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In this  work,  the  evolution  of the  surface  morphology  of  ZnO  thin  films  deposited  by  reactive  RF  mag-
netron  sputtering  has  been  investigated  using  atomic  force  microscopy  (AFM)  and  X-ray  diffraction  (XRD).
All AFM  images  of the  films  were  analyzed  using  scaling  concepts.  To  study  the  growth  evolution,  dif-
ferent  ZnO  films  with  thicknesses  of up to  1270  nm were  deposited  at temperatures  of  100  and  250 ◦C.
For  the  films  grown  at  100 ◦C,  AFM  data  show  that  the  lateral  length  � evolves  continuously  while the
temporal  evolution  of the  root  mean  square  roughness  � presents  two  distinct  regimes.  Early  during
the  depositions,  the  morphology  of the  ZnO  films  is  mainly  characterized  by granular  structures.  Beyond
thickness  of about  600  nm,  pyramid-like  structures  with  {214}  crystallographic  facets  start  to develop.
For  the  films  grown  at 250 ◦C,  however,  only  one  growth  regime  was  observed  and  for  the  thicker  films,
the  surface  morphology  consisted  of  polygonal  structures.  For  the films  grown  at  100 ◦C,  the  growth
exponents,  ˇ, and  the  exponent  defining  the  evolution  of  the  characteristic  wavelength  of  the  surface,  p,

were  ˇ1 =  0.70  ±  0.02 and  ˇ2 = 0.26 ± 0.2; and  p =  0.2 ± 0.04.  For  the  films  grown  at 250 ◦C, the  exponent
values  were  ˇ =  0.78  ± 0.02 and  p =  0.32 ±  0.05.  These  values  of  the  exponents  indicate  the  occurrence  of
surface  mechanisms,  such  as  shadowing  and  surface  diffusion,  as  well  as facet  stabilization  at 100 ◦C.
For  the  films  grown  at 250 ◦C, however,  structural  misorientation  during  growth  also  plays  an  important
role.
. Introduction

Currently there is great demand for transparent conductive
xides (TCOs), mainly for applications in solar cells and optoelec-
ronic devices, such as organic light-emitting diodes (OLEDs) and
exible displays [1–3]. One of the most commonly used materi-
ls for TCOs is doped indium tin oxide (ITO), but ITO is relatively
xpensive, owing mainly to the scarcity of the element indium and
he recent increase in its use in industrial applications [1]. There-
ore, there is demand for a substitute for ITO. Zinc oxide (ZnO)
as received attention owing to its many advantages, particularly
igh optical transmittance in the visible region, a wide band gap

f 3.37 eV, low toxicity, low production cost, and the abundance of
he chemical element zinc in nature [1–5]. More recently, ZnO has
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been used as an n-type layer in heterojunction Cu2O thin film solar
cells [4].

Several techniques have been employed for the production of
ZnO thin films, including chemical vapor deposition (CVD) [6],
sol–gel method [7], pulsed laser deposition [8], and magnetron
sputtering [9–11]. Among these, magnetron sputtering has great
potential due to the good adhesion of the films to the substrate, the
possibility of deposition over large areas, and the high deposition
rate [2]. More specifically, magnetron sputtering allows the syn-
thesis of thin films at low temperatures, which makes it ideal for
the deposition of thin films on polymeric substrates [2,5].

The study of the evolution of the film morphology is interesting
because many applications depend strongly on the surface rough-
ness [12,13]. For example, a textured surface may  increase light
scattering and thus improve the performance of a solar cell [3,4,13].
In addition, the texture is often related to a preferred orientation

(PO) of the polycrystalline grains [12]. Therefore, controlling the PO
could allow the selection of the desired properties [12]. In sputter-
ing, however, experimental parameters such as the film thickness
[9], the plasma power [14], and the substrate temperature [15–18],

dx.doi.org/10.1016/j.apsusc.2014.10.015
http://www.sciencedirect.com/science/journal/01694332
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hange the final texture. Consequently, it has been a challenge to
nd the dominant phenomena responsible for the PO as well as
he surface texture [12]. Furthermore, stochastic processes such as
hadowing, diffusion bias, and surface diffusion between planes or
etween grains can act during the nucleation and growth stages,
ffecting the final texture of polycrystalline films [19,20].

Based on these considerations, in this work, the evolution of
he structural and surface morphology of ZnO thin films deposited
y reactive RF magnetron sputtering has been investigated at two
rowth temperatures: 100 and 250 ◦C. The influence of the mor-
hological evolution on the optical properties is also discussed.

. Experimental details

ZnO films were deposited onto glass substrates using reactive RF
agnetron sputtering. A metallic zinc target of 76.2 mm diameter

nd 99.99% purity was used as the zinc source. The target to sub-
trate distance was 50 mm.  Gas flows were controlled using needle
alves and a mass flow controller (MKS 1179A). The plasma was
ctivated by a 13.56 MHz  RF source (with impedance matching,
okyo Hy-Power Labs) at a power of 70 W.  The partial pressure
f oxygen and argon were set at a ratio of 1:10 and the total pres-
ure was held at 1.4 Pa during the process. Before each deposition,
he target was sputtered with argon for 10 min  to remove the
ative oxide layer. The growth rates measured were (7.7 ± 0.2) and
6.7 ± 0.1) nm/min for series grown at 100 and 250 ◦C, respectively.
uring the deposition process, the temperature was  controlled to
ithin about ±5 ◦C.

The surface topography of the samples was investigated using
tomic force microscopy (AFM, XE-100 Park Systems) operating in
he non-contact mode. The scan size was 2 × 2 �m2 with 512 × 512
ixels. From the AFM measurements, the surface roughness was
uantified using the root mean square (RMS) roughness, � [19,21].
MS  roughness data were obtained directly from the AFM images
sing the 1.8.0 build16 data processing & analysis XEI software
Park Systems). Surface roughness is mathematically defined by Eq.
1).

 =

√√√√ 1
N

N∑
i=1

(
hi −

〈
h
〉)2

(1)

In this equation, N is the number of pixels, hi the individual
eights, and

〈
h
〉

the mean height. The lateral correlation length
 was calculated from a Lorentz fitting of the power spectral den-
ity (PSD) curves in 2D provided by the AFM images using the same
oftware [19,21]. This correlation length is statistically related to
he lateral size evolution of the surface structures. Optical transmit-
ance and reflectance spectra of the films were measured using an
ltraviolet–visible-near infrared (UV–Vis-NIR) spectrometer from
erkin Elmer (model Lambda 750). Spectra were acquired over the
avelength range of 250–2500 nm.  Transmittance measurements
ere used to estimate the film thickness, optical energy gap (Eg) and

he average optical transmittance. The orientation and size of crys-
allites constituting the ZnO films were measured using an X-ray
iffractometer (D/MAX-2100/PC, Rigaku), which employs the Cu
� radiation (� = 1.54056 Å) at grazing incidence (3◦). Additionally,

he microstructure was also characterized by scanning electron
icroscope (JEOL JSM-7500F).

. Results and Discussion
Many studies report that increasing the substrate tempera-
ure changes the PO from the a-axis to the c-axis. Thus, according
o Kajikawa’s report [12] increasing the substrate temperature
s considered to favor c-axis PO. We  reported recently that in
Fig. 1. Cross-sectional scanning electron micrographs of the surface texture of ZnO
films deposited at (a) 100 ◦C (600 nm thick) and (b) 250 ◦C (595 nm).

the substrate temperature range from 50 to 150 ◦C, the textured
structure of our ZnO films grows with c-axis PO [18]. Heat-
ing the substrate in the temperature range from 200 to 250 ◦C,
however, the misorientation of the crystallographic planes with
the substrate surface is enhanced, indicating that a mixed a-axis
and the c-axis textured surface can take place [18]. In addi-
tion, our AFM results also revealed a morphological transition
at about 150 ◦C, resulting in a surface formed by grains with
irregular shapes. These grains increased continuously in lateral
size and height as the substrate temperature increased. There-
fore, surface mechanisms such as shadowing and surface diffusion
play an important role in the growth dynamics and change
the preferred orientation. In the present investigation, to study
the growth evolution of both pyramid-like and irregular grains,
two series of ZnO films were grown at 100 and 250 ◦C, respec-
tively.

3.1. Surface morphology

Fig. 1 shows cross-sectional scanning electron micrographs of
the ZnO films with thicknesses of 600 and 595 nm deposited at
100 and 250 ◦C, respectively. In agreement with our previous work
[18], distinct structures are clearly observed. For the film grown at
100 ◦C, columnar grains extend from the substrate to the top of the
film can be observed. In contrast, films grown at 250 ◦C develop
larger, irregular grains. As shown in Figs. 2 and 3, respectively,
the surface morphology of the ZnO films grown at 100 and 250◦

C was  also investigated using AFM images. All films exhibit a sur-
face formed by granular structures at early stages, in which the
lateral size � increases with increasing film thickness. As a conse-
quence, the final texture depends on the film thickness as well as
the substrate temperature.

Fig. 2 shows 2 �m × 2 �m AFM images of the series grown
at 100 ◦C. In Fig. 2(a)–(d), which corresponds to the ZnO films
of thicknesses of 100, 140, 250 and 368 nm,  respectively, the
surface morphology reveals small regular grains with average �
in the range of 50 to 65 nm.  In Fig. 2(e), the film of thickness
600 nm still exhibits grains with regular shapes but with � of
≈110 nm.  On the other hand, as seen in Fig. 2(f), for a film thickness
of 1270 nm,  there is the formation of a distinct surface struc-
ture. In this case, the surface morphology is formed by textured
pyramid-like structures [19,22]. Shinagawa et al. [22] reported
that this surface structure is suitable for light-trapping in Cu2O
solar cells. In particular, they observed six-folded pyramidal struc-

tures composed of (101) planes on top. As a consequence, the
angle of the pyramidal structures at the surface is about 64o. Fig. 4
shows a surface profile taken of a 500 × 500 nm2 AFM image of
the thicker ZnO film (1270 nm)  grown at 100 ◦C. The formation
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Fig. 2. 2 �m × 2 �m AFM images of the ZnO films deposited at 100 ◦C wit
f faceted grains is evident. Measurement of the grain angle
evealed a value of ≈32◦. Thus, the face with an angle of ≈32◦

xhibits planes compatible with {214} crystallographic planes of
 hexagonal cell [23]. This angle tends to be retained since it is

Fig. 3. 2 �m × 2 �m AFM images of the ZnO films deposited at 250 ◦C with d
rent thicknesses: (a) 100; (b) 140; (c) 250; (d) 368; (e) 600; (f) 1270 nm.
chemically more stable than a stepped surface. Therefore, lower
angles indicate stepped surfaces in evolution. Greater angles were
not observed, indicating that facet formation is energetically favor-
able [23].

ifferent thicknesses: (a) 6; (b) 15; (c) 30; (d) 210; (e) 400; (f) 595 nm.
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Fig. 4. Surface profile taken from a 500 nm × 500 nm

The typical small grains of the surface morphology of the films
rown at 100 ◦C are also seen during the early growth stages for
he films deposited at 250 ◦C. As deposition continues, however,
he lateral size of the structures evolves until an irregular structure
s formed (as seen in Fig. 3(f)). Indeed, for the thicker film (600 nm),
he distinct surface feature is the formation of polygonal structures
24]. For these films, no {214} faceted pyramidal structures were
bserved.

Fig. 5 shows the evolution of the RMS  surface roughness � of
he ZnO films grown at 100 and 250 ◦C. In addition, the roughness

 of ZnO films grown at <80 ◦C is included [21]. The roughness � of
he glass substrate was about 0.5 nm.  From AFM data of the films
eposited at 100 ◦C, � evolves with increasing film thickness from
5 to ≈15 nm,  indicating grain growth along the vertical direction.

For the films grown at 100 ◦C, the temporal evolution of the
oughness � presents two distinct regimes. The roughness expo-
ents were found to be ˇ1 = 0.70 ± 0.02 and ˇ2 = 0.26 ± 0.2 for
he consecutive regimes. Similar behavior is also described by
asco et al. [19] for the growth of ZnO thin films on InP (100)
ubstrates kept at 350 ◦C using pulsed laser deposition (PLD). In
his case, Vasco et al. [19] found ˇ1 = 1.0 ± 0.1 and ˇ2 = 0.60 ± 0.01,
espectively.
At lower temperatures (<80 ◦C) we observe that  ̌ = 0.76 ± 0.08
nd p = 0.30 ± 0.05 but there is no saturation [21]. Mohanty et al.
20] found  ̌ = 1.03 ± 0.01 for ZnO:Al thin film growth on glass

ig. 5. The surface roughness � as a function of the thickness as determined from
 �m × 2 �m AFM images for different substrate temperatures. Open triangles,
quares and circles are used to indicate the roughness of the ZnO films grown at
80, 100 and 250 ◦C, respectively. The surface roughness � of the glass substrate is
0.5 nm.  Continuous lines represent power law growth with exponent  ̌ ≈ 0.78 and
.70. The vertical dashed line indicates the transition observed at 100 ◦C.
 image of 1270 nm—thick ZnO film with � = 179 nm.

substrates at room temperature by non-reactive magnetron sput-
tering, also indicating a single growth regime.

For the ZnO films grown at 250 ◦C, � evolves with the film thick-
ness from ≈1 to ≈30 nm,  indicating grain growth in the vertical
direction. In this case, only one  ̌ value is found,  ̌ = 0.7 ± 0.02, indi-
cating a single growth regime. Thus, both the deposition processes
of the ZnO films are initially characterized by unstable growth,
since  ̌ is ≥0.5, resulting in the formation of textured surfaces
[17,19].

From the experimental results obtained for the ZnO films it is
possible to estimate the dominant growth mechanisms operating
during deposition from the exponent ˇ. Therefore, Vasco et al. [19]
and Mohanty et al. [20] found  ̌ = 1.0, and they reported that the
dominant mechanism is non-local shadowing, since this results in
an unstable growth effect, thus increasing ˇ. Although Vasco et al.
[19] found ˇ2 = 0.60 and indicated that in this morphological region
the Schwoebel barrier effect is the dominant mechanism, resulting
in pyramidal structures with stepped surfaces, the occurrence of
such mechanism is unlikely in polycrystalline systems with small
grains [19]. For example, Fu and Shen [25] found  ̌ = 0.56 for Al
films deposited on Si (100) substrates by magnetron sputtering, and
concluded that non-local shadowing acting simultaneously with
diffusion mechanisms result in a decrease in ˇ.

Thus, one can recognize that the dynamic growth of ZnO films
at 100 ◦C is initially driven by competition between shadowing and
surface diffusion. Actually, ˇ1 = 0.70 implies that the shadowing
determines the growth but surface diffusion is also present to a
small degree. In the second regime, ˇ2 = 0.26, the surface morphol-
ogy is steady in textured pyramid-like structures, indicating a shift
in the dominant mechanism. Thus when {214} facetted texture
becomes dominant the evolution of the surface roughness becomes
more stable.

By heating the substrate to 250 ◦C, it is expected that surface
diffusion acts strongly in the growth of the ZnO films and, as a
consequence, a flatter surface should be obtained. But, as shown
in Fig. 5, this behavior is not observed. Instead the formation of
polygonal structures takes place, which indicates that another
driving mechanism is dominant. Indeed, as reported by Kajikawa
[12], for polycrystalline films surface diffusion can occur between
grains or planes resulting in different PO and texture. In the case of
surface diffusion that occurs between planes but is constrained by
the grain contours, the film becomes non-equiaxial columnar with
a surface texture and c-axis PO. If diffusion between grains is the

dominant mechanism, the film becomes non-equiaxial columnar
without surface texture and a-axis PO. If these two diffusion mech-
anisms are in competition, however, a non-equiaxial columnar
rough film is produced such as that observed at 250 ◦C. Moreover,
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o PO is observed because planes with higher surface energies
s well as lower surface energies can coexist during growth. To
urther investigate this point, we present and discuss the XRD

easurements in the next section.

.2. Structural studies

Fig. 6(a) and (b) displays the X-ray diffraction patterns for
nO films of different thicknesses deposited at 100 and 250 ◦C,
espectively. It is possible to identify peaks corresponding to the
haracteristic planes of the hexagonal ZnO wurtzite structure,
ndicating that all films are polycrystalline (according to JCPDS 65-
411). For all of the films, the peak corresponding to the (002) plane

s the most intense, indicating a preferential growth of the films
long the c-axis, perpendicular to the substrate surface [12]. No
eak was observed for the ZnO film thinner than 30 nm. A typical
-ray pattern can be seen in Fig. 6(b) for the 30 nm thick-ZnO film.
his result indicates the formation of a ZnO amorphous layer dur-
ng the early growth stages as reported by Chiang et al. [26]. Here,
here is no preferential nucleation and the polycrystalline grains
ucleate inside the amorphous layer.
From the X-ray diffraction spectra in Fig. 6(b), thicker films at
50 ◦C clearly exhibit reflections that correspond to peaks on planes
100) and (101), though the (002) peak remains dominant. These
dditional peaks indicate that the grains are not completely aligned
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Fig. 6. XRD patterns of ZnO films grown at (a) 100 

ig. 7. (a) Crystallite size and (b) strain of the ZnO films as a function of the thickness. O
nd  250 ◦C, respectively.
e Science 334 (2015) 210–215

along to c-axis [10], which implies that a polycrystalline film with
more disordered crystallites is produced. From the kinetic point
of view, this reinforces the interpretation that surface diffusion
between planes and between grains are comparable and no PO
takes place during growth.

In addition, the FWHM of the strongest (002) peak was used
to estimate the crystallite size by employing Scherrer’s formula
[10]. The data for both series are plotted as a function of this
thickness in Fig. 7(a). The crystallite size increases continuously
and then saturates at 12 nm.  On the other hand, the lateral
length � of the ZnO films was found to grow continuously for
both substrate temperatures of 100 and 250 ◦C. For the films
deposited at 100 ◦C, the exponent p = 0.2 ± 0.04 while, for that
grown at 250 ◦C, this value is higher, p = 0.32 ± 0.05. Although
these values are lower than those reported by Vasco et al. [19],
who found p1 = 0.33 ± 0.05 and p2 = 0.43 ± 0.08 for the consecu-
tive growth regimes, these results indicate that the lateral size
of surface structures is not directly related to the crystallite
size since the first increases continuously rather than saturat-
ing.

Also according to the XRD patterns of the films, for both temper-

atures, there are shifts in the position of the (002) peak at greater
thicknesses. Indeed, the position of the (002) peak is <34.42◦, the
value of bulk ZnO (JCPDS 65-3411), indicating that all films suffer
compressive stress during the initial stage. The lattice constant c

20 30 40 50 60 70
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and (b) 250 ◦C with thicknesses as indicated.

pens squares and circles correspond to data obtained from films deposited at 100
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as obtained from the position of the (002) peak for all films in
oth cases, and was used to estimate the strain ε in the films along
he c-axis [10]. Fig. 7(b) displays the variation of the strain with
ncreasing thickness. In both cases, the strain tends to decrease as
hickness increases.

. Conclusions

In conclusion, it has been observed that the surface morphol-
gy of ZnO films is initially characterized by small grains. As the
eposition proceeds, increases in both lateral and vertical grain
imensions are observed. Thus, for the ZnO films grown at 100 ◦C,
FM data show that the correlation length evolves continuously
hile the temporal evolution of the roughness � presents two dis-

inct regimes. In the first regime, the morphology of ZnO films is
ominated by granular structures. In the second regime, for longer
eposition times, {214} faceted pyramid-like structures are pro-
uced, aligned along the (002) plane, and stabilizing the roughening
rocess.

For ZnO films grown at 250 ◦C, similar behavior is observed, but
ith only one regime and, for thicker films, the surface features are

ormed by polygonal structures. In this case, the diffusion between
lanes and between grains is comparable, such that misorientation
ecomes important to the final texture. As a consequence, a non-
quiaxial columnar rough film is produced.
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