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ABSTRACT

In this work, ZnO films were deposited by Direct Current (DC) magnetron sputtering, on polished silicon substrate Si(100)
(non-etched), etched for 1 min, 5 min, 10 min and 15 min. The etching of the substrate was carried out by means of dry plasma
at different time and they compared with non-etched substrates. Etched silicon substrate effect on the structural and
morphological properties of ZnO films was examined, and a new nanostructure can be obtained by the modification in
morphology of ZnO film, and this will obviously useful for the electrical and gas sensitivity applications. AFM have been
used to investigate the morphology and the roughness behaviors of ZnO films growth on etched and non-etched silicon
substrates. SEM images for the Si(100) etched and non-etched effectuated with two modes (surface top view and cross
section), the SEM was used too for ZnO film deposited on etched substrate (the etched time increase from 1 to 15 min) and
non-etched Si substrates.

X-ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD) techniques were employed to investigate the elements
contents of the ZnO films and the crystallographic properties, respectively. In addition, the variation of water contact angle
data (WCA) related to roughness of the ZnO films deposited on etched Si substrate at different times were studied.
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ESTUDIO MORFOLOGICO SEM Y AFM DE PELICULAS DE ZNO DEPOSITADAS SOBRE SUSTRATOS DE
SILICIO GRABADOS UTILIZANDO SPUTTER CON MAGNETRON DC

RESUMEN

En este trabajo, las peliculas de ZnO se depositaron mediante pulverizacion catodica con magnetron de corriente continua
(DC), sobre sustrato de silicio pulido Si(100) (sin grabar), grabado durante 1 min, 5 min, 10 min y 15 min. El grabado del
sustrato se realizd mediante plasma seco a diferentes tiempos y se compararon con sustratos no grabados. Se examino el efecto
del sustrato de silicio grabado en las propiedades estructurales y morfologicas de las peliculas de ZnO, y se puede obtener
una nueva nanoestructura mediante la modificacion de la morfologia de la pelicula de ZnO, y esto obviamente sera ttil para
las aplicaciones de sensibilidad eléctrica y de gas. AFM se ha utilizado para investigar la morfologia y los comportamientos
de rugosidad del crecimiento de peliculas de ZnO en sustratos de silicio grabados y no grabados. Imagenes SEM para el
Si(100) grabado y no grabado efectuado con dos modos (vista superior de la superficie y seccion transversal), el SEM se uso
también para la pelicula de ZnO depositada en el sustrato grabado (el tiempo de grabado aument6 de 1 a 15 min) y Sustratos
de Si no grabados. Se emplearon técnicas de espectroscopia de fotoelectrones de rayos X (XPS) y difraccion de rayos X
(XRD) para investigar el contenido de elementos de las peliculas de ZnO y las propiedades cristalograficas, respectivamente.
Ademas, se estudi6 la variacion de los datos del angulo de contacto con el agua (WCA) relacionados con la rugosidad de las
peliculas de ZnO depositadas sobre sustrato de Si grabado en diferentes tiempos.

Palabra claves: grabado de sustrato de Si; pelicula de ZnO; magnetron de DC; morfologia de la superficie.
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well as its physical properties. Deposition of
polycrystalline, single crystalline [8] or amorphous thin
films depends on the substrate as well as their chemistry
(especially the interfaces) and growth conditions [9].
While for the same deposition method, the used
parameters (such as the temperature, gas flux [10]), the
stress and mismatch between the lattices of the substrate
and of the deposited material play a vital role on the
properties of the deposited film, especially near the contact
interface [11]. Thickness of the films [3] can reduce the
effect of the lattice mismatch between the substrate and
the films [9]. RF (13.6 MHz radio frequency) is mainly
used to deposit ZnO film. However, DC power is not
frequently usable to deposited semiconductors film
especially in magnetron sputtering because it is difficult to
create the plasma than RF power [12] [13].

Recently a controlled ZnS as well as ZnO nanostructure
appears to play a crucial role in optoelectronic devices
performance [2] [14] and gas sensing response [15]. For
example, Z-scan technique was employed to estimate the
nonlinear  optical absorption of the prepared
semiconductors films[16] [17]. In general, one can adjust
and manipulate the nanostructure [18; 19] to form
nanosphere, core-shell, nanorod and nanowire by several
means. Variation of the deposition parameters such as
power, oxygen and pressure percentage in techniques
using plasma like magnetron sputtering [10; 20] or by dry
etching in plasma [21; 22] could use to achieve that. In
magnetron sputtering, one can deposit films without
annealing the substrates (room temperature), this is an
advantage relative to the other processes especially for
polymer substrate as well as substrate need a low
temperature, these techniques much used to prepare
semiconductor films, for example ZnO [23], SnO; [24],
ZnS [7] and WOs [25] nanostructures of different
morphologies as well as sol gel [26] ultrasonic spray
pyrolysis [24; 27], pulsed laser deposition [4], plasma
enhanced chemical vapor deposition (PECVD) [28] and
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thermal evaporation technique under vacuum [29; 30]; the
last two techniques (PECVD and thermal evaporation)
were necessary to heat the substrate more than 400° C.
AFM and SEM were used to characterize ZnO film
(deposited on etched Si) and compare that with non-etched
substrate (which is considered as reference). The etched
Si(100) substrate influence on the morphology (form and
roughness) as well as the hydrophobicity (contact angle
measurements) properties of the deposited film was
studied. To our knowledge, no research work has been
published relating to the study of the etching effect of the
substrate by means of plasma PECDV on ZnO film
prepared by DC sputtering.

EXPERIMENTAL SET-UP.
DC magnetron sputtering set up was utilized to deposit
thin ZnO film on Si(100) substrate (etched and non-
etched) using ZnO Target. The power was 100 w and
deposition time was 7 min and the deposition rate was
about 17 nm/min. The T chamber is home-made, it was
manufactured from SS316, the residual pressure was 1x10
6 Torr and the working pressure was 7 mTorr at room
temperature. The description of the vacuum system was
cited in details in previous work [23]. PECDV dry plasma
used to etch the Si(100) substrate at several times (etched
times were 1min, 5 min, 10 min and 15 min) using SF¢
plasma [31] [32].
SEM (scanning electron microcopy TSCAN Vega\\XMU)
and AFM (atomic force microscopy Park Scientific
Instruments, AP-0100 model) have been used [33] to
observe the surface modification on Si etched at different
times as well as on ZnO film. Also, the superficial
composition was performed by the XPS (X-ray
Photoelectron Spectroscopy) analysis using SPECS
UHV/XPS/AES spectrometer equipped XPS (with a
monochromated AlKa X-ray radiation source at 1486.6
eV). The contact angle measurements were taken using the
sessile drop technique (Data Physics Instrument GmbH
2
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OCA 15 plus, SCA 20). The digitaldrop image was
procedure by means of an image analysis system with an

accuracy of £0.1°[34].

RESULTS AND DISCUSSIONS

SEM AND AFM STUDY OF ETCHED Si(100)

Figure (1) shows SEM images of the surface of etched
Si(100) for 1 min time, where (a) and (b) are at 50 k and
75 k magnifications, respectively. The silicon became
porous and slightly rough, due to plasma SFs etched dry of
PECVD. Similarly, Figures (1-c¢) and (1-d) show top view
SEM images for etched Si(100) for 5 min at 50 k and 75 k
magnifications, respectively. The silicon appeared more
porous and the roughness increase considered as formed
as the wires form, this result is in agreement with previous

work where we used Ar+SFs plasma to etch the Si(100).
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Fig. 1. SEM images for the surface of etched Si(100):

for 1 min time (a) at 50 k and (b) and 75 k mag, for 5

min (c) at 50 k and (d) 75k mag. for 10 min (e) at 50 k

and (f) 75 k mag, and for 15 min (g) at 10 k and (h) 25

k mag.

The silicon became more porous with increase of etching
time (for 10 min etching time) and as a consequence the
robin became bigger and higher as shown in Figures (1-¢)
and (1-f) where the SEM images of top view of the surface
at 50 k and 75 k magnification, respectively. Similarly,
there are higher and longer robin whose length varied form
1 um to 4 um for etched Si(100) for 15 min, the Figures
(1-g) and (1-h) show SEM top view images at 10 k and 25
k magnifications, respectively. This change of
morphology is due to increase of the roughness and
therefore we distinguish appearance of nanostructures in
the bottom of the cavity, which was observed in our recent
work where we used RF sputtering for depositing ZnO
films on etched Si(100) [33]. The morphology has an
influence on diverse characteristics such as optical

ZnS:Cu,Cl [35] and electrical properties [36].
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Figure (2-a and b) show AFM images for the surface of
etched Si(100) for 1 min etching time (2D and 3D,
respectively). These images (2D and 3D) confirm the
growth of nanocrystalline structures with spherical forms
as shown in the Figure (2-a), where the films are still
uniform in morphology. This result is consistent with our
previous work [2] where we used RF sputtering and
Si(100) substrate non (polished Si). Similarly, Figures (2-
¢ and d) show AFM images 2D and 3D for the sur face Si
etching for 5 min time. These images (2D and 3D) show
corrugated/ rough (fine porous) structure due to the plasma

etching on Si (100).

(c) (d)
Fig. 2. AFM images for the surface of etched Si(100):
,for 1 min time (a) 2D and (b) 3D
for 5 min time (¢) 2D and (d) 3D at 5x5um.

Figures (3a and 3-b) and Figures (3¢ and 3-d) showed the
AFM image for 10 min and 15 min etching times at 2D
and 3D respectively. The Si substrate has the entire surface

in valleys (cavities) and peaks (boundaries).
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(c) (d
Fig. 3. AFM images for the surface of etched Si(100):
for 10 min time (a) and (b) 2D and 3D. AFM for 15
min time (c¢) and (d) (a) and (b) 2D and 3D at 5x5um .

This appearance has been explained in previous work [23],
where Ar/SF6 dry plasma etched silicon substrates (100)

are used in other conditions.

SEM STUDY OF ZNO FILMS

SEM SURFACE STUDY OF ZnO FILMS
DEPOSITED ON ETCHED Si(100)

Figure (4) shows SEM images of ZnO surface film
deposited on etched Si(100) for 1 min time, where (4-a)
and (4-b) at 50 k and 75 k magnifications, respectively.
The silicon becomes porous and slightly rough but stays
nearly dense, due to plasma SF¢ etched dry of PECVD.
However, the ZnO film on non-etched Si was very smooth
and it is difficult to observe clearly by our SEM, its
roughness was very small and less than 1 nm in next
paragraph. Similarly, Figures (4-c) and (4-d) show top
view SEM images ZnO/Si(100) etched for 5 min at 25 k
and 50 k magnifications, respectively. The ZnO film
appeared more and more porous and the roughness
increased considerably as films developed the robin form

(or wires), this result becomes in a good agreement with
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previous work where we used Ar+SF6 plasma to etch the

Si(100).
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Fig. 4. SEM images for the surface of ZnO film
deposited on etched Si(100): for 1 min time (a) at 75
k and (b) 50 k mag, for 5 min (c) at 25 k and (d) 50 k
mag, for 10 min (e) at 25 k and (f) 50 k mag, and for

15 min (g) at 25 k and (h) 50 k mag.
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The ZnO film became more porous with increasing the
etched time (for 10 min etching time) and as consequence
the robin became longer (more black zone indicates to
bottom) and higher (their diameter of aggregate or wires
varied from 500 nm to lpm ) as shown in Figures (4-e)
and (4-f) where the SEM images for top surface at 25 k
and 50 k magnification, respectively. Similarly, there are
higher and longer robins whose length varied form 1 pm
to 4 pm for ZnO film deposited on etched Si(100) for 15
min, as shown in the Figures (4-g) and (4-h) corresponding
to top view SEM images at 25 k and 50 k magnifications,

respectively.

L1=116 nm

j

HeALbab 84 Jtad

(a) ZnO film on Non- (b) ZnO film on etchéd )
etched substrate at 300k for 1 min at 80k mag SE
mag

L1 =300 nm

VECALTESAN

KeALIGH & A b3

(¢) ZnO film on etched for 1 min at 80k mag BSE

Fig. 5. SEM images cross section for ZnO films (a) on
non-etched substrate, (b) and (¢) for ZnO film on
etched for 1 min at 80k mag for SE and BSE
respectively.

SEM CROSS SECTION STUDY OF ZnO FILMS
Figure (5-a) shows cross section SEM images of ZnO film

deposited on Si non-etched (polished Si). The thickness

was about 116 nm and the structure is dense, which is

5
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classical growth because the Si is smooth, the film is very
smooth due to Ar+ bombardment to the target via
magnetron sputtering at optimized conditions (energy and
pressure). Figures (5-b) and (5-c) show cross section SEM
images of ZnO film deposited on Si etched for 1 min using
secondary electron (SE) and backscattering electron
(BSE) at 80 k magnifications, respectively.

Figures (6-a) and (6-b) show cross section SEM images of
ZnO film deposited on Si etched for 5 min at 75 k
magnifications using secondary electron (SE) and
backscattering electron (BSE), respectively. Similarly,
Figures (6-c) and (6-d) at SE and BSE for ZnO film
deposited on etched Si for 10 min at 50 k Magnifications,
respectively.

The two ZnO films, deposited on Si etched at 5 min and
10 min, show pores in the film and not dense structure and
their thickness is more than the non-etched film (0 min),
the thickness was about of 500 nm for etched Si at 5 min
and about 700 nm for film deposited on etched Si at 10

min.

(a) SE etched Si for 5 min  (b) BSE etched Si for 5

at 75k Mag min at 75k Mag
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(c) SE etched Si for" LlO (e) BSE etched Si forL10
min at 50k Mag min at 50k Mag
Fig. 6. SEM images cross section for ZnO on etched
substrate, (a) and (b) for etched Si for 5 min at 75k
using SE and BSE. Images (c) and (d) for etched Si for
10 min at 50 k using SE and BSE respectively.

Figure (7-a) shows cross section SEM images of ZnO film
deposited on Si etched for 15 min using secondary electron
(SE) at 25 K magnification. Furthermore, Figures (7-b)
and (7-c) show the ZnO film on Si etched for 15 min using
SE and BSE at magnification 50 K, these images confirm
the granular or aggregate structures. We have
distinguished two structures, in the interface (bottom in
SEM images for top view in last paragraph) the first one
is dense and the second is columnar growth and looks like
aggregates (or less dense). It is interesting to note that the
cavity dimensions, where the diameter was varied from 1
um to 3 pm with depth was about 250 nm due to etched
condition (SF6 plasma).
All the images of Figure (7) confirmed the robin form
(which indicate in details in SEM images for the surface
of ZnO deposited on etched Si), that justified high
roughness morphology for ZnO/Si(100) film with the
average thicknesses were about 1000 nm (where 250 nm

as dense structure and 750 nm as rough structure).
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SM.RESOLUTION 1 pm

(2) SE at 25 k mag

(c) BSE at 50 k mag
Fig. 7. Cross section SEM images of ZnO film
deposited on Si etched for 15 min: (a) using SE at 25
K mag, (b) using SE and (c) using backscattering
electron at magnification 50 K

Nayef et al[37] present in their results the morphology
study showing an improvement in the structural stability
of the PS (porous silicon) substrate (‘pores’ and voids’)
with crystalline growth of ZnO thin film. This makes
porous silicon an adhesive surface for accommodating
ZnO into its pores.
AFM STUDY OF ZnO FILM ON ETCHED Si(100)
Figures (8-a and 8-b) show AFM images for ZnO films
surface deposited on etched Si(100): for 0 min time (non-
etched Si) (a) 5x5um and (b) 1x1um. The ZnO film was
very smooth, where their roughness is less than 3 nm.
Similarly, AFM images for ZnO deposited on Si etched
for 1 min etching time as shown in Figures (8 c-d); where
(8-¢) and (8-d) correspond to surface area at SxSum and
Ix1pum, respectively. The ZnO film was smooth and less

porous and their roughness less than 5 nm.
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Fig. 8. AFM images for ZnO films surface deposited

on etched Si(100): for 0 min time (a) 5xSum and (b)

Ix1pum. AFM images for 1 min time ; (c) 5x5um and

(d) Ix1pm.

Figures (9-a and 9-b) show AFM images for ZnO films
surface deposited on etched Si(100) for 5 min time (non-
etched Si) (a) at 5x5um and (b) at Ix1um. The ZnO film
was very rough where its roughness is more than 20 nm.
Similarly, Figures (9-c and 9-d) show AFM images for
ZnO deposited on Si etched for 10 min time; 5x5um and
I1x1pum area, respectively. The ZnO films porous by their
morphology change and their roughness is less than 40 nm
at Sx5Sum.
Figures (9-e and 9-f) show AFM images for ZnO films on
Si etched for 15 min and their is about 81 nm at 5x5um
area, we can see that the morphology of deposited ZnO
thin film follows approximately that of substrate (plasma
etched Si surface), where the porosity and particle density
are rarely changed, while the surface roughness,
maximum height, particle and pore sizes were increased as
result to deposition and incorporation of ZnO particles into
the structure of etched Si(100) surface. The higher values

of the achieved porosity can be explained by an etching
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process type, where it was performed in 5% Ar-SF6

plasma which was studied in work of Saloum et al [38].

N ¥

(e) &)
Fig. 9. AFM images for ZnO film; for 5 min time (a)

and (b) at 5x5um and 1x1pm. for 10 min time (c) and
(d) at 5xSpum and 1x1pm. for ZnO film on etched Si
for 15 min time (e) and (f) at 5x5pm and 1x1pm area.

The Root Mean Square roughness (RMS) at 5x5pum and
Ix1pm area as shown in Figure (10) using AFM software,
the RMS roughness for ZnO films increased from 2.8 to
19.5 nm at 1x1um area with increasing the etching time,
and it increases from 3.8 nm to 81 nm for ZnO films
increasing with increase of etching time at 5xSum area,
this increases of roughness due to increase the etching time
and increase the pitting and/or porous in diameters and
depth. So the ZnO films follow the same evolution of the

substrate, with little difference because the whole surface
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is covered in valleys (cavities) and peaks (boundaries).
There are higher and logger robin whose length varied
form 1 pm to 4 pm for ZnO film deposited on etched Si
for 10 min and 15 min, as shown in the SEM surfaces

figure’s top view images.

90 -
80{ | = RMS 5x5 ym
701 |+ RMS 1x1 pm
60-
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40-
30-
20
10
04

RMS (nm)

2 0 2 4 6 é 1|0 1|2 1I4
Etching Time (min)
Fig. 10. The roughness (RMS) evolution for ZnO

films as a function of etching time for Si at 5x5pm and
Ix1pm area.

XPS STUDY OF ZnO FILM

Chemical composition have been investigated for the two
ZnO films, as shown in Figure (11), deposited on non-
etched Si and etched Si for 15 min substrates. The Ci;
signal (284.6 eV) was used as a reference signal. XPS
curves present peaks correspond to Zn and O elements as
main elements, where the C considered as contamination
(not desirable and due to the air and/or humidity

adsorption).
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Fig. 11. XPS scans for ZnO thin films deposited on
non-etched Si and etched Si for 15 min substrates.
The XPS results of the ZnO film on non-etched Si were
essentially composed of O and low percentage of Zn,
where the atomic percentages are 87.18 at % and 12.8 at
%, respectively. Similarly, atomic percentages for O are
88 % and for Zn is 11 % for ZnO film deposited on etched
Si for 15 min. The small amount of Zn in the two films due

to the oxidation and/or adsorption in the surface, where the

XPS analysis just a few nanometers in the surface.

XRD STUDY OF ZnO FILMS

The Figure 12 shows XRD pattern for ZnO films deposited
on polished Si etched for 0 min (non-etched black color),
5 min (blue color) and 15 min (red color) times. The peak
at 34.5° corresponding to (002) preferred orientation of the
ZnO hexagonal phase (wurtzite structure) for ZnO film
deposited on non-etched substrate. However, ZnO films
deposited on etched Si (5 and 15 min) have not preferred
orientation (they have polycrystalline structure) where the

two peaks (100) and (101) observed at 31.74° and 36.30°,
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respectively. We found that the etched substrate affects the
crystallinity and change the preferred orientation, this
change in growth mechanism is interesting for several
optoelectronics [39] as well as sensing gas applications

[40] [41].

(002)
(100) - (101)
600 hli A Etched 15 min
& | )
| Etched 5 min
& 400 __—._M'
=
g 200
£ Non Eiched
u_

2 25 30 35 40 45 5
26(Degrees)
Fig. 12. XRD pattern for ZnO thin films
deposited on non-etched Si and etched Si for 5
min and 15 min substrates.

CONTACT ANGLE STUDY OF ZnO FILM

Surface wettability of deposited ZnO films was obtained
from WCA measurements. The variation of WCA for the
ZnO deposited as a function of etching times was shown
in Figure (13). The film deposited on non-etched (0
etching time) shows a hydrophilic surface with WCA of
around 96.2°. As the etching time increases, the WCA
increases and the surface becomes hydrophobic with
WCA of about 134.3°, As the etching time increases for
the film deposited Si etched at 15 min. The increase in the
WCA refers to decrease in the surface wettability of the
deposited film.

Both the surface hydrophobicity and roughness (Figure
10) of the deposited films increase with increasing the
etching time of the Si substrate. A good correlation was
observed between the SEM micrographs and contact angle
results. Also, B. Abdallah et al [34] found the contact
angel to increase with the increasing the N, partial
pressure where, they deposited TiN/ZrN thin films
deposited by vacuum arc discharge. Subedi et al [42]
investigated the hydrophobic to hydrophilic properties

ZnO films via contact angles technique for the effect of

9
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aluminum doping on the hydrophilicity of the ZnO film,
they found that the nature of the film change from
hydrophobic to hydrophilic after the treatment in low

pressure DC glow discharge plasma.

135 ]
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115 /////////
1101

1051

100

954 """

CA (Degrees)

0 2 4 6 8 10 12 14 16
Etching Time (min)
Fig. 13. Variation of water contact angle (WCA)
for the ZnO films deposited on etched Si at
different time.

CONCLUSION

In this work, three ZnO films were deposited on silicon
substrates Si(100) etched at different times and non-
etched, the substrate on etched by dry plasma (form 1 min
to 15 min) etching time and compared with non-etched
substrates (Si(100)). The comparison was systematically
achieved to explore the modification on the morphology
as well as on the composition for ZnO film deposited on
etched substrate and polished substrate (0 min etching
time) using SEM cross-section and surface view. Cross-
section SEM images show that the ZnO film on Si that is
not etched (0 min etching time) was thin (their thickness
was about 560 nm), while the ZnO film deposited on
etched Si has thick and porous with their thickness varied
form 500 nm to 1000 nm with increasing the etching time
form 1 min to 15 min. With increasing etching time for Si
substrate, the roughness morphology is increase. The
percentage of elements is studied by XPS analysis of ZnO
films (the un-etched and etched) at 15 min. In addition,
water contact angle (hydrophobicity) increases with
increasing the roughness and etching time for the ZnO
films. XRD characterizations for ZnO films have been

studied and related the modification of quality crystallin
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of ZnO film with Si etching time. The optical (band gap
and intensity) measurements will be investigated in our
future work to verify the viability of the prepared films for

gas sensors and/or optoelectronic applications.
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