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Abstract

We present the experimental results of optical analysis of nanostructured ZnO thin films grown onto
commercial glass by reactive sputtering. Films with 20, 50, and 100 nm in thickness were analyzed
by micro-Raman and micro-photoluminescence spectroscopies. Raman and photoluminescence bands
were deconvoluted with Lorentzian profiles, in order to obtain information about response of films
to excitation with laser light, occurring changes in position, full width half maximum (FWHM), and
area of each phonon and emission bands of ZnO, correlating them with its nanostructure nature, and
packing morphology of ZnO nanocolumns.

Keywords: Nanostructured thin films, micro-Raman spectroscopy, micro-Photoluminiscence spec-
troscopy.

Estudio micro-Raman y micro-Fotoluminiscente de capas delgadas de ZnO

Resumen

Presentamos los resultados experimentales del analisis 6ptico de capas delgadas nanoestructuradas de
ZnO crecidas sobre vidrio comercial por pulverizacion catédica reactiva. Las capas delgadas con 20,
50 y 100 nm de espesor fueron analizadas por espectroscopias micro-Raman y micro-fotoluminiscencia.
Las bandas Raman y de fotoluminiscencia se desconvolucionaron con perfiles Lorentzianos, para
obtener informacién sobre la respuesta de las capas a la excitaciéon con luz laser, a través de los
cambios en la posicion, el anchura a media altura y el drea de cada banda fonoénica y de emision del
ZnQ, correlacionandolo con su naturaleza nanoestructural, y la morfologia de empaquetamiento de las
nanocolumnas de ZnO.

Palabras clave: Capas delgadas nanoestructuradas, Espectroscopia micro-Raman, Espectroscopia
micro-Fotoluminiscente.
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Introduction

The ZnO semiconductor compound has unique and in-
teresting properties, for that reason it has received con-
siderable attention for its wide range of applications in
the area of materials science [Wan08] [Ish06]. Also, ZnO
has a multiplicity of morphologies [Pan01] at nanoscale,
this is the reason of its versatile applications. Its wide
band-gap (energy 3.37 eV) and fast electron transfer ki-
netics [Zho06] enables huge potential in electronic appli-
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ances [Bha05] [Ko003]. Moreover, the polarity of ZnO
surfaces allows a wide range of nanostructures such as
rings, springs, and helices [Wan04]. The physical prop-
erties of semiconducting nanocrystallites are dominated
by the spatial confinements of electronic and vibrational
excitations [Veg14].

The nanocolumns in nanostructured ZnO thin film are
a good niche to study its physical properties through
of vibrational spectrum [Arg69]. Raman spectroscopy
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is a technique typically used to determine the vibra-
tional phononic modes through the interaction of laser
light with matter while photoluminescence spectroscopy
is other technique used to perform light emission from
any form of matter after the absorption of photons. Both
techniques were employed to study vibrational and opti-
cal spectrum of ZnO semiconducting thin films.

Experimental

ZnO thin films have been grown by the reactive mag-
netron sputtering technique onto commercial glass, ex-
perimental growth conditions are described in reference
[Urb20].

micro-Raman Spectroscopy

The measurements of the spontaneous Raman and pho-
toluminescence spectra were carried out using a RH800
Horiba-Jobin-Yvon Raman spectrometer (Figure 1a - b),
equipped with a holographic network of 600 lines/mm
and 2 cm™! of spatial resolution, attached with Peltier
air-cooled CCD detector. In addition, the spectrometer
has attached an Olympus BX-41 confocal metallographic
microscope. The Raman spectrometer was previously
calibrated by using a silicon wafer (ws; = 521 cm™1).
YAG solid-state laser (A = 532 nm) in the visible, and
He-Ne gas laser (A= 325 nm) in the ultraviolet were em-
ployed as excitation source, for the spontaneous Raman
and photoluminescence spectra, respectively.
Spontaneous Raman spectra were recorded in backscat-
ter geometry (Figure 1c), and the penetration depth ()
of laser ligth was 6 ~ 5.26 pm [Pol08] for ZnO (bulk)
at 532 nm. The laser power was kept as low as pos-
sible (0.5 mW) to avoid degradation of the sample, by
using neutral filters, but enough to produce good quality
spectra in a reasonable time, in order to obtain a compro-
mise between data to noise. An optical objective of x100
magnification was used for measurements in the visible
range (spot size ~ 1 ym in diameter), while 5 seconds of
exposure time, and 20 seconds for accumulation was em-
ployed for spectra recording. The range of measurements
was from 200 to 900 cm™'. All measurements were car-
ried out at room temperature and band shifts or shape
changes of the spectra were never observed during acqui-
sition. We determine the intensities of the ZnO Raman
phononic bands by fitting them with a Lorentzian profile
plus a constant background term. Lorentzian profile of
these modes has been described in reference [Yual7]:
2A r

IRaman = IO + 7m (1)
where A is the area of the curve, wo is the frequency of
the phonon for this mode and I' is the full width half
maximum of the profile.
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Figure 1: a) Draw of RH800 Horiba-Jobin-Yvon Raman
spectrometer, b) Experimental set-up, and c) Solid angle Q in
the light collection configuration called backscattering.

micro-Photoluminiscence Spectroscopy

Photoluminescence spectra were acquired using the same
Raman spectrometer described in the previous para-
graph, but by changing the scattered light detection con-
figuration from cm ™! to nm. Also, He-Ne laser was used
(A = 325 nm), and selecting a x40 optical objective with
quartz lens (spot size ~ 2.5 ym in diameter). The pen-
etration depth (§) was § ~ 177.7 nm [Pol08] for ZnO
(bulk) at 325 nm. Then, ZnO thin films were placed
under the objective and illuminated by UV laser beam
(figure 1b). The measurement range was from 370 to
1000 nm while 3 seconds of exposure time and 3 seconds
for accumulation were required for recording the spec-
tra. We did not approach to 325 nm in order to avoid
damaging the CCD detector, and the ZnO photolumi-
nescence bands were in the selected measurement range
(370 to 1000 nm). A fluorescent emission spectrum was
obtained, and then the emission intensity variation of the
ZnO sample was measured in the range of 370 to 1000
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nm. We determined the intensities of the emission bands
through the spectra fit with Lorentzian profiles by using
equation (1).

Results and Discussion

Figure 2 shows the representative spontaneous Raman
spectra of the three ZnO samples studied. It can be seen
that the Raman signal and the spectrum background im-
prove as more ZnO is deposited onto glass substrate, due
to increasing of interaction volume and high value of pen-
etration depth (6). Raman spectra of the three films have
been taken with the same exposition and accumulation
times, in order to do comparisons. Moreover, the Raman
bands as well as X-ray diffraction profiles, are directly re-
lated to the amount of matter present in the interaction
volume [Cul56]. Also, the width of the Raman band (T")
is in clear relation to the crystallinity of the thin films
under study.

Figure 3 displays the spectra fitted with Lorentzian pro-
files according to equation (1). It was not possible to
observe the Raman mode at 101 cm ™" (see table 1) be-
cause the Raman spectrometer has a Notch filter that
exponentially decreases the intensity of the Rayleigh sig-
nal in the range of 0 to 200 cm™' (w = 0 cm™! is the
laser frequency); therefore, only spontaneous Raman sig-
nals have been analyzed in the range of 200 to 900 cm ™.
Table 2 shows the parameters obtained from the fit, such
as center position of the band w (cm™"), profile width T’
(ecm™!) and area A. The value of the figure of merit (x?)
for the three thin films of 20, 50 and 100 nm in thick-

ness was 0.69881, 0.88546, and 0.91098 respectively.
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Figure 2: Spontaneous Raman Spectra of ZnO thin films.

Mode ZnQ Single Crystal (cm™')  ZnO Film (cm™') ZnO Bulk (cm™!) ZnO nanostructured film
[Ben08] [Shi13] [Pin83] (em™")
Elov 101
E}ioh 444 435 434 425 - 450
Ay (TO) 380 380 375 350 - 371
E; (TO) 413 405
A; (LO) 579 577 578 574 - 577
Ey (LO) 591

Table 1: Experimental values of ZnO active modes found in the literature compared with the present job.

On one hand, we can observe the three Raman bands
belonging to ZnO phonons (see table 1) in the three thin
films: the first Raman band is related to the Raman
band A{(TO) at 380 cm™!, the second one is related to
the Raman band E"" at 435 cm ™!, and the third one
is related to the Raman band A;(LO) at 577 cm™". So,
all these Raman bands found in the thin films are related
to the characteristic vibration modes of the oxygen atom
in the ZnO structure. Furthermore, we can add that the
variation of the Raman signal of A;(LO) band at 577

cm™! in the three samples, which is a consequence of
the presence of zones rich in zinc, therefore it decreases
the presence of oxygen atoms in the nanocolumns by
decreasing the area (intensity) of the band, which as
we mentioned is linked to the oscillation of the oxygen
atom. On the other hand, we have observed a Raman
band that appears at approximately 780 cm ™', which is
not a characteristic vibration mode of ZnO (see Table
2), which is very far from the observed E; (TO) mode at
591 cm ! in ZnO single crystals. Also, we have observed



increasing of values on displacement of the position w,
full width half maximum profile I';, and Area of ZnO
Raman bands from 100 to 20 nm. Moreover, Gouadac
et al [Gou07] claim that two kinds of parameters will
influence the spectra: a) parameters like atomic mass,
bond strength or the system geometry (interatomic dis-
tance, atomic substitutions) will set the Raman bands
positions, and b) parameters like iono-covalency, band
structure, electronic insertion will set intensity, on the
basis of the vibration-induced charge variations occur-
ring at the very bond scale. Additionally, Arguello et
al [Arg69] mentioned that the Raman shift w, as the
width of the mode I', strongly depend on the zinc iso-
tope and oxygen atom; in our case, thin films depend
on the nature of the ZnO compound, which presents
inherent structural defects, as we will comment in the
next paragraph.

Scattered Intensity (a.u.)

200 460 660 860 1000
Raman Shift (cm™)

Figure 3: Fitted spontaneous Raman spectra with
Lorentzian profiles.

Therefore, the fact that a pronounced widening is
observed in some Raman band could indicate that the
majority of intrinsic defects present in our ZnO nanos-
trucutred thin films are related better to zinc than oxy-
gen atom, as mentioned in the previous paragraph. In
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this sense, the changes observed in Raman band posi-
tion are mainly related to defects and broken translation
symmetry that affect the bond strength between Zn and
O atoms in the unit cell, as specially observed in A;
(TO) and EL“" phonon modes, and in minor scale in
A1 (LO). Moreover, the difference detected among the
width of the Raman bands (T") are linked to increasing of
crystallinity of nanocolumns in the thin films. Addition-
ally, the modification on Raman phonon intensities are
connected to light variation in the ZnO band structure
due to electronic density modification in the unit cell.
On the one hand, the Raman band at 800 cm™! can
be, relates to the breaking of the vibration symmetry
in the ZnO structure, that is, the existence of Zn-rich
zones at nanometric scale within of nanocolumns ma-
trix; or loss of translational symmetry in all the film
as a consequence of the nanocolumnar microstructure.
On the other hand, this band at 800 cm ™! may also be
related to disorder in the thin film due to the low con-
nectivity between the ZnO nanocolumns or low packing
morphology, as is the case of thin porous films growth
by sputtering process [Barl6] (see microimage in figure
3 in reference [Urb20]).

Parameter  Phonon Film 1 Film 2 Film 3
mode 20 nm 50 nm 100 nm

wi (em™') Ay (TO)  350.0 364.9 371.9
1 (em™) 268.7 229.6 224.7
Ay 8505.01  8315.7  6715.1

wa (em™? Byt 425.0  450.0  435.0
Ty (em™) 206.5 46.7 30.0
Ay 2880.7  347.7 150.0

w3 (em™) Ay (LO)  577.5 574.4 574.9
I3 (em™) 135.7 136.4 121.5
As 8382.5 77221  6162.9

wa (em™* 787.3 782.1 790.4
Iy (em™) 52.7 61.3 42.7
Ay 783.3 938.7 570.9
x> 0.69881  0.88546  0.91098

Table 2: Fitted values of ZnO phonons.

Continuing with the optical characterization of the

ZnO thin films, we have exploited the configuration
of Raman spectrometer in order to assess the pho-
toluminescence of the samples. UV laser at 325 nm
was used as exciting source of photoluminscence in
the ZnO nanocolumns. Figure 4 displays the micro-
photoluminescence spectra consists mainly of two intense
emission bands. The first emission band placed in the
ultraviolet region (centered around 380 nm) corresponds
to the band near the emission edge which is attributed
to the excitonic states [Bag97], the other emission band
is found in the visible region (centered around 530 nm),
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called green emission, which is due to structural defects,
such as: oxygen vacancies, interstitial Zn atoms, and Zn
vacancies [Kan04].

100nm

PhotoLuminiscense (a.u.)
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Figure 4: Photoluminescence spectra of ZnO thin films.

The emission spectra seen in figure 4 confirm that
ZnO nanostructured thin films shown photoluminescent
properties. The UV laser spot size ~ 2.5 pym in di-
ameter includes a large colony of ZnO nanocolumns
(nanocolumns size in the order of 50 nm [Urb20]). Ad-
ditionally, in figure 4, the photoluminescence signal in
the 100 nm layer shows an improvement in the UV emis-
sion band as consequence of increasing of the volume
interaction, but the green emission deteriorates, present-
ing a convolution of other signals in the near-infrared.
Therefore, figure 5 presents the photoluminescence spec-
tra adjusted with Lorentzian profiles and Table 3 shows
the fitted parameters obtained, such as: band position
A (nm), band width I' (nm), area A. The values of the
figures of merit (x?) for the three thin films of 20, 50 and
100 nm were 0.99146, 0.99213, and 0.98372, respectively.
According to the fitted values presented in Table 3, ZnO
films of 20 nm and 50 nm show fit profiles with three
emission bands, centered around 404 nm, 543 nm and
660 nm approximately; while ZnO films of 100 nm have
emission bands centered around 790 nm and 811 nm,
additional to the three emission bands mentioned be-
fore. As described in the first paragraph of this section,
the photoluminescence spectra of ZnO consist mainly of
two emission bands: one in UV and the other one in

visible, which corresponds to the ZnO emission bands
found in literature. Moreover, the UV and green emis-
sion bands of the films shown a clear blue shift.

Raw Data
—Fit

50 nm

PhotolL.uminiscence (a.u.)

4(I)0 | 500 I 600 | 700 | 800 I 9(|)0 I1000
Wavelength (nm)

Figure 5: Fitted photoluminescence spectra with Lorentzian
profiles.

At the light of the results, we can argue that the ap-
pearance of emission bands upper to 560 nm could be
the result of localization of Zn-rich zones in the ZnO
nanocolumns as Lopez et al [Lop11] claims, as a product
of ZnO nanocolumnar growth by sputtering process in
oxygen reactive atmosphere; that is, very small regions
of Zn nanocrystals exist within of ZnO nanocolumns.
This result obtained correlates very well with the Ra-
man measurements of its Raman band around 780 cm ™!
linked to disorder in the thin film due to low connec-
tivity among ZnO nanocolumns or low packing mor-
phology as consequence of porosity; as well as the re-
sults obtained from the X-ray diffraction [Urb20] about
increasing of the texture in the nanocolumns through
the increasing of (002) profile. Therefore is possible
to argue that the ZnO nanocolumns grow in (002) di-
rection, where colonies of Zn-rich zones were created
at nanometric scale [Lopl6], due to decreasing of oxy-
gen atoms as consequence of the same growth process
by sputtering, the power of the Zn magnetron and the
nature of ZnO compound outside of stoichiometry.
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Parameter Film 1 Film 2 Film 3
20 nm 50 nm 100 nm

A1 (nm) 402.5 406.9 404.9

1 (nm) 56.0 44.9 27.4
Aq 566570.0 264744.6  158056.7

A2 (nm) 542.8 543.7 557.1

Iy (nm) 117.2 114.1 99.9
Ao 2388890.0 1696860.0 312663.2

A3 (nm) 664.3 652.8 643.7
I's (nm) 165.7 152.1 138.0
As 931062.9 718901.4  338280.2

A4 (nm) 790.0

'y (nm) 37.7
Ay 18762.8

A5 (nm) 811.3

I's (nm) 27.0
As 17213.9
X2 0.99146 0.99213 0.98372

Table 3: Fitted values of ZnO emission bands.

>
(el

| A
IND
Kg \E/

r M K r A L H

Wave Vector

N 7N N

<
/

AL MK H

Figure 6: ZnO band structure (Adapted from reference
[Jail3]).

The photoluminiscence process in ZnO can be de-
scribed by the following equation [Rom10]:
ZnO +hv — e~ +h* (2)

where hv is the energy of photon incident, e~ and h*
are electron and hole, the carrier charges involved in the
creation of exciton. Figure 6 illustrates a picture of this
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exciton (quasiparticle formed by an electron and a hole
linked by Coulomb interaction) in the ZnO band struc-
ture denoted by one electron in the conduction band
(circle color red) and one hole in the valence band (circle
color green).

Conclusions

Using Raman spectroscopy we found bands belonging to
ZnO, which were: band A; (TO) at 380 cm™', band
EN9" at 435 cm™! and band A, (LO) at 577 cm~*. The
fitting with Lorentzian profiles of the Raman spectra en-
abled to obtain the values of the position of the band w
(em™!), width of the profile I' (cm™") as well as the area
A. Likewise, the band observed at 780 cm ™! was related
to the Zn-rich zones, texturing of the nanocolumns as
well as the poor connectivity between the nanocolumns,
which then results in breaking-symmetry of vibration in
ZnO structure.

The photoluminescence spectroscopy performed shows
luminescence in all three thin films. A blue shift of all
bands was observed. Two emission bands were obtained:
UV (centered at 400 nm) and visible (centered at 550
nm). The fitting with Lorentzian profiles of the spectra
allowed to obtain the values of the position of the band
A (nm), width of the profile I' (nm) as well as area A.
The 100 nm thin film has the best UV emission band
but unwanted emission bands in the near-infrared. The
appearance of the bands at 790 and 811 nm is related
to the location of nanocrystals of Zn-rich colonies in the
nanocolumn matrix, correlating them with the Raman
phonon band at 780 cm ™.
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