™ |

Check for
updates

Research Article Vol. 25, No. 25 | 11 Dec 2017 | OPTICS EXPRESS 32206

Optics EXPRESS

Transparent electrode design for AlGaN deep-
ultraviolet light-emitting diodes

RAY- HUA HRONG,"?” Yu-YUAN ZENG,? WEI-KAI WANG,? CHIA-LUNG
TsalL* YI-KenG Fu,* AND WEI-HuNG Kuo?

!Institute of Electronics, National Chiao Tung University, Hsinchu 30010, Taiwan

Graduate Institute of Precision Engineering, National Chung Hsing University 40227, Taiwan
*Department of Materials Science and Engineering, Da-Yeh University, Changhua 51591, Taiwan
*Electronic and Optoelectronic System Research Laboratories, ITRI, Hsinchu 31040, Taiwan
rhh@nctu.edu.tw

Abstract: Zinc gallate (ZnGa,0,4; ZGO) thin films were employed as the p-type transparent
contact layer in deep-ultraviolet AlGaN-based light-emitting diodes (LEDs) to increase light
output power. The transmittance of 200-nm-thick ZGO in deep-ultraviolet wavelength (280
nm) was as high as 92.3%. Two different ohmic contact structures, a dot-LED (D-LED;
ZGO/dot-ITO/LED) and whole-LED (W-LED; ZGO/ITO/LED), exhibited improved light
output power and current spreading compared to a conventional ITO-LED (C-LED). At an
injection current of 20 mA, the D-LED and W-LED exhibited 33.7% and 12.3%
enhancements in light output power, respectively, compared to the C-LED. The enhanced
light output power of the D-LED can be attributed to an improvement in current spreading
and enhanced light-extracting efficiency achieved by introducing ZGO/dot-ITO.

© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

AlGaN-based deep-ultraviolet (DUV) light-emitting diodes (LEDs) with 280-nm wavelengths
attract considerable attention for use in chemical sensors, biological detection, water
purification, UV curing, and so on [1,2]. However, the external quantum efficiency (EQE) of
UV LEDs is unsatisfactorily, partially because most of the emitted photons generated by the
active region are absorbed by p-type contact layers, resulting in low light-extraction
efficiency (LEE) [3]. Indium tin oxide (ITO) is generally inserted as a transparent conducting
electrode (TCE) layer between p-GaN and the p-electrode to improve p-type ohmic contact,
resulting in the formation of a current-spreading layer [4,5]. The ITO film has both high
electrical conductivity along with excellent optical transmittance at near-UV to visible
wavelengths. However, ITO film is opaque in DUV applications because of its small optical
bandgap (~3.2 eV), which significantly reduces the transmittance in the UV region.
Therefore, it is important to develop new transparent conductive oxide (TCO) materials with
wide optical bandgaps as replacements for ITO thin films to improve the performance of UV
LEDs [6]. The electron-release efficiencies of wide-bandgap TCOs are known to be lower
than those of narrow-bandgap TCOs [7], limiting the candidate TCOs that can be applied at
DUV wavelengths. The resistivities of wide-bandgap TCO materials such as Mg,Zn; O,
In,Ga,; O, and Ga,0; are too high (on the order of 10"1~10_3) for application as TCEs in
DUV LEDs [8-10].

Recently, zinc gallate (ZnGa,0,; ZGO) films (composites of Ga,0; and ZnO) have been
proposed as TCO materials for use in the DUV region because of their high chemical stability
and large optical bandgap of 5.12 eV. ZnGa,0, has a spinel crystal structure (cubic structure
with space group Fds ,,) with the lattice parameters a =b =c¢ = 0.8335 nm and a = =y =90,
where Ga®" ions occupy the octahedral sites, and Zn>" ions occupy the tetrahedral sites.
ZnGa,0, has been reported to be favorable for application in field-emission displays with low
accelerating voltages [11]. Most discussions on ZnGa,O, focus on the one-dimensional
nanostructure and optical emission properties of, for example, ZnGa,O, nanoparticles,
nanowires, and nanorods [12-15]. In our previous study, we discussed the device
characteristics and optical properties of electronic devices containing ZGO epilayers [16]. In
this study, we fabricated and optimized the crystalline quality of a ZGO thin film and
evaluated the ZGO epilayer as a TCO for DUV LED applications. The electrical and optical
properties of DUV LEDs containing ZGO-based ohmic-contact ITO TCE (ZGO:ITO) layers
were also investigated.

2. Experimental

ZGO thin films were grown on c-plane (0001) sapphire substrates using a MOCVD system.
Triethylgallium (TMGa), diethylzinc (DEZn), and oxygen gas were used as the precursors of
Ga, Zn, and O, respectively, and Ar was used as the carrier gas. ZGO thin films were grown
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at a temperature 670°C with different thicknesses of 25, 50, 75, 100, and 125 nm. The flow
rate of TMGa was kept constant. The flow rates of the Zn source were 10, 20, 30, 40, 50, and
60 sccm, corresponding to a maximum Ga/Zn molar flow rate of 1:1.2. During the MOCVD
process, oxygen flow was kept at 200 sccm, the growth pressure was 15 Torr, and the growth
temperature was 670°C. The UV LEDs were grown on c-plane sapphire substrates with a 2-
um-thick undoped AlGaN template, a 2.5-pm-thick Si-doped n-AlGaN layer, multiple
quantum wells consisting of nine pairs of AlIGaNInN/AlGaN layers, a 40-nm-thick electron
blocking layer, a 100-nm-thick Mg-doped p-AlGaN layer, and a 3-nm-thick p-GaN contact
layer. ITO was deposited on the LEDs via e-beam evaporation at room temperature (RT)
followed by annealing in nitrogen at 600°C for 20 min. The ITO target was a mixture of 10%
SnO, and 90% In,0; by weight. Ti/Al/Ti/Au metals (15/2000/60/20 nm) were used as metal
pads in the UV LEDs. The UV LED chip size was 1 mm % 1 mm. ZGO was deposited as a
TCE layer via MOCVD with a DEZn flow rate of 60 sccm, and the ZGO film thickness was
increased to 100 nm to improve current spreading. Two TCE patterns, a dot-LED (D-LED;
ZGO/dot-ITO/LED) and whole-LED (W-LED; ZGO/ITO/LED), were defined and etched
using standard photo-lithography and inductively coupled plasma reactive-ion etching. The
dot diameter and pitch were 100 and 175 pum, respectively. Figures 1(a)-1(m) show the
fabrication processes for the conventional UV LED (C-LED), D-LED, W-LED and dot-ITO
pattern design. Optical transmittance was measured in the range of 200 to 800 nm using an
N&K analysis system. Structural properties were characterized by double-crystal X-ray
diffraction (XRD), scanning electron microscopy, and atomic force microscopy. The
electrical properties of the ZGO films were determined by Van der Pauw-Hall measurements
at RT. The current—voltage (/-V) and output power characteristics of the three LEDs were
measured at RT using a Keithley 2400 instrument with an integrating sphere detector.
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Fig. 1. Formation process of a C-LED: (a) epitaxial layer, (b) ITO deposition, (c) mesa, and (d)
metal pad. Formation process of a W-LED: (e) ITO deposition on the epitaxial layer, (f) ZGO
deposition, (g) mesa, and (h) metal pad. Formation process of a D-LED: (i) dot-ITO
deposition, (j) ZGO deposition, (k) mesa, () metal pad, and (m) schematic diagram of
ZGO/dot-ITO pattern design.

3. Results and Discussion

The effect of DEZn flow rate on the crystallinity of the ZGO films grown on sapphire
substrates was investigated [17]. The DEZn flow rate varied from 10 to 60 sccm, while the O,
flow rate was fixed at 200 sccm. Figure 2 shows the typical XRD patterns of ZGO films
grown with different DEZn flow rates. The preferred ZnGaO crystal planes [(111), (222), and
(333), as indicated by intense diffraction peaks at 18.57°, 37.61°, and 57.82°, respectively]
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were observed, in agreement with the reported data (JCPDS card file 381240). It is worth
noting that the diffraction peak at 57.82° was attributed to the (333) plane rather than the
(511) plane because the ZGO film did not have a perfect structure. Compared with the XRD
pattern of monoclinic B-Ga,O; [diffraction at 18.95° corresponding to (—201) plane
reflections], the diffraction peaks of the ZGO film shifted toward lower angles from 18.85° to
18.53° as the DEZn flow rate increased. This was attributed to the transferred most of Zn
reacted with Ga and O atoms into the ZGO epilayer. To evaluate the quality of the ZnGaO
film, the full width at half maximum (FWHM) of the (111) peak of the ZGO film was used to
evaluate the crystallinity. The FWHM values for samples with DEZn flow rates of 10, 30, 40,
50, and 60 sccm were 0.592, 0.551, 0.474, 0.398, and 0.354, respectively. The FWHM
decreased with increasing DEZn flow rate, reaching the minimum value of 0.354 at a flow
rate of 60 sccm. The decrease in FWHM was attributed to the increase in crystallite size
resulting from either the aggregation of small grains or grain boundary movement during the
growth process [18]. The grain size of ZGO grown with different DEZn flow rates can be
calculated using the Debye—Scherer equation [19]:

D=0.94/FWHMcos(8),

where D is the crystallite size, A is the X-ray wavelength, and 6 is the diffraction angle.
The crystallite sizes of samples with DEZn flow rates of 10, 30, 40, 50, and 60 sccm were
estimated to be 14.69, 14.61, 16.98, 20.23, and 23.33 nm, respectively. These results
indicated that increasing in Zn content improved the crystallinity of the ZGO film, which can
be explained as follows. With increasing Zn content, more ions Zn occupied the interstitial
sites of Ga,0j3 to substitution Ga sites, and the crystal structure changed from monolithic to a
spinel structure.
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Fig. 2. (a) XRD data of ZGO films deposited under different DEZn flow rates and (b)
magnification of the ZGO (111) diffraction peak.

The XRD data of the ZGO films are summarized in Table 1. Electrical resistivity is
known to be inversely proportional to the carrier concentration and carrier mobility. The
electrical resistivities of the films grown at different DEZn flow rates were determined from
Hall measurements performed at RT [17]. The carrier concentration of the ZGO film
deposited at a DEZn flow rate of 60 sccm was higher than those of the other films, whereas
its carrier mobility was the lowest among all samples. It could be due to the fact that the
existence of a high intrinsic defect and largest grain size for the ZGO thin film. The carrier
concentration, mobility, and resistivity of the ZGO epilayer formed with a DEZn flow rate at
60 sccm were approximately 6.7 x 10" em™, 1.37 cm*/V-s, and 67.9 Q-cm, respectively. The
ZGO epilayer grown at 60 sccm showed the best electrical properties. Thus, ZGO epilayers
were grown at 60 sccm on the top layer of DUV LED epilayers (Z-LEDs) followed by
thermal annealing at different temperatures. However, the results showed that the ZGO layer
did not form an ohmic contact with the p + GaN contact layer, and the /-V characteristics of
the Z-LED did not indicate normal diode performance. To overcome the barrier between
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ZGO and the p + GaN top layer, an ITO layer was inserted between ZGO and p + GaN.
Because the ZGO was grown at 670°C after ITO deposition, it was important to evaluate the
electrical properties of ZGO grown on ITO with different thicknesses.

Table 1. Crystallinity Data of ZGO Thin Films.

DEZn flow rate 10 sccm 30 sccm 40 sccm 50 sccm 60 sccm
d-spacing (A) 2.356 2.37 2.37 2.38 2.39
FWHM (111) 0.592 0.551 0.474 0.398 0.354
grain size (nm) 14.69 14.61 16.98 20.23 23.32

Figure 3 shows the resistivity of ZGO (thickness = 200 nm)/ITO with different
thicknesses. Because the electrical properties of ITO are better than those of 200-nm-thick
ZGO, the resistivity of the ZGO/ITO bilayer improved as the ITO thickness increased. It is
worth mentioning that the resistivity of ZGO (200 nm) deposited on ITO (25 nm) was
approximately 4.82 x 107 Q-cm, which is lower than that of the ZGO epilayer alone (67.9
Q-cm). This means that the ITO layer can withstand the 670°C temperature during ZGO
growth. Moreover, the resistivity of the bilayer decreased to 6.25 x 107" Q-cm and became
saturated as the ITO thickness increased to 125 nm. Because ITO is opaque at the wavelength
of 280 nm, the thickness of ITO in the bilayer was 100 nm for the DUV LED evaluation.

107 ZGO

ITO
P*GaN
LED Structure
Sapphire

p (ohm-cm)

W-25nm W-50nm W-75nm W-100nm W-125nm
ZG0-200nm/ITO-thickness

Fig. 3. Resistivity of ZGO (thickness = 200 nm) deposited on ITO with different thicknesses.

Figure 4 shows the optical transmittance data measured for ZGO deposited on ITO with
different thicknesses and patterns. ITO with the dot form was also prepared for the
transparency study. Figure 4(a) shows the measured optical transmittance spectra for the
ZGO/ITO TCEs with different ITO layer thicknesses (ZGO film thickness was 200 nm)
deposited on double-polished sapphire substrates. At a wavelength of 280 nm, the ZGO/ITO-
25 nm, ZGO/ITO-50 nm, ZGO/ITO-100 nm, and ZGO/ITO-125 nm TCEs showed
transmittance values of 60.7%, 33.5%, 32.8%, and 31.1%, respectively. The transmittance
decreased with increasing ITO layer thickness because ITO exhibits strong absorption in the
UV region. Considering the electrical and optical properties, the ZGO/ITO-100 nm thin film
was chosen as the TCL for the LED in this study. Figure 4(b) shows the transmittances of
ITO (200 nm), ZGO (200 nm), ZGO/ITO (200/100 nm) and ZGO/dot-ITO (200/100 nm). The
dot diameter and pitch were 100 and 175 pm, respectively. ITO, ZGO, ZGO/ITO, and
ZGO/dot-ITO showed transmittances of 28.3%, 93.2%, 32.8%, and 65.7%, respectively, at
the wavelength of 280 nm. ZGO/dot-ITO exhibited much higher transmittance than the ITO
film in the UV region because some of the UV light penetrated through the region without
ITO. Thus, it was important to evaluate the performances of the DUV LEDs with different
contact layers.
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Fig. 4. (a) Optical transmittance data for ZGO/ITO samples with different film thicknesses (a)
and structures (b).

Figure 5 shows the typical /-J characteristics of the UV LEDs fabricated using various
TCEs. At an injection current of 20 mA, the C-LED, W-LED, and D-LED gave forward
voltages of 7.6, 7.8, and 8.2 V, respectively. The ohmic contact area in ITO dot/p-GaN was
reduced, causing the forward voltage of the D-LED to be slightly higher than those of the C-
LED and W-LED. Furthermore, the Z-LED exhibited non-ohmic contact behavior. The
forward voltage of an LED is correlated with the contact resistance of the TCE. It can be
attributed to the high electrical resistance of the ZGO/p-GaN interface. The inset images in
Fig. 5 show the three LED light patterns at the injection current of 20 mA. For the C-LED and
W-LED, the photoemission was localized around the p-pad because of the current-crowding
effect. The D-LED exhibited more uniform emission across the chip area compared to the C-
LED and W-LED. This can be explained by the improvement in LEE attributed to the D-LED
structure.

500

400 |

300 |

200 |

Current (mA)
(=]

100 |
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Fig. 5. Forward I-V characteristics of ZGO/ITO UV LEDs with different structures.

Figure 6(a) shows the output powers of the UV LEDs with lens encapsulation as a
function of the injection current. At an injection current of 200 mA, the output powers of the
C-LED, W-LED, and D-LED were 8.9, 10, and 11.8 mW, respectively. The output powers of
the W-LED and D-LED were 12.4% and 32.6% higher than that of the C-LED, respectively.
The higher output power is attributed to the improved current-spreading path in the W-LED
and the higher LEE through ITO to ZGO in the D-LED. Figure 6(b) shows the
electroluminescence (EL) spectra of the three UV LEDs at an injection current of 200 mA
and RT. Single and sharp EL peaks at 280 nm were clearly observed for the devices,
indicating that the highly crystalline ZGO film improved the optical performance of the DUV
LEDs. Here, the broad emission band centered around 430 nm was also obtained. The origin
of the violet-blue band is resulted from the group-III vacancy in the n-type AlGaN layer
which plays the non-radiative recombination centers [20]. Figure 7(a) shows the wall-plug
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efficiencies of the three LEDs as a function of current. The wall-plug efficiencies of the C-
LED, W-LED, and D-LED at 20 mA were 2.8%, 2.45%, and 3.2%, respectively. At an
injection current of 200 mA, the wall-plug efficiencies of the C-LED, W-LED, and D-LED
were 0.41%, 0.49%, and 0.52, respectively. The wall-plug efficiency of the D-LED was better
than those of the C-LED and W-LED. The EQE values of the LEDs are shown in Fig. 7(b) as
a function of current. The EQE of the D-LED was clearly superior to those of the other LEDs.
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Fig. 6. (a) Light output power as a function of injection current and (b) EL emission spectra at
200 mA for the three types of ZGO/ITO UV LEDs.
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Fig. 7. (a) Wall-plug efficiencies and (b) EQEs of the three types of LEDs as functions of
injection current.

Based on the results, the current-spreading path and photon path of the three LEDs were
proposed and are schematically illustrated in Figs. 8(a) and 8(b). In Fig. 8(a), common
phenomenon current crowded near the electrode edge was exhibited in C-LED. In contrast, in
the W-LED structure, the injection current was able to spread in the ZGO thin film, resulting
in uniform current spreading and superior electrical properties. To reduce the optical
absorption of the ITO film in the DUV region, dot-ITO was employed in the D-LED. The
drawback of the D-LED is that the series resistance is increased because of a reduction in the
ITO/p-GaN ohmic contact area. These results are consistent with the /-V characteristics
shown in Fig. 5. Although ITO can create an ohmic contact with p + GaN, the current will
flow through the shorter path. Most current flowed through the p-pad and spread by ITO,
resulting in a small forward voltage. Nevertheless, it easily occurred the current crowding and
shown the output power saturation shown in Fig. 6(a). In the W-LED, the current was injected
though the ZGO and then the entire ITO layer. Because the resistivity of ZGO is higher than
that of ITO, the current spreading in the W-LED is enhanced compared to in the C-LED,
resulting in similar /-V characteristics to the C-LED. As the ITO fabricated into dot patterns,
it enforces the current spreading more wider than that of W-LED. Nevertheless, only partial
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of ITO plays the low resistivity, causing the D-LED to show worse /-V characteristics. Figure
8(b) shows the photon paths for the three types of DUV LEDs. It can be found that the light
was absorbed by ITO layer so that active layer emitting light incapable escape form LED
inside (C-LED), which results in decreasing LEE. With the introduction of the ZGO + dot-
ITO structure, most of the photons could escape from the LED chip, increasing the LEE and
the light output power in the D-LED. It is worth mentioning that ZGO can play the light
extraction due to the refractive index matching. Not only, the light emitting in the MQW can
be escaped from the region without ITO dots. Thus, the D-LED presented the best light
output power among the tested devices (Fig. 6).
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Fig. 8. Schematic diagrams showing the (a) current-spreading paths and (b) photon paths of the
three LEDs.

4. Conclusions

The light output, transmittance, and current spreading in DUV AlGaN-based LEDs were
improved by incorporating a ZGO TCE layer deposited by MOCVD. At a wavelength of 280
nm, the 200-nm-thick ZGO films showed higher transmittance (93.2%) than the ITO films
(28.3%). The output power of the D-LED was enhanced by 32.8% compared to that of the C-
LED at an injection current of 200 mA. The results indicate that transparent ZGO films are
promising TCEs for p-type electrodes in DUV LED applications.
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