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We investigated the effects of thickness on the electrical, optical, structural, and morphological prop-
erties of Al and Ga co-doped ZnO films (AGZO) grown by linear facing target sputtering (LFTS) for use as a
transparent contact layer (TCL) in GaN-light emitting diodes (LEDs). Below a critical thickness of 200 nm,
the resistivity and optical transmittance of the AGZO films were significantly affected by the thickness of
the AGZO films. However, above a thickness of 200 nm, the AGZO films had similar resistivities and
optical transmittances due to the stable columnar structure, which developed at a thickness of 200 nm.
Due to the change of the growth mode with increasing thickness, the microstructure and surface
morphology were also affected by the film thickness. Based on the figure of merit values, we determined
that the optimized thickness of the LFTS-grown AGZO film was 200 nm, which was applied in a GaN-LED
as a TCL. Successful operation of GaN-LEDs with an optimized AGZO film without plasma damage in-
dicates that the LFTS-grown AGZO film is promising plasma damage-free TCL for use in GaN-LEDs.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

ZnO-based transparent conducting oxide (TCO) films are highly
degenerate wide bandgap semiconductors with a high conductivity
and optical transmittance in the visible wavelength region [1].
Although Sn-doped In2O3 (ITO) has been widely used as TCO films
in flat panel displays, photovoltaics, touch screen panels, and GaN-
light emitting diodes (LEDs), the development of ZnO-based in-
dium-free TCO as a substitute for ITO is imperative, due to limited
availability and rapidly increasing cost of indium [2e4]. As a
promising candidate as a substitute for ITO film, both Al-doped ZnO
(AZO) and Ga-doped ZnO (GZO) films have been extensively
investigated because they have a low resistivity and high trans-
parency comparable to conventional ITO films [5e8]. Recently, Al
and Ga co-doped ZnO (AGZO) films prepared by AZO and GZO co-
sputtering have been suggested as ZnO-based TCO films. To
improve the stability of AZO films, AZO and GZO mixed films has
been investigated. Kang et al. reported that a co-sputtered
AGZO film had a resistivity of 2.4 � 10�3 Ohm-cm and an optical
.

All rights reserved.
transmittance between 77 and 90% in the visible wavelength region
[9]. Lin et al. also reported that an AGZO film grown by pulsed direct
current magnetron sputtering had a low resistivity of
8.2 � 10�4 Ohm-cm and an average transmittance above 80% [10].
Although the electrical and optical properties of co-sputtered AGZO
films have been investigated, the effects of the film thickness on the
electrical, optical, structural, andmorphological properties of AGZO
films grown by linear facing target sputtering (LFTS) have not been
reported. Because the thickness of an AGZO film critically affects
the sheet resistance and optical transmittance like other TCO films
such as ITO, IZTO, AZO, and GZO, determination of optimized
thickness for the LFTS-grown AGZO TCL layer is very important
[11e15]. In addition, to fabricate a sputtered-transparent con-
ducting layer (TCL) in the GaN-light emitting diodes (LEDs), exact
understanding of damage free mechanism for AZO and GZO co-
sputtered films is necessary because conventional sputtering pro-
cess led to a severe degradation of p-GaN layer. Bombardment of
energetic particles onto p-GaN during sputtering process resulted
in compensation of p-GaN layer and degraded the electrical prop-
erties of p-GaN layer. For those reasons, there have been no reports
of the sputtered AGZO films as a TCL in the GaN-LEDs.

In this work, we investigated the dependencies of the electrical,
optical, structural, and morphological properties on the thickness
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Fig. 1. (a) Schematics of the linear facing target sputtering system with rotating facing
guns equipped with AZO and GZO hetero targets. The upper panels show a schematic
of the AGZO films with different thicknesses grown by LFTS. (b) The argon plasma
formed between the AZO and GZO targets was effectively confined high density
plasma.

Fig. 2. (a) Sheet resistance, resistivity, (b) carrier mobility, and concentration of the
AGZO electrodes as a function of thickness.
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of AGZO films grown by an LFTS system using AleZneO (AZO) and
GaeZneO (GZO) co-sputtering. Based on the figure of merit values,
we optimized the thickness of the AGZO film for application in
GaN-LEDs as a plasma damage-free TCL. In addition, we compared
the performance of GaN-LEDs with LFTS-grown AGZO TCL and
conventional DC sputtered AGZO TCL.

2. Experimental section

Al and Ga co-doped ZnO films were prepared on glass substrate
with different thicknesses (25, 50, 100, 200, 500, and 1000 nm) by
using an LFTS system equipped with rotatable facing cathodes at
room temperature by increasing the sputtering time. Using com-
mercial AZO (3 wt % Al-doped ZnO: Heesung Metal Ltd) and GZO
(3 wt % Ga-doped ZnO: Advanced Nano Products) targets, AGZO
films were co-sputtered in the LFTS system, in which the AZO and
GZO targets were parallel and faced each other at a TTD of 650 mm.
Fig. 1(a) shows a schematic diagram of the LFTS used to prepare the
AGZO films on glass substrates without plasma damage. A detailed
description of the LFTS system was given in our previous works
[16e18]. As shown in Fig. 1(a), the negatively applied voltage to
both AZO and GZO targets and one-directional magnet fields from
the AZO to the GZO target led to the effective confinement of the
plasma between the AZO and GZO targets. The oscillatingmotion of
electrons in the confined plasma creates high density plasma be-
tween the AZO and GZO targets, as we previously reported [18].
Fig. 1(b) shows a picture of the high density plasma, which is
confined between the AZO and GZO targets. The AGZO films were
co-sputtered on glass substrates with dimensions of 25 � 25 mm2

at a constant Ar flow ratio of 20 sccm and a working pressure of
0.3 mTorr as a function of the AGZO thickness which ranged from
25 to 1000 nm. A constant DC power of 250 W was simultaneously
applied to both the AZO and GZO targets. The thickness of the AGZO
films was controlled by adjusting the sputtering time. After co-
sputtering of the AZO and GZO targets, all AGZO films were
rapidly thermal-annealed at 600 �C for 1 min under H2 ambient to
activate Al and Ga dopants and improve the crystallinity [19]. The
thickness of the AGZO films was measured by a surface profil-
ometer (NANOMAP-LS). The electrical and optical properties of the
AGZO films were analyzed by Hall measurements (HL5500PC, Ac-
cent Optical Technology) and a UV/visible spectrometer (UV 540,
Unicam) at room temperature as a function of the AGZO thickness.
The refractive index of the AGZO films was measured by a spec-
troscopic ellipsometer (J.A.Woollam, VASE) as a function of the film
thickness. The structural properties of the AGZO films were
analyzed by X-ray diffraction (XRD: M18XHF-SRA) using a standard
q-2q geometry diffractometer with CueKa radiation (1.54 �A) as a
function of the AGZO thickness. In addition, the surface
morphology of the AGZO films was investigated by using a field
emission scanning electron microscope (FESEM: LEO SUPRA 55).



Fig. 3. (a) Optical transmittance of the LFTS-grown AGZO film as a function of thick-
ness. The upper panels show the optical transparency of the AGZO films grown at
different thicknesses on a Kyung Hee University seal. (b) Figure of merit values
calculated from the sheet resistance and average optical transmittance obtained be-
tween wavelengths of 400 and 800 nm.
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The root-mean-square (RMS) roughness and topography of the
AGZO films were analyzed by atomic force microscopy (AFM:
PUCOStation STD). To investigate the feasibility of applying the
optimized AGZO film as a TCL for GaN-LEDs, we fabricated top-
emission LEDs with a size of 300 � 600 mm2. The AGZO TCL with
a thickness of 200 nm was partially wet etched in a dilute HCL
solution. Then, the LED structure was fabricated by dry-etching of
n-GaN using inductively coupled plasma with CH4/Cl2/H2/Ar gas
sources. Finally, a Cr/Au (30/100 nm) layer was deposited as the p-
and n- electrodes. To compare the performances of GaN-LEDs with
AGZO TCL prepared by different sputtering method, we prepared
200 nm thick AGZO TCL layer prepared by conventional DC sput-
tering with tiled multi-cathodes.

3. Results and discussion

The sheet resistance and resistivity of the 600 �C-annealed
AGZO films as a function of thickness are shown in Fig. 2(a). The
sheet resistance of the AGZO films significantly decreased as the
AGZO film thickness was increased. At a thickness of 1000 nm, the
AGZO films exhibited the lowest sheet resistance of 25.7 Ohm/
square. It is noteworthy that the sheet resistance of the AGZO films
decreased rapidly with increasing film thickness in the 25e200 nm
range due to the rapid decrease of resistivity. However, above a
thickness of 200 nm, the AGZO film exhibited a similar resistivity
between 1.3 � 10�3 and 2.5 � 10�3 Ohm-cm, regardless of the film
thickness. A similar resistivity dependence on the thickness was
also reported for ITO films [13,14]. As discussed by Kim et al., thicker
ITO films showed lower resistivities because the grain size and
grain boundary of ITO films are critically affected by the film
thickness [13]. In the thickness region below 100 nm, the resistivity
of the ITO films decreased rapidly due to increased grain size and
improved discontinuities, while ITO films with thicknesses above
350 nm showed a fairly constant resistivity due to their constant
mobility and carrier density. Wang et al. and Lin et al. also reported
that resistivity of Al-doped ZnO and Ti-doped ZnO films was criti-
cally affected by film thickness [20,21]. Like ITO and ZnO-based
films, the dependence of the resistivity of AGZO films on thick-
ness can be attributed to the change of the grain size and grain
boundary density with increasing thickness, as demonstrated in
the XRD results shown in Fig. 5 [14,15,22]. In addition, activation of
Al and Ga dopant in ZnO matrix also affected the electrical prop-
erties of the AGZO films. Fig. 2(b) shows the carrier mobility and
concentration of the AGZO films as a function of the film thickness.
In the thin thickness region below 200 nm, the carrier mobility of
the AGZO film rapidly increased from 0.9 cm2/V-s to 9.5 cm2/V-s
with increasing thickness, which is the main reason for the
decreased resistivity of the thin AGZO films. Above a thickness of
200 nm, the carrier mobility of the AGZO film decreased slightly
from 9.5 cm2/V-s to 4.42 cm2/V-s with increasing thickness. The
decreased mobility of the AGZO film could be attributed to the
increased carrier concentration which led to the severe electrone
electron scattering [23]. The decreased mobility resulted in an in-
crease of the resistivity above a thickness of 500 nm, as shown in
Fig. 2(a). However, with increasing thickness, the carrier concen-
tration also increased from 2.5 � 1020 and 6.0 � 1020 cm�3, indi-
cating the effective activation of Al and Ga dopant in the thicker
AGZO films. In general, activation of Al and Ga dopant in AGZO films
occurred by breaking AleO and GaeO bonds and substitution of
activated Al and Ga dopant with Zn sites. The increased carrier
concentration of the AGZO films with increasing thickness indi-
cated that the activation of Al and Ga dopant in thicker AGZO films
is more favorable than very thin AGZO films. Due to this high carrier
concentration, the thick AGZO film above 200 nm showed fairly low
resistivity, even though they showed decreased carrier mobility.
Therefore, the decreased resistivity of the AGZO films with
increasing thickness was mainly affected by the change of the
carrier mobility of the AGZO films.

Fig. 3(a) shows the optical transmittance of the LFTS-grown
AGZO films fabricated under constant deposition conditions as a
function of the film thickness. The upper panel shows pictures of
the AGZO samples on a Kyung Hee University seal with high
transparency. Regardless of the film thickness, all AGZO films
showed a very high optical transparency. As can be seen in Fig. 3(a),
as the AGZO film thickness increases, the optical transmittance
varied due to interference phenomena. All AGZO films showed a
fairly high average optical transmittance in the visible wavelength
range. In the case of the average optical transmittance between 400
and 800 nm, the AGZO filmwith a thickness of 200 nm showed the
highest optical transmittance of 94.8%. However, for wavelengths
above 900 nm in the near infrared (NIR) range, the transmittance of
the 500 and 1000 nm thick AGZO films abruptly decreased due to
free carrier absorption. Due to the shift of the plasma wavelength
(lp), the thicker AGZO film exhibited a lower NIR transmittance
[24]. To determine the optimum thickness for deposition of the
AGZO films, the figure of merit value, which is defined as fTC ¼ T10/
Rsh, was calculated using the sheet resistance (Rsh) and average



Fig. 4. Refractive index (n) as a function of the AGZO film thickness.

Fig. 5. (a) XRD plots of the LFTS-grown AGZO films as a function of thickness. (b) The
FWHM variation of the XRD plot and the grain size calculated by the Scherrer formula.
All of the AGZO films were rapidly thermal-annealed at 600 �C for 1 min under H2

ambient.
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transmittance (T) of the AGZO films [25]. Fig. 3(b) shows the
calculated fTC values and average optical transmittances of the
LFTS-grown AGZO films as a function of thickness. For thin AGZO
films below 200 nm, the fTC value abruptly increased while the fTC
values of the thicker AGZO films (>200 nm) were fairly constant,
due to the effect of the thickness of the AGZO films on the sheet
resistance as shown in Fig. 2(a). The AGZO film with a thickness of
200 nm showed high fTC value due to the highest optical trans-
mittance of 94.8% and low sheet resistance of 63.2 Ohm/square.
Therefore, we determined that the optimized thickness of AGZO
film is 200 nm for application in GaN-based LEDs as a TCL.

Fig. 4 shows the refractive index (n) of the AGZO films as a
function of the film thickness obtained by measuring the SE at
550 nm wavelength. Below a thickness of 200 nm, the refractive
index (n) increased with increasing AGZO thickness. Above a
thickness of 200 nm, the n values of the AGZO films were approx-
imately constant. The refractive index of an oxide film can be
correlated to the film density and composition of the film [26].
Therefore, the density of the AGZO film continuously increased up
to a thickness of 200 nm, and thenwas saturated above a thickness
of 200 nm. These tendencies of the film density affect the electrical
and optical properties of AGZO films because a lower film density
can cause more scattering effects of electrons and light inside the
films.

To investigate the thickness effect on the microstructure of the
LFTS-grown AGZO films, XRD analysis was performed. Fig. 5(a)
shows the XRD plots obtained from the LFTS-grown AGZO films as a
function of thickness. All of the LFTS-grown AGZO films are highly
oriented with the c-axis perpendicular to the glass substrate except
for the 25 nm thick AGZO film, as in the case of conventional batch
type sputter-grown AGZO films [10]. The 50 nm thick AGZO film
had a strong (002) peak at 2q ¼ 34.4� indicating that the LFTS-
grown AGZO films have a well-developed Wurtzite structure with
a strongly (002) preferred orientation. With increasing thickness,
the intensity of the (002) peak also significantly increased due to
the preferred orientation of the AGZO grains along the [002] di-
rection. Although there is an additional weak (101) peak in the
1000 nm thick AGZO film, the increased film thickness mainly
affected the (002) preferred orientation in the AGZO columnar
structure. Fig. 5(b) shows the variation of the full-width at half
maximum (FWHM) of the (002) and the calculated (002) grain size
as a function of thickness. The grain size was calculated from the
XRD pattern using Scherrer’s formula,
D ¼ 0:9
l

bcos q

where D is the grain size of the AGZO films, l is the wavelength of
the X-rays (Cu Ka 1.54056 �A), b is the broadening of the diffraction
line measured at half its maximum intensity in radians (FWHM),
and q is the diffractive angle [27].With increasing thickness from25
to 200 nm, the (002) oriented grain size increased abruptly. How-
ever, it can be seen that in the films with thicknesses greater than
200 nm is independent of the thickness. This trend corresponds to
the refractive index and film density result in Fig. 4.

The dependence of the surface morphology of the LFTS-grown
AGZO films on the film thickness was investigated by FESEM.
Fig. 6 shows surface and cross-sectional FESEM images of the 50,
200, and 1000 nm thick AGZO films. As expected from the XRD
results, the grain size of the LFTS-grown AGZO films increased
gradually with increasing thickness. The 50 nm thick AGZO film
shown in Fig. 6(a) and (b) has very small grains. A further increase
of the film thickness led to increased sizes of the grains of the AGZO
films, as shown in Fig. 6(e) and (f). With increasing thickness, a
rough surface morphology developed due to the (002) texture
evolution of Wurtzite structured AGZO films. Fig. 7 shows AFM
surface images and the RMS roughness of the LFTS-grown AGZO
films as a function of the AGZO thickness. The surface morphology
of the AGZO films changed with increasing AGZO thickness. The
RMS roughness values of the 25, 50, 100, 200, 500, and 1000 nm



Fig. 6. Surface and cross-sectional FESEM images of AGZO films with thicknesses of 50 nm ((a) and (b)), 200 nm ((c) and (d)) and 1000 nm ((e) and (f)), respectively.

Fig. 7. (a) Surface AFM images of AGZO films with various AGZO thicknesses. (b) RMS
roughnesses of the AGZO films as a function of the AGZO film thickness.
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thick AGZO films were 2.2, 1.1, 3.3, 5.2, 10.8, and 19.8 nm, respec-
tively. With increasing thickness, the RMS roughness of the AGZO
films increased, due to the formation of a textured surface with a
pyramid shape, as shown in Fig. 6.

Based on the figure of merit values of the AGZO films, we
determined that the optimum AGZO thickness is 200 nm for
application in GaN-LEDs as a promising TCL. Fig. 8(a) shows a
schematic diagram of the process used to fabricate the GaN-LED
with the LFTS-grown AGZO TCL. Fig. 8(b) shows the IeV charac-
teristics of the LFTS-grown AGZO contact on p-GaN as a function of
the RTA temperature. It is evident that an increased RTA temper-
ature led to an improvement of the IeV behavior of the 200 nm
thick AGZO contact on p-GaN. Below an RTA temperature of
500 �C, the AGZO contact revealed rectifying IeV behavior. How-
ever, an increase of the RTA temperature to 600 �C resulted in
linear IeV characteristics, indicating the formation of an AGZO
ohmic contact on the p-GaN layer. The specific contact resistances
were calculated from plots of the measured resistances versus the
spacings between the circular transmission line method (c-TLM)
pads. The specific contact resistance of the 600 �C annealed AGZO
contact was determined to be 2.7 � 10�3 ohm-cm [2]. Even though
the AGZO film was grown by a sputtering process, the AGZO
contact resulted in linear IeV characteristics and the formation of
ohmic contact without severe plasma damage, because the LFTS
process reduced the direct plasma irradiation on p-GaN during the
AGZO sputtering process as we previously reported [16e18].
Fig. 8(c) shows the IeV characteristics of the GaN-LED with the
200 nm thick AGZO TCL prepared by LFTS and conventional DC



Fig. 8. (a) Schematic diagram of the GaN-LED fabrication process with the AGZO TCL. (b) IeV characteristics of the LFTS AGZO contact on p-GaN as a function of the RTA tem-
perature. (c) IeV characteristics and (d) electroluminescence spectra of GaN-LEDs with the AGZO TCL prepared by LFTS and conventional DC sputtering. (e) Dependence of the
radiant intensity on the injection current of the GaN-LED with the AGZO TCL layer prepared by LFTS and conventional DC sputtering.
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sputtering. It can be seen that the GaN-LED with the LFTS-grown
AGZO TCL showed a much lower turn on voltage of 5 V, indicating
plasma damage free sputtering of LFTS. However, the GaN-LED
with LFTS-grown AGZO TCL showed fairly high turn on voltage of
w5 V, due to the high series resistance of the AGZO TCL along the
path of current spreading from the p-pad electrode, than a con-
ventional ITO TCL grown by evaporation. Further optimization of
AGZO films could reduce the turn on voltage of GaN-LEDs because
series resistance is closely related with resistivity of the AGZO TCL.
Fig. 8(d) shows the electroluminescence (EL) spectrum of the GaN-
LED with LFTS-grown and DC sputtered AGZO TCL with a thickness
of 200 nm. As expected from the IeV characteristics, the GaN-LED
showed high luminescence intensity. In Fig. 8(e), the radiant in-
tensity of the GaN-LED with the AGZO TCL with a thickness of
200 nm was 7 mW/sr at 20 mA where the inset shows the blue
emission from the GaN-LEDs. Fig. 8(d)e(e) shows that the GaN-
LED with the LFTS-grown AGZO TCL successfully operated
without severe plasma damage even though the AGZO TCL was
grown by a sputtering process. However, further process optimi-
zation of GaN-LEDs with AGZO TCL in order to increase the effi-
ciency and decrease the turn on voltage is necessary to improve
the performance of the GaN-LEDs. Successful fabrication and
operation of GaN-LEDs with an AGZO TCL without plasma damage
suggests that the LFTS-grown AGZO film is promising plasma
damage-free TCL for application in GaN-LEDs.

4. Conclusions

We investigated the dependencies of the electrical, optical,
structural, and morphological properties on the thickness of AGZO
films grown by an LFTS system for application in high-performance
GaN-LEDs. Effective confinement of high density plasma between
the AZO and GZO targets led to the sputtering of AGZO TCL on the p-
GaN layer without plasma damage. The resistivity of the AGZO films
decreased in the thin thickness region below 200 nm and then
became saturated due to the saturated grain size. However, the
average transmittance in the visible region was fairly high,
regardless of the AGZO thickness. With an optimized AGZO thick-
ness of 200 nm, we obtained a sheet resistance of 63.2 Ohm/square,
an average transmittance of 94.8% in the visible range, an RMS
roughness of 5.2 nm, and a figure of merit value of
9.3 � 10�4 Ohm�1 without plasma damage, which are applicable in
GaN-LEDs as a TCL. Moreover, the successful operation of GaN-LED
with an LFTS-grown AGZO TCL with a thickness of 200 nm indicate
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that LFTS-grown AGZO film is a promising plasma damage-free TCL
for GaN-based LEDs.
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