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Enhanced performances of AlGalnP-based light-emitting diodes
with Schottky current blocking layers*
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A new epitaxial structure of AlGalnP-based light-emitting diode (LED) with a 0.5-um GaP window layer was fabri-
cated. In addition, indium tin oxide (ITO) and localized Cr deposition beneath the p-pad electrode were used as the current
spreading layer and the Schottky current blocking layer (CBL), respectively. The results indicated that ITO and the Schottky
CBL improve the total light extraction efficiency by relieving the current density crowding beneath the p-pad electrode. At
the current of 20 mA, the light output power of the novel LED was 40% and 19% higher than those of the traditional LED
and the new epitaxial LED without CBL. It was also found that the novel LED with ITO and CBL shows better thermal

characteristics.
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1. Introduction

For applications as warm white light-emitting diodes
(LEDs) and in general lighting, high-performance AlGalnP-
based LEDs have attracted considerable interest.!!-?) The inter-
nal quantum efficiency of the AlGalnP-based LEDs is nearly
100%, but the external efficiency is still limited by several
problems, such as the large difference in the refractive index
between the semiconductor and the air, current spreading, and
substrate absorption.** Among these problems, the poor cur-
rent spreading effect seriously affects the external efficiency
of LEDs. In the typical AlGalnP-based LEDs, the distance
between the p-electrode and the active region is so short that
the injected current has not spread to the chip edge yet when it
reaches the active region, thus the inject current mainly exists
right beneath the p-electrode. 3% However, the light generated
underneath the electrode cannot escape from the top chip due
to the opaque metal. Even though some methods were pro-
posed to solve this problem, such as inserting indium tin oxide
(ITO)!"! and a high conductive window layer,®! the current
crowding under the p-pad electrode is still a major issue in the
top-emission structure due to the poor current spreading.

To reduce the injected carriers beneath the p-electrode
and expand the current distribution, several different cur-
rent blocking layers (CBLs) have been adopted. Gaw et al.
adopted a dielectric layer on the window layer beneath the p-
electrode to prevent the injected current from flowing under
the p-electrode.!”) However, this improvement is nearly use-
less when the window layer is thick enough because the carri-
ers blocked at the surface will gradually spread inward under
the p-pad electrode. Sugawara et al. inserted a p—n junction
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rectifier between the window layer and the cladding layer to
function as a CBL.!'% The drawback of this technique is that
the metal organic chemical vapor deposition (MOCVD) pro-
cedure needs to be performed twice, and it is very complex for
LED fabrication. Wang et al. inserted a thick insulator layer
in GaP under the p-pad.!'!l This technique is effective for im-
proving LED performances, but it is still too difficult to insert
such a thick insulator layer with the current technology.

In this paper, we design a modified AlGalnP-based LED
epitaxial structure with a thin GaP window layer and a Schot-
tky CBL in GaP. The ITO layer is introduced as a current
spreading layer, the CBL is made by metal Cr with a narrow
bandgap so that it can form a Schottky contact with GaP. The
results show that the performances of the LEDs with Schottky
CBL and ITO layer are considerably enhanced compared to
those of the conventional LEDs.

2. Experiment

In this study, the epitaxial wafers were grown on
GaAs substrates by MOCVD. The AlGalnP-based LED
structure consists of a 0.22-pum-thick Si-doped buffer layer,
a GaAs/AlAs distributed Bragg reflector (DBR) layer, a
0.325-pum-thick n-type cladding layer, an undoped 60-period
(Aly5Gag 5)Ing sP/(Alp 1Gag 9)Ing sP multiple quantum well
(MQW) active region, and a 1.025-um-thick p-type cladding
layer. As stated above, the CBL on the GaP layer seems in vain
once the GaP layer is thick enough, similarly, a thin CBL in
a thick GaP layer is also useless because the current will flow
underneath the electrode by avoiding the CBL. For studying
the effect of inserting a CBL in the GaP layer, we prepared the
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LED structure with a thin GaP layer, which was only 0.5 um
thick. A 100-nm-thick ITO current spreading layer was subse-
quently deposited on the thin GaP by e-beam evaporation, then
the ITO underneath the electrode was partially wet etched, the
GaP exposed under the ITO layer was also etched by induc-
tively coupled plasma (ICP) to the low concentration doping
area. A 100-nm-thick Cr layer was sputtered on the area, thus
a Schottky contact between GaP and Cr was formed as a CBL.
Then BeAu (50 nm/300 nm) and AuGeNi/Au (50 nm/300 nm)
were deposited as p-type and n-type contacts, respectively. Fi-
nally, the LEDs were annealed at 435 °C for 30 s. A refer-
ence LED with the traditional LED structure and an 8-pm-
thick GaP layer was also prepared. To illustrate the effect of
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the CBL, LEDs with new epixial structure and ITO layer were
also fabricated. The chip size of the LEDs in this study was
200 pmx200 pm.

The current—voltage (I-V) characteristics were measured
by Keithley 2430, and the light intensity and light output
power of the LEDs were then measured by using the integrated
sphere made in the Evefine Company.

3. Results and discussion

Figures 1(a)-1(c) show the schematic structures of the
traditional LED, the new epitaxial LEDs without and with
Schottky CBL, which are labeled as LED-I, LED-II, and LED-
I1I, respectively.

Fig. 1. (color online) Schematic cross sections of (a) LED-I, (b) LED-II, and (c) LED-III.

The lossy transmission line model proposed by Morgan et
al.l"?! assumes a constant potential and current density Jo un-
der the metal. Then current density J(R) extending from the
contact is given by J(R) = Jo/ (1 +R/Ls), where R is the dis-
tance away from the contact, L is the current spreading length
given by Ly = \/cWT/pJoe, p is the resistivity of the cur-
rent spreading layer, d is the thickness of the current spreading
layer, and njgeq is the diode ideality factor. The diode ideal-
ity factor of the III-V compound semiconductor has a typical
value of 2. Figure 2 shows the calculated radial dependence
of the injected current density for GaP and ITO with differ-
ent thicknesses. The results exhibit that 100-nm-thick ITO has
almost the same current spreading ability as 8-um-thick GaP,
and 0.5-um GaP shows the poorest current spreading ability,
resulting in a rapid decline of J;. The result means that three
LEDs have similar current spreading capacities. The inset in
Fig. 2 shows the current density distributions across the active
regions of the three devices, where the x axis is along the cross
section of the LED chip. It is evident that without CBL, the in-
ject current density in MQW maximizes beneath the p-contact
and then drops gently away from the edge of the p-contact.
On the contrary, it can be noted that obvious current blocking
occurs under the p-contact region in LED-III and the current
density decreases markedly with increasing distance from the

contact edge. However, a relatively high current is presented in
LED-III. Compared with LED-I and LED-II, LED-III blocks
the current flowing underneath the p-electrode, and reduces
the photon and heat generation and absorption near the p-pad.
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Fig. 2. (color online) The injected current density J; as a function of

the radial distance from the contact edge for various current spreading

layer thicknesses. The inset is the current density distributions across
the active regions of the three devices.

Figure 3 shows the typical current—voltage (/-V) char-
acteristics of LED-I, LED-II, and LED-III. The characteriza-
tion was performed for five randomly selected devices of each
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kind. As shown in Fig. 3, at 20 mA injection current, the
measured forward voltages in LED-I, LED-II, and LED-III are
2.01 V, 1.968 V, and 1.989 V, respectively. This could be at-
tributed to the difference in the conductivity between GaP and
ITO. In the new LED structure, the current spreading layer
consisting of a 0.5-um GaP and 100-nm ITO has higher con-
ductivity and lower series resistance. On the other hand, com-
pared to LED-II, LED-III has a slightly larger forward voltage
due to the CBL design, which reduces the current flow area
and the current conduction path.
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Fig. 3. (color online) Forward characteristics of LED-I, LED-II, and
LED-IIL

Figure 4 shows the luminance intensity and light out-
put power versus the current for the three kinds of LEDs.
LED-III presents higher performances, the luminance inten-
sity (145 mcd) at 20 mA is about 1.5 times that of LED-
I (95 mcd), and 1.2 times that of LED-II (120 mcd). The
improvement could be attributed to the relatively high cur-
rent density around the p-pad induced by the current block-

ing layer. LED-II has a luminance intensity exceeding that of
LED-I by about 26%; this may be due to the better transmit-
tance of ITO and the lower refractive index difference of ITO
and air. At the injection current of 20 mA, the output pow-
ers of LED-I, LED-II, and LED-III are 1.94 mW, 2.27 mW,
and 2.71 mW, respectively. The optical power of LED-III is
enhanced by 40% compared to that of LED-I and by 19%
compared to that of LED-II. The improvement in the optical
power of LED-III is not so proud compared with the LED-I re-
sult. The reason is that the thick GaP layer of LED-I increases
the lateral light power. In addition, LED-I and LED-II reach
the power saturation at about 80 mA and 90 mA, respectively,
which are lower than that of LED-III, meaning that the CBL
could indeed decrease the heat generated in the active region.
The properties comparison of LED-II and LED-III highlights
the effect of the CBL; the CBL could improve the light extrac-
tion efficiency by about 20%.
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Fig. 4. (color online) Luminance intensity and light output power versus
the current in the three LEDs.
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Fig. 5. (color online) Thermal distributions in LED-I, LED-II, and LED-III.

The thermal distributions in the three LEDs at 20 mA
were measured by an infrared camera. For comparison, the
test data were extracted to redraw the thermal images shown
in Fig. 5. One can see that the temperature of LED-I is higher
than that of the others. This can be attributed to the charac-
teristic of GaP and the light emission under the p-pad. The

thick GaP in LED-I increases the series resistance so the Joule
heat increases. On the other hand, in LED-I, the current con-
centrates under the p-pad that the maximum light emission oc-
curs especially beneath the p-pad. As stated above, light under
the p-pad cannot escape from the chip because of the opaque

metal, so it is absorbed by the material and then conversed to
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heat. On the contrary, LED-II and LED-III adopt an ITO layer
and a thinner GaP window layer, which decrease the Joule heat
in the devices. Compared with LED-II, LED-III has a lower
temperature due to there being no light emission beneath the

p-pad.

4. Conclusion

A novel AlGalnP-based LED with a Schottky CBL em-
bedded in the thin GaP window layer was proposed in order to
provide a Schottky barrier beneath the p-pad. Because of the
poor current transport capacity of the thin GaP layer, an ITO
layer was also introduced. The experimental results showed
that the light intensity and light output power can be obvi-
ously improved by using the Schottky CBL and ITO simulta-
neously. At a driving current of 20 mA, the light output power
of the novel LED with Schottky CBL was increased by 40%
compared to that of the traditional LEDs. The improvement is
contributed to the Schottky CBL which can deflect the current

away from the p-electrode pads. Better thermal characteristics
of the novel LED were also demonstrated.
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