s and (d) Si 2p for the 200C sample after Ar milling for 10 min.
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Fig. 3. Depth profiling of the 200C ZnO film sample.

[31]. In comparison, the 20C sample has a lower density, which might
be due to the large density of defects, such as pores and pin holes, for
film with thickness around merely one nanometer.

3.2. Chemical composition

The chemical composition of the ZnO films was characterized by
XPS. The measured spectra were calibrated according to the binding
energy of C 1 s at 284.8 eV [51]. For fitting of the elemental spectra,
Shirley backgrounds and Gaussian-Lorentzian type spectra were used.
The typical results for the survey spectrum and the high-resolution

elemental spectra are shown in Fig. 2.

As shown in Fig. 2 (a), the photoelectron and Auger lines of Zn and
O are clearly observed. The high resolution spectra for Zn 2p;,, and Zn
2ps3,2 are shown in Fig. 2 (b), where both of them are fitted by single
Gaussian functions. The related peak binding energies at
1045 =+ 0.2 eV and 1022 = 0.2 eV are consistent with the value
shown in [51].

The O 1 s spectrum shown in Fig. 2 (¢) can be decomposed into two
peaks, which correspond to different chemical environments of oxygen
atoms in the hexagonal wurtzite crystal of ZnO (as revealed by XRD
measurements for the deposited ZnO films): the 531.3 = 0.2 eV peak
corresponds to oxygen atoms in the oxygen-deficient region, whereas
the peak at 529.9 * 0.2 eV corresponds to oxygen atom in a fully
occupied crystal region. The binding energy of these two peaks are in
good agreement with literature [16,52]. The Si 2p spectrum shown in
Fig. 2 (d) is fitted with a single Gaussian function with binding energy
peak at 103.7 = 0.2 eV, which corresponds to the Si-O bond [53,54].

In order to get the stoichiometric information of the deposited ZnO
films, XPS depth profiling using argon ions as etchant was performed
for the 200C sample. The high resolution elemental spectra of Zn, O and
Si were analyzed in the fashion similar as Fig. 2. The atomic ratio of
these three elements were obtained by comparing the area under the
Gaussian functions weighed by the sensitivity factor for the related
photoelectron line. The atomic ratio as a function of Ar etching time is
plotted in Fig. 3. It is illustrated that near the top surface the oxygen
atom has an atomic ratio as high as 60%, which is due to water ad-
sorbed on the film surface. Similar analysis of the O 1 s spectra as shown
in Fig. 2 (c) would resulted in three peaks, the extra peak is related to
the H-O bond, which is not shown here. After 10 min of argon ion
etching, the atomic ratio becomes stable at Zn:0 = 1:0.7. After 30 min
etching, the signal from Zn atom disappeared. The etching rate is es-
timated to be 1.1 nm/min. The obtained stoichiometric value is
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different from ZnO, which could be attributed to preferential sputtering
of oxygen atoms during argon ion milling. A viable approach for more
accurate determination of the film stoichiometry could be normal-
ization of the obtained stoichiometry to that for a ZnO single crystal
[55]. We will continue this interesting topic in a subsequent in-
vestigation. Nevertheless, the depth profiling results indicate that the
zinc and oxygen atoms are uniformly distributed in the deposited films.

3.3. Surface morphology

The surface morphology of the ultrathin ZnO films was character-
ized via atomic force microscopy (AFM). A typical surface morphology
is shown in the inlet of Fig. 4, based on which the root mean square
surface roughness is calculated to be 0.4 nm. Similar analysis has been
performed for the other samples. The dependence of surface roughness
on the number of ALD cycles is shown in Fig. 4. It is depicted that the
surface roughness increases monotonically as the number of the ALD
cycles increases. The maximum roughness is merely around 1 nm (the
200C sample), which agrees with the surface roughness results obtained
by XRR. These surface roughness results illustrate that the deposited
ZnO films are flat and uniform.

3.4. Crystalline structure

The crystalline structure of the deposited ZnO films was character-
ized via grazing-incidence X-ray diffraction (GIXRD). The incident
angle of X-ray was chosen at 0.35°, which is close to the critical angel
for X-ray total-internal reflection at the ZnO-air interface. The reflection
patterns for the 200C, 100C and 50C samples are shown in Fig. 5. The
40C, 30C and 20C samples show no apparent reflection peaks.

The reflection peaks were indexed using the standard inorganic
crystal structure database pattern (ICSD PDF#75-0576) of hexagonal
wurtzite ZnO. The diffraction results indicate that the deposited ZnO
films were polycrystalline with major reflection peaks in the (1 0 0),
(0 0 2) and (1 0 1) directions. Assuming the crystallites are spherical
shaped, the average crystallite sizes could be estimated via Scherrer’s
formula [56], which is given by

D = 0.94/Bcosd

where D is the average crystallite size, A. the wavelength of X-ray, 8 the
line broadening at half the maximum intensity, and 6 the Bragg angle.
The estimated average crystallite size for the 200C sample is 15.9, 15.3
and 8.4 nm for the (1 0 0), (0 0 2) and (1 0 1) planes, respectively.
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spectra have been shifted vertically for clarity.

3.5. Spectroscopic ellipsometry

From spectroscopic ellipsometry measurements, the film thickness,
refractive index and extinction coefficients of the ZnO films could be
obtained simultaneously by fitting the modelled parameters to the
measured ellipsometric parameters. The J. A. Woollam CompleteEASE
software was used for all the fittings. The modelled ellipsometric
parameters were calculated from the ZnO dispersion relation modelled
by a Herzinger—Johs (HJ) Psemi-MO parameterized oscillator function
[57,58]. This oscillator function consists of four polynominals spline
function connected end to end and could accurately reproduce the di-
electric function of semiconductors with complicate critical point
structures [20,21]. More importantly, this parametric model is Kra-
mers—Kronig (KK) consistent and sensitive to subtle characteristics
(such as the fine structure of the exciton peak), which might not be well
captured by conventional physical models [59]. A comprehensive re-
view for the conventional model dielectric functions of ZnO could be
found in [60].

The nine fitting variables are the ZnO film thickness, the amplitude
and energy of the UV pole, and the six parameters of the HJ PSemi-MO
model [61]: Amp (amplitude of the oscillator center energy), Br
(broadening), E, (center energy), WR (width of right side absorption
region), PR (control point position for right side), AR (control point
amplitude for right side). The fitted values are shown in Table 2. All the
fitting results of the ellipsometric parameters are illustrated in Fig. S2 in
the supporting information. The goodness of fitting is quantified by the
MSE (mean-squared-error) parameter, which is defined as the root
mean squared difference between the measured and modelled functions
of the ellipsometric parameters [59]. It is seen from Table 2 that the
MSE value for all the samples are below 10, which indicates good fitting
between the modeled and measured ellipsometric parameters. The re-
fractive index and extinction coefficient of the ZnO films revealed by
ellipsometry are plotted in Fig. 6. Generally, these two parameters in-
crease as the number of deposition cycles increases. Note that, beyond
450 nm, the extinction coefficient for all the samples vanishes.

3.6. Photoluminescence

The luminescent properties of the deposited ultrathin ZnO films
were characterized by room temperature PL. The measured spectra are
shown in Fig. 7 (a). Note that the intensity is displayed on a logarithmic
scale. It is depicted in Fig. 7 (a) that thicker ZnO films exhibit stronger
PL intensity. Except for the 20C sample, all the other samples show the
characteristic excitonic emission with peak wavelength around 380 nm
(3.27 eV), which arises from high quality hexagonal wurzite ZnO [62].
The PL emission from the 20C sample was too low to be captured by the
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Table 2

Ellipsometry fitting variables for the ZnO films.
Parameter 200C 100C 50C 40C 30C 20C
MSE 5.872 0.882 1.621 1.538 0.726 0.859
Thickness (nm) 33.72 £ 0.027 16.27 = 0.007 7.86 0.013 6.25 += 0.012 4.05 = 0.023 1.55 = 0.013
UV Pole Amp. 4.3777 29.4497 25.9158 37.5817 9.9739 18.2591
UV Pole En. 5.911 7.508 6.526 6.656 6.144 6.544
Amp 7.239 1.347 6.928 3.682 1.808 11.554
Br 0.1196 0.111 0.225 0.2194 0.3807 0.2634
Eo 3.366 3.299 3.369 3.561 3.681 4.096
WR 22.1013 8.0836 5.7368 3.0054 12.2641 50
PR 0.993 0.00207 0.999 0.998 0.908 0.995
AR 0.236 0.00373 0.216 0.48 0.449 0.0369

detector, though there is a relatively sharp peak in the excitonic region
of the optical constants shown in Fig. 6. The reason would be strong
absorption by the silicon substrate and also note that the ZnO film
thickness is less than 1 nm. All the samples, except for the 200C one,
also show a broad green band emission, which are believed to arise
from defects such as oxygen vacancies or interstitial zinc [1,2]. The
200C sample has no pronounced emission in the green band, which
could be attributed to enhanced crystal quality with increased film
thickness, as revealed by XRD measurements.

Furthermore, we observed the blueshift phenomenon of the ex-
citonic PL emission as the thickness of the ZnO film decreases, as shown
in Fig. 7 (b). The excitonic PL peak gradually shifts from 380 nm
(3.27 eV) to 368 nm (3.37 €V) as the number of deposition cycle de-
creased from 200 to 30. Such blueshift phenomenon has also been
observed for ZnO quantum dots with reduced diameter [5,6]. This kind
of phenomenon could be attributed to the quantum confinement effects
at reduced geometric size. To illustrate such an effect, we first de-
termine the bandgap from the extinction coefficients measured by el-
lipsometry, and then related the blueshift of the PL spectra with the
bandgap enlargement.

3.7. Optical bandgap

The absorption coefficient « of the ZnO films is calculated from the
extinction coefficient k and wavelength 1 by a = 47k/A. For direct
bandgap semiconductors such as ZnO, the absorption coefficient is re-
lated to the optical bandgap via:

K (hw — Eg)'/?
@= —-
hw
where K is a constant, w the photon energy, and E, the bandgap. The

bandgap of the ZnO film could be obtained via extrapolating of the
linear region of (ahw)? vs. hw plot, which is known as Tauc’s plot

2.4 +— . . . . . .
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[19,52]. The results are shown in Fig. 8 (a).

The bandgap obtained from Fig. 8 (a) is plotted versus half of the
film thickness in Fig. 8 (b). It is apparent from Fig. 8 (b) that the optical
bandgap increases at reduced film thickness. We show later that such
bandgap enlargement could be explained by an effective mass model.
For film thickness larger than 10 nm, the bandgap plateaus approxi-
mately at 3.3 eV, which is the bandgap of bulk ZnO crystals [63]. The
bandgap of spherical particle given by the effective mass model [14] is

hzﬂz( 1 1 ) 1.8¢2
+ — + -
2R\ m;  my eR
where El** is the bandgap of the bulk material, & the reduced Planck’s
constant, R the radius of the particle, m," the effective mass of electron,
my, the effective mass of hole, e the charge of an electron, and € the
absolute permittivity. The second term in the effective mass model re-
presents the bandgap enlargement due to quantum confinement, the
third term represents the ground state exciton binding energy. The
polarization term given by [14] is negligible, so it is not included here.

The bandgap determined from ellipsometry is compared with the
effective mass model in Fig. 8 (b), which uses the following physically
meaningful parameters: Eé’“”‘ =3.25eV, m; = 0.24my, my; = 0.59my,
€=3.7¢¢ [1,2,50], where my is the free electron rest mass, €, the va-
cuum permittivity. For the ultrathin ZnO films in this work, the
quantum confinement effect mainly lies in the thickness direction, so
the particle diameter is assumed to be half of the film thickness in Fig. 8
(b). As illustrated in Fig. 8 (b), a good fit has been obtained between the
measured bandgap and the effective mass model, although the effective
mass model overestimates the confinement effect for particle size less
than 5 nm. This phenomenon has also been noted for ZnO quantum dots
[64,65].

The residual strain in the ZnO films, which mainly originates from
the lattice mismatch between the substrate and the film [4,10], could
also contribute to the bandgap variation [17,18,23,27]. The strain
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Fig. 6. (a) Refractive index and (b) extinction coefficients of the ZnO films.
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along the c axis of the ZnO hexagonal lattice is defined as € = (¢ — cp)/co
[17], where c is the measured lattice constant of the (0 0 2) plane and ¢,
is that of an unstrained crystal. The measured lattice constant ¢ could be
estimated from the XRD diffraction peak which corresponds to the
(0 0 2) reflection by the equation ¢ = A/sin6 [22], where A is the wa-
velength of X-ray, 6 the Bragg angle. From the XRD patterns shown in
Fig. 5, the lattice constant ¢ is estimated to be around 5.1690 A for the
200C, 100C, and 50C samples. If the unstrained lattice constant ¢, is
taken as 5.2069 A [50], the strain ¢ is estimated to be 0.7%. Ashrafi
et al. [27] showed that below the critical thickness of 7 nm, ZnO film
grew coherently, the strain level is almost constant. So the strain for the
40C, 30C and 20C might be at the same level as the 50C sample. Based
on previous studies, the bandgap variation is less than 0.1 eV if the
strain is less than 1% [22,23,27]. Thus the contribution of strain to the
bandgap variation is limited, the main effect is quantum confinement.
The PL peaks of the ZnO films have also been plotted in Fig. 8 (b). The
trend of increasing of the peak photon energy qualitatively follows the
trend of the bandgap enlargement. Therefore the blueshift of the PL
spectra is mainly due to the quantum confinement effect when the film
thickness reduces to a few nanometers.

4. Conclusion

Ultrathin zinc oxide films with thickness down to a few nanometers
have been fabricated by atomic layer deposition at low temperature.
The film thickness result obtained by spectroscopic ellipsometry is
consistent to that by X-ray reflectivity measurements. The fabricated
ultrathin films exhibit high density, approaching the density of single
ZnO crystal for film thickness of merely 4 nm. The X-ray photoelectric

spectroscopy results show that the deposited films are uniformly dis-
tributed with zinc and oxygen atoms. Room temperature photo-
luminescence emission peak of the as-deposited ZnO film shifts to larger
photon energies when the thickness of the ZnO film decreases to a few
nanometers. This phenomenon is consistent with the expansion of the
fundamental optical bandgap of the ZnO films, which could be well
explained by the effective mass model using physically meaningful
parameters. The results in this work could offer guidance for the design
and optimization of optoelectronic devices, such as light-emitting
diodes and solar cells, which incorporate ultrathin ZnO film as func-
tional layers.
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