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High-efficiency blue and green light-emitting diodes
(LEDs) were grown on planar Si substrates using a 5 um
thick GaN buffer by metalorganic chemical vapor deposi-
tion (MOCVD). AIN/GaN superlattices (SLs)-based in-
terlayers were inserted twice for stress balancing and dis-
location reduction. Smooth surface and low dislocation
density of 1 x 10° cm™ were achieved. The light output
power (LOP) of bare 300 x 300 pm?* 447 nm-LEDs and

1 Introduction

GaN-based blue and green (430 nm to 550 nm) light-
emitting diodes (LEDs) are ideal candidates for applica-
tions such as indicators, traffic signage, white light genera-
tion, and so on due to their color purity and long lifetime [1,
2]. Compared with sapphire and SiC substrates for GaN
epitaxial growth, Si substrates offer some unique features
including large size availability at low cost, good thermal
conductivity, and the possibility of integrating GaN and Si-
based devices [3]. However, it is very challenging to grow
high-quality crack-free GaN epilayer on Si due to the large
lattice constant mismatch (~17%) and significant thermal
expansion coefficient difference (~54%) [4].

To grow crack-free GaN on Si with low dislocation
density, various techniques such as SiN, in-sifu masks [5],
AIN/AlGaN-based buffers or intermediate layers [6], and
porous Si substrate [7] have been utilized. Thick GaN epi-
layer growth on Si has been demonstrated by inserting
AlN-based interlayers (ILs) several times [8]. Device re-
sults of blue LEDs on Si have been reported using different
GaN buffers [9], however, there are few publications re-
porting device results of fabricated green LEDs on Si [10,
11], especially those after light-absorptive Si substrate re-
moval. This is because green LEDs on Si tend to suffer
from large dislocation density in the GaN buffer on Si and
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510 nm-LEDs on Si was measured to be 2.15 mW and
0.85 mW at 20 mA, respectively. At -15 V, leakage cur-
rent of as low as 3 pA was achieved for 447 nm-LEDs
while higher leakage current was measured for green
LEDs. After Si substrate removal, the LOP of packaged
440 nm- and 500 nm-LEDs reached 8.50 mW and 4.85
mW at 20 mA, respectively.
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inferior internal quantum efficiency in the active regions
induced by higher indium composition [12].

In this paper, we report the growth and fabrication of
blue and green GaN-based LEDs on Si substrates using a 5
um-thick GaN buffer scheme. AIN/GaN superlattices
(SLs)-based ILs were used for strain balancing, providing
compressive stress to prevent film cracks. In addition to
presenting material characteristics, device results of blue
and green LEDs before and after Si substrate removal are
reported. Comparisons between blue and green LEDs are
made in terms of electrical and optical properties.

2 Experimental

The blue and green LED samples with 5 um-thick GaN
buffers were grown on 2-inch planar Si (111) substrates by
metalorganic chemical vapor deposition (MOCVD) in an
AIXTRON 2000HT system. A cross-sectional scanning
electron microscope (SEM) image and a schematic of the
LED with a 5 um buffer are shown in Fig. 1(a) and (b).
The MOCVD growth process is as follows: the Si substrate
was firstly annealed at 1150 °C in H, atmosphere to re-
move native oxide. Then a 30 nm-thick-AIN nucleation
layer was deposited, followed by in-sifu growth of SiNy
masks. After that, 1 pm-thick undoped GaN was grown us-
ing an ammonia flow modulation method for coalescence
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and dislocation reduction [13]. Next, the first 8 pairs of
10nm/25nm-thick AIN/GaN SLs-based interlayer (IL) was
inserted to introduce compressive stress. Subsequently, a
1.5 pm-thick undoped GaN and a second IL (same as the
first IL) were grown. Finally, a full LED structure, consist-
ing of a 2 pm n-GaN layer, 5 pairs of 2.5nm/10nm-thick
InGaN/GaN multi quantum wells (MQWs) and a 200 nm
p-GaN layer was deposited. The GaN epilayer before the
MQWs was 5 um thick in total with two ILs inserted. The
MQWs were grown in a N, atmosphere. The temperature-
controlled indium composition in the MQWs was designed
to be 16% and 23% for 447 nm- and 510 nm-LEDs, re-
spectively, while the well and barrier thickness was set as
the same.

A reference blue LED sample (REF-LED) with a rela-
tively thinner GaN buffer and one IL was also grown for
comparison (Fig. 1(c)). For the REF-LED, after growing
the first GaN buffer and the first IL, a LED structure con-
sisting of 1.5 um n-GaN, MQWs, and 200 nm p-GaN was
deposited on top to finish the growth. The total epilayer
thickness of the REF-LED was 3.1 um. After the growth,
all the LED samples were fabricated into 300 x 300 um?
square dies using Ag/ITO as a current spreading layer.

5 um blue/green- LED
200 nm p-GaN

-~ MmMaws
2 um n-GaN REF-LED
2ndi Bt A
1.5 pm 2nd GaN buffer 1.5 um n-GaN
st st

1 um 1st GaN buffer

(a) !bl

1 pum 1st GaN buffer

(c)

Figure 1 (a) Cross sectional SEM image of a LED sample grown
on Si with a 5 um buffer; (b,c) schematic diagrams of 5 pm
blue/green-LEDs and REF-LED.

3 Results and discussion

Cross-sectional transmission electron microscopy
(TEM) was used to investigate the dislocation evolution in
the 5 pm GaN buffer, as shown in Fig. 2. The graph was
made of three bright field images, all of which were col-
lected near the GaN [1-100] zone axis so that all types of
threading dislocations could be visible.

Threading dislocation (TD) density was reduced as
GaN got coalesced over the in-situ SiN, masks in the first
GaN buffer, as previously reported [13]. In the second
GaN buffer at least three types of TDs can be observed,
which are labelled in Fig. 2: (I) a dislocation line bends
and reacts with a neighbouring one, forming a half-loop or
merging into one dislocation line; (II) TDs keep threading
in the second GaN layer but got filtered by the second IL;
and (IIT) TDs develop along the second GaN and thread
through the above the second IL and the 2 um n-GaN.
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At the upper area of the second GaN buffer, the TD
density was calculated to be (5 + 1) x 10° cm™, which rep-
resented the crystalline quality of the REF-LED because in
the REF-LED, the MQWs were grown on top of the Si-
doped second GaN layer. Whereas in the 5 pm-LEDs, a
large number of TDs were stopped by the second IL (Type
1), leading to a significantly reduced dislocation density at
the upper region of the 2 um n-GaN layer, ~ (1 £ 0.2) x 10°
cm™.,

2nd GaN buffer

1stIL
1st GaN buffer

Figure 2 Composite TEM image showing TDs in the 5 um GaN
buffer.

Figure 3(a) shows the current-voltage (I-V) characteristics
of three fabricated LEDs on Si. With an injection current
of 20 mA, the forward voltages were 3.95 V, 3.80 V, and
3.75 V for the REF-LED, 447 nm-LED (blue), and 510
nm-LED (green), respectively. The corresponding series
resistances near 20 mA were calculated to be 45.5 Q, 35.5
Q, and 37.5 Q, respectively. Compared with the REF-LED,
the reduction of forward voltages and series resistance in
both 5 um-LEDs was related to the increase of n-GaN
thickness from 1.5 pm to 2 pm , which facilitates current
spreading in the n-GaN layers [14]. It also should be noted
that the threshold voltage (Vy,) of 510 nm-LED was around
2.4 V, which was 0.3 V lower than that in 447 nm-LED
due to higher indium fraction in the green LEDs. Thus, at
20 mA, the forward voltage was still slightly lower for 510
nm-LED in spite of its relatively higher series resistance.
At reverse biases of -15 V and -5 V, the leakage cur-
rents of the 447 nm-LEDs were measured to be as low as
3.0 pA and 4.9 nA, both of which were more than one or-
der lower compared with 93 pA and 220 nA in the REF-
LED. Considering the similar indium fraction and emission
wavelength in these two blue LEDs, the significantly re-
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duced leakage current was attributed to the suppression of nm-LEDs is essentially featureless in term of surface de-

TDs-related leakage current paths in the 5 um 447 nm-
LEDs.
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Figure 3 (a) I-V characteristics of 447nm-LEDs, 510 nm-LEDs,
and REF-LEDs; (b, ¢) 10 x 10 pm* AFM scan of 447 nm- and
510 nm-LEDs; (d) dependence of leakage current on wavelength.

The measured leakage currents of 510 nm-LEDs were
140 pA and 1 pA at -15 V and -5 V, respectively, which
were also higher than that of the 447 nm-LEDs. A com-
parison of the two LEDs’ 10 x 10 um?” atomic force micro-
scope (AFM) images revealed that the low density pits in
the green LEDs could be the reason of higher leakage cur-
rent, as shown in Fig. 3 (b) and (c). The surface of the 447
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fects whereas the 510 nm-LED presents a number of tiny
pits, which are thought to be caused by the intersection of
microscopic surfaces with dislocations.

Figure 3(d) illustrated the measured current-voltage (I-
V) characteristics of the 5 um-LEDs with wavelengths in
the range from 485 nm to 515 nm. At -15 V, the leakage
current steadily increased from 21 pA to 177 pA with in-
creasing wavelength. Since the same 5 um buffer scheme
was used, the continuously increased indium composition
and degraded InGaN crystalline quality in the longer wave-
length-LEDs lead to larger leakage current.

In the electroluminescence (EL) measurement, the light
output power (LOP) was measured in an integrating sphere
using continuous-wave (CW) operation. At 20 mA injec-
tion current, the measured LOP of bare 300 x 300 um? 447
nm-LEDs on Si was 2.15 mW, which was 45% higher than
that of the REF-LED. The LOP improvement is attributed
to the reduction of dislocation-related nonradiative centers
and relief of current crowding effect. As the indium frac-
tion was increased and wavelength red-shifted, the LOP
dropped quickly. At 20 mA, LOP of 1.53 mW, 1.06 mW,
and 0.85 mW was measured for Sum 485 nm-, 500 nm-,
and 510 nm- LEDs on Si, respectively.
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Figure 4 (a) L-I-V characteristics of the 5 um blue-LEDs, 5 um
green-LEDs, and REF-LEDs encapsulated with silicone domes;
(b) microscopic picture of LEDs transferred to Cu; (c, d) light-
emitting images of 300x300 um?* 440 nm- and 500 nm-LEDs on
Cu.

After preliminary characterization, the fabricated blue
and green LEDs were transferred from Si to copper sub-
strates by a Si removal process including insertion of a
Ti/Al mirror layer. More process details can be found
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elsewhere [15]. After transfer, both the blue and green
LEDs on Cu showed higher forward voltage compared
with corresponding LEDs on Si. There were two thermal
process steps involved during transfer. One was polyimide
solidification to protect front-side metal electrodes, while
the other was silicone dome hardening. Both were done at
a temperature of 150 degree Celsius for a few hours. The
degradation of metal contact resistivity was believed to be
the main reason for higher forward voltages in both blue
and green LEDs [15]. Figure 4(a) shows the LOP-current-
voltage (L-I-V) characteristics of packaged LEDs on Si
and Cu substrates. For packaged 5 pum blue-LEDs, the
measured LOP at 20 mA was 5.25 mW and 8.50 mW for

447 nm-LEDs on Si and 440 nm-LEDs on Cu, respectively.

Compared with packaged REF-LEDs on Cu, which LOP
saturated at 35.4 mW when driven with 200 mA, the 5 pm
440 nm-LEDs on Cu were saturated at a much higher level,
57.6 mW and 240 mA due to their higher internal quantum
efficiency and less heat generation. For packaged 5 um 500
nm-LEDs on Cu, as shown in Fig. 4(d), the measured LOP
was 4.85 mW at 20 mA and the maximum LOP reached
18.7 mW at 200 mA.

4 Conclusions

In summary, we demonstrated high brightness GaN-
based blue and green LEDs grown on Si substrates using a
5 um thick GaN buffer scheme. The insertions of AIN/GaN
SLs were not only effective in strain balancing but also fil-
tered dislocations in the buffer. After Si removal and LED
transfer, the optical power of packaged 300 x 300 pum* 440
nm- and 500 nm-LEDs were 8.50 mW and 4.85 mW at 20
mA, respectively. As a result of low leakage current and
high internal quantum efficiency, the corresponding satura-
tion LOP reached 57.6 mW at 240 mA and 18.7 mW at
200 mA, respectively.
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