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In this study, the high performance of InGaN/GaN multiple quantum well light-emitting diodes (LEDs) with Al-
doped ZnO (AZO) transparent conductive layers (TCLs) has been demonstrated. The AZO-TCLs were fabricated on the
nT-InGaN contact layer by metal organic chemical vapor deposition (MOCVD) using H>O as an oxidizer at temperatures
as low as 400 °C without any post-deposition annealing. It shows a high transparency (98%), low resistivity (510~% Q-cm),
and an epitaxial-like excellent interface on p-GaN with an n*-InGaN contact layer. A forward voltage of 2.82 V @ 20 mA
was obtained. Most importantly, the power efficiencies can be markedly improved by 53.8% @20 mA current injection
and 39.6% @350 mA current injection compared with conventional LEDs with indium tin oxide TCL (LED-III), and by
28.8% @20 mA current injection and 4.92% @350 mA current injection compared with LEDs with AZO-TCL prepared by
MOCYVD using O, as an oxidizer (LED-II), respectively. The results indicate that the AZO-TCL grown by MOCVD using
H,O as an oxidizer is a promising TCL for a low-cost and high-efficiency GaN-based LED application.
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1. Introduction

ZnO-based transparent conductive layers (TCLs) have
been widely investigated to replace indium tin oxide (ITO) in
high-efficiency GaN-based light-emitting diodes (LEDs).[!=!]
In our previous work,®! metal organic chemical vapor depo-
sition (MOCVD) proved to be a good method to grow ZnO-
based TCLs for GaN-based LEDs application. As reported
in literature, [®! the GaN-based LEDs with the MOCVD grow-
ing Al-doped ZnO (AZO)-TCL showed an ultra-low forward
voltage of 2.86 V (@20 mA) and an epitaxial-like excel-
lent interface between the AZO-TCL and n*-InGaN contact
layer. However, these ZnO-TCLs were grown by MOCVD
using high-purity O, as an oxidizer at temperatures as high as
550 °C. In addition, to obtain high transparency ZnO-TCL, the
O, was overflowed with a diethyl zinc (DEZn) precursor with
a molar ratio of 458:1. This would eventually lead to the high
cost of GaN-based LEDs. To solve these problems, water is
proposed as a cost free oxidizer to replace the high-purity O,.
Generally, the film growth temperature of MOCVD is mainly
determined by the cracking efficiency of reactors. Because the
cracking efficiency of water (H,O) with the low energy bond
of H-O (464 kJ/mol) is higher than that of oxygen (O-O bond
energy of 498 kJ/mol), using H,O instead of O, as an oxidizer

DOI: 10.1088/1674-1056/25/11/118506

is expected to reduce the ZnO-TCL growth temperature.!”-8]
This would eventually also reduce the cost of the GaN-based
LEDs. In previous studies, as the front or back contacts of
a solar cell, low-cost boron doped zinc oxide (ZnO:B) films
have been prepared by low-pressure chemical vapor deposition
(LPCVD) using H,>O as an oxidizer with typical resistivity of
1.0 x 1073-2.0 x 1073 Q-cm.[%- 11 Ag far as we know, ZnO-
based TCLs grown by MOCVD using H,O as an oxidizer have
not been explored for GaN-based LED applications.

In this study, AZO-TCLs were grown on p-GaN with an
n"-InGaN contact layer by MOCVD at 400 °C using H,O
as an oxidizer. The low-cost and high-efficiency GaN-based
LEDs with these AZO-TCLs are demonstrated.

2. Experimental details

In this study, InGaN/GaN multiple quantum well (MQW)
LED structures were grown on c-plane sapphire substrate
by MOCVD. The InGaN/GaN MQW LED structure with an
emission wavelength of 450 nm consists of a Si-doped n-GaN
layer, fifteen pairs of Ing3Gag7N/GaN MQW active layers
(with a well of 6.5-6.8 nm and a barrier of 4.7-5.1 nm), a
Mg-doped p-GaN layer, and a 3-nm-thick Si-doped n™-InGaN
contact layer with a carrier concentration of 3 x 10%° cm—3.
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An AZO-TCL with a thickness of 200 nm was prepared on
the top of the contact layer by S. C. Tech. MOCVD system.
As Zn, Al, O precursors and carrier gases, DEZn, trimethyl
aluminum (TMALI), water (H,O), and argon (Ar) were used.
The chamber pressure was 6 Torr. The reaction temperature
was as low as 400 °C. This AZO film was labeled H,O-
AZ0O. The top-emitting LED chips were fabricated with a
size of 250 x 760 um?. The H,O-AZO-TCLs were partially
etched in a diluted hydrochloric acid (HCI) solution, and the
n-GaN layers were exposed by inductively coupled plasma
(ICP) dry etching using BCl3/Cl,/Ar gas sources. Finally, a
Cr/Ag (20/200 nm) bi-layer was deposited by electron beam
(EB) evaporation serving as p- and n-electrodes. The device
was labeled LED-I. In comparison, LED-II and LED-III were
fabricated with the same InGaN/GaN MQW LED structure, si-
multaneously. The TCL of LED-II is an AZO-TCL grown by
MOCVD using O; as an oxidizer at a temperatures of 550 °C,
which is labeled as O,-AZO. The growth condition of the O;-
AZO was described in detail in literature.!®! The TCL of LED-
III is a conventional ITO, which is prepared by EB evapora-
tion at a temperature of 280 °C, followed by rapid thermal
annealing at 500 °C. The current—voltage (/-V') and light out-
put power (LOP) characteristics of the LEDs were measured
by Agilent BISOOA Semiconductor Device Analyzer and Fit
Tech IPT6000 LED chip/wafer probing and testing system.
The contact resistance of the TCLs on p-GaN with the n*-
InGaN contact layer was evaluated by the circular transmis-
sion line model (CTLM).

3. Results and discussion

The transmission spectra with a wavelength range from
300 to 700 nm were measured and shown in Fig. 1. Both the
AZO-TCLs show a transparency higher than 98% at a wave-
lIength of 450 nm while the ITO-TCL shows 90% transparency.
The electrical characteristics of the TCLs on the sapphire sub-
strate are summarized in Table 1, which are measured by van
der Pauw Hall effect measurements. Compared with the O;-
AZO-TCL with a resistivity of 7 x 10~* Q-cm, the H,O-AZO-
TCL shows a lower resistivity of 5 x 10~* Q-cm, which is at-
tributed to the higher mobility (34 cm?-v~!.s~!) and higher
carrier concentration (3.6 x 102 cm™3). In contrast, in spite of
the lowest resistivity of ITO, the lower mobility and the higher
carrier concentration could result in relatively low transmit-
tance.
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Fig. 1. (color online) Transmittance spectra of HyO-AZO-, 0,-AZO-,
and ITO-TCLs on a quartz substrate.

Table 1. Mobility, carrier concentration, resistivity of various TCLs measured by the van der Pauw Hall effect measurement.

Mobility/cm?-y~!.s~!

Carrier concentration/cm >

Resistivity/Q-cm

0,-AZO-TCL 27.6
H,0-AZO-TCL 34
ITO-TCL 15.3

3x10%0 7x10~4
3.6x10%0 5x1074
9.38x10%0 3x1074

In order to understand the origin of the improved con-
ductive properties of the HyO-AZO-TCL, the 26 to ® x-ray
diffraction (XRD) pattern was used to analyze the crystalline
structure of both AZO-TCLs grown on the sapphire substrate.
As shown in Fig. 2, compared with O,-AZO, the diffraction
peak of ZnO (0002) for the H,O-AZO is shifted to a high
diffraction angle, indicating that the lattice constant of H,O-
AZO is smaller than that of O,-AZO. Here, the diffraction
peak intensity was normalized by the maximum value. Con-
sidering the smaller radius of AI** ions, these results indi-
cate that more A’ ions substituted Zn2" ions into the H,O-
AZ0 lattice, which plays the role of a donor leading to the
higher carrier concentration. U2.13] [y fact, for HoO-AZO-TCL
growth, the molar ratio of TMAIL:DEZn is 0.1, which is smaller
than that of 0.15 for O,-AZO-TCL growth. The results sug-

gest that when using H,O as an oxidizer, the relatively low
growth temperature and reduced reactor pressure decrease the
parasitic reaction and probably lead to a more effective incor-
poration of Al into the AZO. Moreover, it was reported that
the carrier transport in AZO-TCL is dominated by grain bar-
rier scattering because of the existence of a high amount of
point defects and/or dislocations at grain boundaries.!'*! Ac-
cording to the grain barrier limited transport model, the rela-
tively high mobility in HyO-AZO-TCL can be explained. At a
high carrier concentration, the grain barrier will become nar-
row. As aresult, the electrons are easy to tunnel, leading to the
high mobility. The growth and carrier transport mechanisms
of HyO-AZO TCL require further study.

The current—voltage (/-V) characteristics of the LEDs

with various TCLs were demonstrated. As shown in Fig. 3,
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the forward voltages (V¢) of LED-I with H,O-AZO-TCL @
20 mA is as low as 2.82 V, which is a little lower than that
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Fig. 2. (color online) The 26 to @ XRD patterns of ZnO (0002) peaks
of HyO-AZO- and O,-AZO-TCLs deposited on sapphire substrates.
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Fig. 3. (color online) /-V characteristics of LEDs with various TCLs.
The inset shows the -V characteristics of HyO-AZO-, O,-AZO-, and
ITO-TCLs contacts on p-GaN with n™-InGaN contact layer.

of LED-II with O,-AZO-TCL (V; = 2.87 V @20 mA), and
is much lower than that of LED-III with ITO-TCL (V; =
2.92 V@20 mA). The V; of LED-I is also much lower than
the reported values in literature.!'>!%1 The linear -V char-
acteristics of the TCL contacts are shown in the inset of
Fig. 3. Through CTLM calculation, the specific contact re-
sistances were evaluated to be 2.72 x 1074, 2.85 x 10, and
4.6 x 10~ for the contacts of the HyO-AZO-TCL, O,-AZO-
TCL, and ITO-TCL, respectively. The results indicate that
the low V; is attributed to the good ohmic contact formed be-
tween HyO-AZO-TCL and p-GaN with the n™-InGaN contact
layer. As reported in our previous work,!! the epitaxial-like
interface was formed between the ZnO-based TCL grown by
MOCVD using O, as an oxidizer and p-GaN with the n*-
InGaN contact layer, which contributes to the low specific
contact resistance of LEDs. In this work, to confirm the inter-
face properties between H,O-AZO-TCL and p-GaN with the
nT-InGaN contact layer, high-resolution transmission elec-
tron microscopy (HRTEM) combined with an energy disper-
sive x-ray (EDX) line scan was also performed. As shown in
Fig. 4(a), the epitaxial-like interface with perfect lattice fringes

was confirmed between the HyO-AZO-TCL and p-GaN with
n"-InGaN. Furthermore, as shown in Fig. 4(b), a 3-nm-thick
n"-InGaN tunneling layer was observed by EDX line scan.
Namely, the good ohmic contact of HyO-AZO-TCL could also
be attributed to the epitaxial-like interface. Considering the
similar specific contact resistance and epitaxial-like interface
properties of both the AZO-TCLs, the relatively low V¢ of
LED-I could be mainly attributed to the lower bulk resistiv-
ity of HyO-AZO-TCL, which can enhance the lateral current
spreading.
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Fig. 4. (color online) Cross-sectional HRTEM image (a) and the major
element EDX line scan analysis spectra (b) of the H;0-AZO-TCL/n"-
InGaN/p-GaN interface.

Figure 5 demonstrates the LOP characteristics of the
LEDs with various TCLs. As shown in Fig. 5, the light out-
put powers at 20 mA are 39.6, 33.4, and 28.3 mcd for LED-I,
LED-II, and LED-III, respectively. At the injection current of
350 mA, the light output powers of LED-I, LED-II, and LED-
IIT were 181.3, 184.6, and 149.9 mcd, respectively. In order
to properly evaluate the overall efficiency of the experimental
LEDs, the power efficiency of LEDs was defined as the ratio
of the optical output power to the electrical input power.!8]
As a result, the power efficiency of LED-I with H,O-AZO-
TCL was improved by 28.8% @20 mA injection current and
4.92% @350 mA over that of LED-II with O,-AZO-TCL.
Moreover, the power efficiency of LED-I was improved by
53.8% @20 mA injection current and 39.6% @350 mA over
that of LED-IIT with ITO-TCL. One can see that the power
efficiency of LED-I is markedly higher than that of LED-III.
This can be explained by the following reasons: i) the high
transmittance of HyO-AZO-TCL over that of ITO-TCL; and
ii) the epitaxial-like interface between H,O-AZO-TCL and p-
GaN/n*-InGaN with low specific contact resistance. These
would enhance the current injection effect and reduce the non-
radiative recombination at the interface region. Although the
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forward voltage of LED-I is slightly lower than that of LED-
II, a similar light output power was found. This is presum-
ably attributed to the flat surface of HyO-AZO-TCL. The root
mean square roughness of HyO-AZO-TCL is 5.8 nm, which
is similar to that of ITO-TCL with the value of 6.3 nm, but is
markedly lower than that of O;-AZO-TCL with the value of
11.5 nm. The growth of the HO-AZO-TCL at relatively low
temperatures was presumably dominated by the 2D growth
mode.!"”! This will result in the smooth surface morphology.
Furthermore, LED-III shows the maximum light output power
at the injection current of 500 mA and then the light output
power declines sharply along with the further increase of the
injection current. In comparison, the LEDs with AZO-TCLs
(LED-I and LED-II) show the maximum light output power
at the injection current of 600 mA, and then the output power
declines slowly along with the further increase of the injection
current. This can be attributed to the better current spreading
in AZO-TCLs with the low contact resistance. These results
indicate that the AZO-TCLs grown by MOCVD are more suit-
able for high-power LEDs.
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Fig. 5. (color online) Light output power of the LEDs with various
TCLs as a function of injection current.

4. Conclusions

In conclusion, an AZO-TCL with high conductivity and
high transparence was grown by MOCVD using H>O as an ox-
idizer at temperatures as low as 400 °C. It was used as TCLs
in InGaN/GaN MQW LEDs. Compared with LEDs with O;-

AZO-TCL and ITO-TCL, the LEDs with HyO-AZO-TCL ex-
hibit a low V¢ and a high power efficiency. In addition to the
epitaxial-like interface between the H,O-AZO-TCL and the
p-GaN with n™-InGaN contact tunneling layer, these results
could be attributed to the lower bulk resistivity of HyO-AZO-
TCL. Considering the low cost of HyO-AZO-TCL, the AZO-
TCL grown by MOCVD using H>O as an oxidizer will make
a great contribution to the production of low-cost and high-
efficiency GaN-based LEDs.
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