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We investigate the electromechanical properties of ZnO grown on poly(ethylene terephthalate) (PET) and compare the results with
those obtained from the counterparts on glass substrates. The elastic moduli of ZnO on PET (measured by a microstretcher) are
very close to those of ZnO grown on glass substrates (measured by nanoindentation): The moduli decrease then increase as the
O,/Ar ratio increases. Films start to peel off from the plastic substrates when oxygen content reaches 50%. The in situ measure-
ment of the ZnO resistance under uniaxial tensile stretching is influenced by the induced piezoelectric voltage, leading to a
reduction in the electrical resistance for highly resistive ZnO films. The trend of the preferred orientation in relation to the oxygen
content of the sputtering atmosphere is the same for ZnO films grown on either PET or glass substrates. The optical bandgap (E,)
of the ZnO films on both substrates exhibits crystal orientation dependence, varying from 3.18 eV with (002) preferred orientation
to 3.25 eV, with a large number of (100) and (101) oriented crystals.
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Flexible electronics attracts much attention due to its versatile
application, such as E-papers, cell phones, and roll up portable dis-
plays. One requisite core technology is the fabrication of electronic
components or systems on compliant substrates so that they can
function while flexing. Recent experiments have focused on the
implementation of optoelectronic materials, such as amorphous/
nanocrystalline silicon, organic semiconductor materials,® and
transparent semiconducting oxides,* onto compliant substrates. Hy-
drogenated amorphous silicon technology is so far the industrial
standard technology for large-area electronics. However, its electron
mobility is limited up to 1 cm? V~! s713 As a result, many re-
search efforts have been made on investigating large-area transition-
metal oxide semiconductors to realize electronics with higher carrier
mobility.*¢

ZnO is a representative transparent semiconducting oxide’ and
has been applied in a variety of devices, such as solar cells, thin-film
gas sensors, transparent thin-film transistors, transparent conductive
contacts, UV lasers, and luminescent devices.¥!" There are various
techniques for preparin% ZnO films, such as sputtering,12 pulsed
laser deposition (PLD)," molecular beam epitaxy,'* metallorganic
chemical vapor deposition, > and spray pyrolysis.”’ Among these
methods, magnetron sputtering shows promise for large-area depo-
sition because of its low cost, scalability, and ability to grow mate-
rials on substrates with low melting points.l7 ZnO films grown on
rigid substrates by these fabrication methods exhibit a strong (002)
preferred orientation and are strongly affected by the oxygen content
in the sputtering atmosphere during film deposition.lg' 2

In flexible electronics, the rigid substrate is replaced with the
compliant foil substrate. Therefore, the mechanics of the thin-film-
on-foil-substrate must be considered in addition to the electrical per-
formance of the electronic devices. Mechanical stress may arise dur-
ing the fabrication, such as residual stress from the thin-film
deposition process or intentional tensile stress applied during the
roll-to-roll process.6 In addition, the electronic devices may be op-
erated under mechanical flexing, which may render the alteration in
device performance.4’23’24 Therefore, it is important to understand
the interdependence between the mechanical and electrical proper-
ties of the thin-film-on-foil-substrate system.

In this study, we correlate not only the electronic properties but
also the mechanical properties of ZnO films with the parameters of
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the sputtering process. The influence of sputtering oxygen partial
pressure (the ratio of oxygen to argon, O,/Ar) on the microstruc-
tural, electromechanical, and optical properties of ZnO grown on
poly(ethylene terephthalate) (PET) is studied and the results are
compared with ZnO grown on glass substrates under the same depo-
sition condition. The experimental results can provide useful infor-
mation for ZnO-based flexible electronics. The elastic moduli of
ZnO on plastic substrates (measured with a custom microstretcher)
are compared with those of a ZnO film on glass substrates (mea-
sured by a nanoindentation system). The electrical properties of ZnO
thin films on plastic are also characterized under stretching. Upon
stretching, different transition trends of the electrical behavior are
found for the ZnO films grown under a different oxygen content.
Other properties of ZnO grown on PET and on glass substrates are
also compared and discussed.

Experimental

ZnO thin films were deposited on 50 wm thick PET (CH 185E
from NAN YA) and 0.7 mm thick glass substrates (EAGLE 2000
from Corning). All substrates were cleaned in a detergent (micro-90)
bath at 80°C, followed by rinsing with deionized water. The ZnO
films were radio-frequency (rf) sputter-deposited from a ZnO target
(99.95%, GFE). Before the sputtering deposition, the chamber was
pumped to a base pressure of 8 X 107 Torr. The sputtering depo-
sition was performed with a sputtering power of 100 W at an O,/Ar
mixture atmosphere of 5 mTorr, in which the O,/Ar ratio was varied
from 0/1, 1/9, 1/6, 1/3, to 1/1. To balance the stress-induced curva-
ture and maintain the flatness of the PET samples after ZnO depo-
sition, we intentionally stepwise two-side coated the PET strips us-
ing the same deposition condition. The ZnO films adhered well to
glass and PET substrates under all sputtering conditions, except for
the films deposited in an O,/Ar atmosphere of 1/1, where the films
peeled off from the PET substrates.

The crystal structures were characterized using an X-ray
diffractometer (XRD, X’'Pert PRO) with Cu Ka radiation
(N =0.15406 nm). A scanning electron microscope (SEM, Hitachi
S-800) and an atomic force microscope (AFM, OBJ-204C) were
used for surface morphology inspection. The elastic moduli of ZnO
films on glass substrates were measured with a nanoindentation sys-
tem (TI 900 TriboIndenter, Hysitron Inc.). In this experiment, we
deposited the films for 12 h to obtain ZnO films thicker than 900 nm
to avoid the contacts between the nanoindenter with the solid glass
substrates during the indentation procedure. The elastic moduli of
ZnO films on PET were determined from the stress—strain curves
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obtained with a microstretcher. The stretching rate was set to be
1 pm/s. After the sample was stretched to each specific strain, the
movement of the fixtures of the microstretcher was stopped and the
resistance was measured as a function of the applied strain using a
Keithley 2636A sourcemeter. The optical transmittances were mea-
sured using a JASCO V-570 ultraviolet-visible (UV-vis) near-IR
spectrophotometer to determine the optical bandgaps.

Results and Discussion

Crystalline microstructure.— Figure 1 shows the XRD results
for the sputtered ZnO films on glass (Fig. 1a) and PET substrates
(Fig. 1b). In both cases the preferred orientations change from a
combination of (100) and (101) to (002) as the O,/Ar ratio increases
from O to 1/9-1/6. A further increase in O,/Ar during sputtering
suppresses the (002) preferred orientation, and (100) and (101) crys-
tal orientations reoccur. This transition of crystalline orientation is
the same for ZnO films deposited on either glass or PET substrates.
Other groups also observe similar experimental phenomena when
depositin% films on rigid substrates, such as Si wafer, glass, and
quartz.lg’ 221 This suggests that the crystalline orientations of sput-
tered ZnO films are influenced more by the sputtering atmosphere
than by the substrate type. By detecting the glow discharge spectra
of the plasma during a ZnO rf sputtering process, Aita et al. found
that the crystallographic orientation transition is highly correlated
with the ratio of Zn to ZnO ions in the plasma. ~ Gu et al. discov-
ered an enhancement of the ZnO (002) preferred orientation while
adding plasma oxygen during PLD, but the enhancement of (002)
orientation is not significant when gaseous oxygen is added during
the deposition.22

Based upon the full width half-maximum (fwhm) and positions
of the (002) diffraction peaks, we can calculate the grain sizes and
the residual stresses in the films. The average grain size D in the film
is calculated by the Scherrer formula'®

0.9\

- 3 cos 0 (1]

where N is the radiation wavelength, 6 is the Bragg angle of the
(002) peak, and B is the fwhm value. The residual stresses parallel to
the substrate were calculated based on the biaxial stress model
formula™

2C% - Cy»(Cyy + Cyy)
(Tﬁlm=< = S =) x €film (2]

Cis

where C;; are the elastic constants and ey, = Adggp/dgg2- The cor-
responding values of single-crystal ZnO used were C;; = 208.8,
Cy3=213.8, C1,=119.7, Cj3=104.2 GPa, and dy, = 0.26033
nm. With all these constants substituted, Eq. 2 is simplified to

O = — 465(Adyy/dyy,) GPa (3]

Figures 1c and d show plots of residue stresses and grain sizes as
a function of O,/Ar during sputtering. Under all of our sputtering
conditions, the residual stresses of deposited ZnO films are compres-
sive. The vertical dimension of grains, whose (002) basal plains are
parallel to the substrates, decreases with an increase in the oxygen
partial pressure during the sputtering deposition, but the variation is
very small.

Surface morphology.— Figures 2a-e show the SEM images of
the glass substrates. For various oxygen partial pressures, the sur-
face morphology is quite different for the deposited ZnO films.
Large surface grain dimensions are shown on the films deposited
with O,/Ar ratio. The insets in each figure show AFM images mea-
sured over a 5 X 5 m square. The surface roughness is measured
and plotted in Fig. 2f from each AFM image. The surface roughness
increases from ~74 to ~90 nm as the O,/Ar ratio increases from
0/1 to 1/1 during sputtering deposition.
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Figure 1. (Color online) [(a) and (b)] XRD patterns of (a) ZnO films on
glass substrates and (b) ZnO films on PET substrates. Inset of (b): XRD peak
from a PET substrate. [(c) and (d)] Grain sizes and residue stresses o,
calculated from the ZnO(002) diffraction peak. (c) ZnO films on glass sub-
strates. (d) ZnO films on PET substrates.
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Figure 2. (Color online) SEM images of ZnO films on glass substrates.
(a) O,/Ar =0/1, (b) O,/Ar=1/9, (c) O,/Ar = 1/6, (d) O,/Ar = 1/3, and
(e) O,/Ar = 1/1. Insets: The corresponding AFM images measured over a
5 X 5 wm square. (f) The surface roughness of ZnO films measured by
AFM.
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Figure 3. (Color online) (a) Nanoindentation of the load—unload curve.
(b) Microstretching stress—strain curve. (¢) Comparison of elastic moduli
measured from nanoindentation and the microstretcher.

Mechanical property.— The elastic moduli of the ZnO films on
glass are characterized using nanoindentation. We calculate the elas-
tic modulus of the ZnO film deposited on glass using two
equations 4

—
1 N S
"B 24A
where E; is the reduced elastic modulus, 3; is the geometric con-
stant that depends on the indenter, S = dP/dh is the elastic contact
stiffness calculated from the slope of the unloading curve in the plot
of load-displacement (see Fig. 3a), and A is the projected contact

area at the peak. With Berkovich indenters, 3 is 1.034. The elastic
modulus of ZnO film can be determined by

1 1= 1-v?

: 5
EE+E []

T i

(4]

where E (E;) and v (v;) are the elastic modulus and Poisson’s ratio,
respectively, of the film (the indenter). E; and v; are 1141 GPa and
0.07, respectively, for a diamond indenter. v is 0.3 and E is the ZnO
elastic modulus to be determined.

The elastic modulus of the film grown on a PET substrate is
determined from the stress—strain curve using the uniaxial tensile
stretching experiment. Using the following equations, we can calcu-
late the elastic modulus

o =Eue (6]

Etot(ts + tf) — Ests
E;= [7]
tf
where o is the tensile stress, ¢ is the strain, and E, is the elastic
modulus of the whole film—plastic substrate system, which is deter-

Downloaded 19 May 2010 to 140.112.38.23. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Society, 157 (7) H750-H754 (2010) H753

5'3 =B=0,:A=1:3
° 4:5- film thickness ~ 730 nm (a)
T 4.0
S 2 .,
— 50 =0, :Ar=1:6
g "o 451 film thickness ~ 850 nm (b)
o -
3]
c
©
» -
s 24
() 3 , .
(04 film thickness ~ 630 nm
f— ' -
NS 8.0+
1.51 /film thickness ~ 500 nm W00 |
7.0 s - - :

0 5 10 15 20 25
Strain % (10 )

Figure 4. ZnO film resistance changes with applied strain using the micro-
stretcher for (a) O,/Ar = 1/3, (b) O,/Ar = 1/6, (c) O,/Ar=1/9, and (d)
O,/Ar = 0/1.

mined from the slope of the tangential line for the stress—strain
curve, as illustrated in Fig. 3b. E; (E,) is the elastic modulus of the
film (substrate) and #; (7,) is the film (substrate) thickness.

The comparison of the elastic moduli of ZnO on glass (measured
by nanoindentation) and ZnO on PET (measured with a micros-
tretcher) is plotted as a function of the sputtering oxygen content, as
shown in Fig. 3c. The relationship between the elastic modulus of
the ZnO films and the sputtering oxygen content exhibits a similar
trend in both measurements, although the overall measured elastic
moduli of ZnO on PET substrates are smaller. The measured elastic
moduli of sputtered ZnO range from ~20 to ~ 160 GPa. The elastic
moduli are smallest (~20 to 60 GPa) when ZnO exhibits a (002)
preferred orientation. The elastic modulus seems to correlate to the
crystal orientation. With more grains with the (002) basal plane
parallel to the substrate, the elastic modulus is smaller. In this re-
gard, the dependence of the measured elastic modulus on the crystal
orientation is misleading because the elastic propel’tg] of wurtzite
ZnO is very close to isotropy due to its symmetry.” This elastic
modulus dependence on the preferred thin-film texture is likely due
to changes in the material microstructure and defects created by ion
bombardment in the deposited films as the sputtering oxygen con-
tent varies.'”! Ong et al. used the microbridge method to measure
ZnO films sputtered at a substrate temperature of 400°C under an
O,/Ar ratio of 7/3. The measured elastic modulus is ~137 GPa,®
close to that of our experimental film deposited with a high oxygen
content. Other groups measured the elastic moduli of bulk ZnO to be
~140 to ~144 GPa wusing acoustic wave methods * and
~111 GPa by a nanoindentation method. 30

Electrical property under uniaxial tensile stress.— Figures 4a-d
show the resistance of ZnO on PET (measured in the tensile direc-
tion) under uniaxial tensile stress. The ZnO films deposited with the
addition of oxygen (see Fig. 4a-c) in a sputtering atmosphere exhibit
greater electrical resistivity (~107 ) cm) than those deposited in
pure argon (~10° Q cm) (see Fig. 4d), owing to the lack of oxy-
gen vacancies and Zn interstitials.”’ This resistivity difference could
be caused by the oxygen ions in the plasma rather than oxygen
molecules because the resistivity of ZnO deposited by PLD in-

creases when plasma oxygen is added during the process, whereas
the re51st1V1ty remains relatively small when gaseous oxygen is
added.’

The resistance of the ZnO films deposited in pure argon increases
with an increase in applied strain (see Fig. 4d), but the resistance—
strain curve shape is dlfferent from the typical ones for ZnO:Al
(p ~ 10 Q cm) on plastic.> The ZnO films deposited with oxy-
gen in the sputtering atmosphere show high resistance, which de-
creases with the applied strain (see Fig. 4a-c). This may result from
the piezoelectric nature of Zn0.>* When ZnO is subjected to defor-
mation during electrical measurements, a piezoelectric voltage is
added to the externally applied voltage. This modifies the measured
current, thus the measured resistance values. For ZnO:Al (p
~ 1072 Q cm),3 ? the measured current is completely dominated by
the externally applied voltage and the resistance is determined by
the ZnO:Al film geometry. In our relatively high conducting ZnO
(p ~ 10* Q cm, deposited under an atmosphere without oxygen),
the piezoelectric voltage induced by tensile stress modifies the mea-
sured current slightly; thus, the resistance increases with the applied
strain, similar to a stretched conductor. For highly resistive ZnO
(p ~ 107 Q cm, deposited under an atmosphere with oxygen
added), the current induced by the piezoelectric voltage during strain
is comparable to that of the externally applied voltage during elec-
trical measurement, leading to a decrease in resistance with increas-
ing applied strain.

Optical properties— Figures 5a and b show the transmittance
spectra for ZnO grown on PET and glass substrates. The transmit-
tance reaches ~80% in the visible region. From the Tauc model in
the high absorbance region, the relation between incident photons
and optical bandgap E, is**

oahv = A(hv - Eg)”2 [8]

where a is the absorption coefficient, /v is the photon energy, E, is
the optical bandgap, and A is a constant. From the transmittance
plot, we can calculate the absorption coefficient o

T =B - exp(- ad) [9]

where T is the transmittance of the film, B is a constant which is
close to unity, and d is the film thickness. Plotting (chv)? against
hv, E, can be obtained from the x-intercept of the tangential line.
The comparison of E, for the ZnO films grown on glass and PET is
plotted in Fig. Sc. E, is larger overall for the ZnO films sputtered on
PET than on glass substrates. In both cases, E, is smaller as the ZnO
films exhibit a (002) preferred orientation; yet E, becomes larger as
the ZnO films reveal (100) and (101) preferred orientation textures.

Conclusion

We investigate the influence of the sputtered atmosphere of
O,/Ar ratio on the microstructural, optical, and electromechanical
properties of ZnO films grown on PET and glass. Oxygen influences
ZnO grown on either PET or glass substrates in a similar fashion.
The preferred crystal orientation of ZnO films is strongly influenced
by the O,/Ar ratio. ZnO films exhibit a preferred crystal orientation
of (100) and (101) parallel to the substrates when deposited with
O,/Ar = 0/1. As the O,/Ar increased to 1/9 and 1/6, the films show
highly ordered crystal orientation with the (002) plane, parallel to
the substrate surfaces. Further increasing O,/Ar diminishes the
strong (002) preferred orientation. The elastic modulus of the ZnO
film also depends on the sputtering atmosphere. The elastic modulus
is smallest (~20 to 60 GPa) when ZnO is deposited at O,/Ar
=1/9 and 1/6, owing to the defects in materials induced by ion
bombardment. The ZnO films sputtered without any oxygen reveal a
resistivity of about 4 orders of magnitude smaller than those sput-
tered with oxygen content. The resistance of the ZnO film sputtered
in an oxygen-free atmosphere increases as the amount of strain in-
creases, yet ZnO sputtered with oxygen content shows the opposite
trend as the applied strain increases. This is caused by the induced
piezoelectric voltage during deformation. The optical bandgap E,
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Figure 5. (Color online) UV-vis transmittance of (a) ZnO film on glass, (b)
ZnO film on PET, and (c) comparison of optical bandgap E, for ZnO grown
on glass and PET.

also exhibits a crystal orientation dependence. E, is, in general,
smaller for ZnO sputtered on glass substrates than that sputtered on
PET substrates. E, varies from 3.18 eV [when films exhibit a (002)
preferred orientation] to 3.25 eV [when films show a large amount
of (100) and (101) oriented crystals].
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