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Abstract

Back-Illuminated Single-Photon Avalanche Diodes
and Avalanche-Mode Light Emitting Diodes Based

on Standard CMOS Technology

Doyoon Eom
Dept. of Electrical and Electronic Engineering

The Graduate School, Yonsei University, Seoul, Korea

The single-photon avalanche diode (SPAD) manufactured in the complementary
metal-oxide-semiconductor (CMOS) technology are highly required in several
applications such as imaging and ranging, quantum communications and networks,

biology, chemistry, astronomy, etc. Especially for emerging applications like light
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detection and ranging (LiDAR) for autonomous vehicles and 3D scanners.

Conventionally, front-illuminated (FI) SPADs have been used, but they have

limitations in having low efficiency in long wavelengths because the absorbed

depth is shallow. Therefore, in this thesis, a back-illuminated (BI) SPAD structure

in which the long-wavelength efficiency is optimized is proposed. The BI SPAD

has a P-well/Deep N-well junction and was fabricated using DB Hitek 110 nm BI

CIS technology. As a result, it was confirmed that the proposed BI SPAD had a

three times higher 940 nm PDP than that of the existing FI SPAD, without a

significant increase in noise characteristics. And in this thesis, the operation of the

Si LED array manufactured by the standard CMOS technology in the visible range

was confirmed by acting in the avalanche region. The possibility of an actual LED

application was also confirmed through the measurement of LET and EL of two

structures with different junction depths.

Keywords: single-photon avalanche diode (SPAD), front-illuminated (FI), back-

illuminated (BI), photodetector, photodiode, light detection and ranging (LiDAR),
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dark count rate (DCR), photon detection probability (PDP), light emission test

(LET), timing jitter, light emitting diode (LED), avalanche-mode
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1. Introduction

1.1. SPAD

A single-photon avalanche photodiode (SPAD) is a kind of avalanche photodiode
(APD) just operating in different reverse bias voltage. A typical APD operates at
near breakdown voltage. But the SPAD is operated above breakdown voltage, so
has extremely high gain. This is called Geiger mode (Fig. 1-1) [1]. The SPAD is
highly required in several applications such as light detection and ranging (LiDAR)

for autonomous vehicles and 3D imagers [2], [3].

IR Linear Mode

: APD
Geiger Mode
: APD

Y

Fig. 1-1. Geiger Mode APD (SPAD)



1.2. SPAD in CMOS Technology

Previously, it was fabricated using a custom process to optimize SPAD [4], [5].
However, for various reasons, SPAD is gradually being produced using the CMOS
technology [6], [7]. In CMOS technology, there are several advantages in terms of
low manufacture cost, ability to enable monolithic integration with circuitry and
large monolithic arrays [8]. In addition, the efficiency has been improved by using
CMOS image sensor (CIS) technology with relatively low doping, rather than
logic CMOS technology with high doping concentration [9], [10]. This is because

a wider depletion region can be formed through lower doping concentration.



1.3. Back-Illuminated SPAD (BI SPAD)

Conventional CMOS-compatible SPADs are a front-illuminated (FI) type as
shown in Fig.1-2 [11], but the FI structure has inherent limitations. The metals
over the SPAD reduce the effective active area. In addition, FI SPADs have a low
detection efficiency in the near-infrared (NIR) wavelengths because the PN
junctions formed in CMOS technology are more shallow than the absorption
length of NIR. To overcome these limitations, back-illuminated (BI) SPADs are
good candidates. In BI SPADs, an example is shown in Fig. 1-3, the placement of
the metal is opposite to the side where the light is incident, and therefore, they can
decrease an injection loss. In addition, the detection efficiency in NIR increases as

the junction becomes deeper and the metal over the device works as a light

reflector [12].



Fig. 1-3. Cross-section of a Bl SPAD



1.4. Avalanche-Mode LED (AMLED)

A light-emitting diodes (LEDs) is widely used in many applications like displays,
general illuminations, and communications. Because LEDs must emit light in the
visible region for many applications, LEDs are typically fabricated based on III-V
materials. However, III-V LEDs have a complicated process and high
manufacturing cost. Therefore, Si LEDs through CMOS technology can be used
instead, not only cost aspects but monolithic integration with circuits will be
possible. In general, Si LEDs in forward-mode (FM) emit light in the 900-1200 nm
wavelength [13], [14], so they cannot replace III-V LEDs. However, in avalanche
region operation, a Si LED can substitute the conventional LEDs because it emits
light in the visible region (Fig. 1-4). These LEDs are called avalanche-mode LEDs

(AMLEDs) [15-18].



Emission/response (a.u.)

Avalanche EL Forward EL
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| >
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Fig. 1-4. Electroluminescence of Si LED



1.5. Motivation

When manufacturing LiDAR using SPAD, it is mainly composed as shown in
Fig. 1-5. However, for high efficiency, it is needed to improve near-infrared (NIR)
detection efficiency. Best approach is to stack SPAD in a 3D structure by inverting
it like Fig. 1-6 [19], [20]. But because of complications of the process and high
cost, it is still only being carried out by some leading companies. In this case, the
placement in Fig. 1-7 could be a good alternative. By using BI SPAD instead of FI

SPAD, NIR detection efficiency can be improved with no additional cost.

Circuit

Fig. 1-5. Conventional configuration of pixel



P S

Circuit

Fig. 1-6. Best configuration of pixel: 3D stacking

SPAD

Circuit

Fig. 1-7. Alternative configuration of pixel



1.6. Outline

This thesis is organized as follows.

® Chapter 2 presents operation of SPAD and AMLED and SPAD’s

characteristics.

® Chapter 3 presents designed structure of SPAD and compares FI SPAD

and BI SPAD.

® Chapter 4 presents the two designed structures of AMLED and experiment

results.

® Chapter 5 summarizes the thesis by suggesting the future work.



2. Principle and Characteristics

2.1. Operation of SPAD

As shown in Fig. 2-1, quenching resistor (Rq) is connected in series to the SPAD
[21]. Apply a voltage higher than breakdown voltage (Vg) by the excess voltage
(VE) to operate in geiger mode. When the carrier is injected, an electron-hole pair
(EHP) is generated because of the photoelectric effect and the current generated
by the multiplication of the EHP flows through the Rq. Then the device voltage

drops to the V. After that, the device voltage is recharged again to the applied

voltage (VB +VE).

PD APD

Avalanche

Photon

Fig. 2-1. Operation principle of SPAD
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2.2. SPAD parameters

In this chapter, look at various factors to check the characteristics of the SPAD.
Representatively, there are I-V characteristics, dark count rate (DCR), light
emission test (LET), photon detection probability (PDP) and timing jitter as

parameters for verifying performance.

2.2.1. I-V Characteristics

A current-voltage experiment is measured to check electrical characteristics such
as the breakdown voltage and dark current of the SPAD. In Fig.2-2, the graph when
applying reverse voltage to the SPAD is shown. In the dark state, at first it can be
seen that a very low current of pA unit flows, but when it exceeds a certain voltage,
the current suddenly increases significantly. Normally, the point at which the
current greatly increases is considered as breakdown voltage. In the illuminated
state, unlike the dark state, it can be seen that a current of several nA flows at

breakdown voltage below due to the photo-generated current.

-11 -
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Current (A)

Reverse Voltage (V)

Fig. 2-2. I-V characteristics of a SPAD

2.2.2. DCR

A SPAD operates by generating an avalanche effect with an injected carrier.
However, even if there is no injected carrier, an avalanche effect occurs due to the
generated carriers. These carriers are called ‘Dark carriers’ and are represented by
the dark count rate (DCR). Since the dark carriers increase mainly by thermal

generation, the DCR also tends to increase as the temperature rises [22]. And as the

- 12 -



electric field in the device increases, the dark carriers also increase due to the

tunneling noise [23]. Therefore, as the excess voltage increases, and the DCR also

increases (Fig. 2-3).

100 ; : , , . . ! .

o
!

Normalized DCR (cps/um?)

0.1 T T T T T T T T
00 05 10 15 20 25 30 35 40 45

Excess Voltage (V)

Fig. 2-3. Dark count rate (DCR) of a SPAD

2.23.LET

A light emission test (LET) is not exactly a parameter for the SPAD characteristics.

Nevertheless, it helps to identify the performance by visually checking the effective

active area of the SPAD. When the SPAD is operated in geiger mode, light is emitted

- 13-



from the device as shown in Fig. 2-4. At this time, if the light is emitted uniformly
overall, it works well as a SPAD. However, it can be seen that the efficiency is low

if the light is emitted partially or ring shape.

Fig. 2-4. Light emission test (LET) of a SPAD: (a) uniform shape, (b) ring shape

2.2.4. PDP

The photon detection probability (PDP) is one of the most important parameters
indicating the efficiency of a SPAD. It is the ratio of photons that generate an
avalanche effect among incident photons. As shown in Fig. 2-5, the PDP is

proportional to the excess voltage [24]. This is because when the excess voltage

-14 -



increases, not only the electric field increases but also the depletion region widens,
absorbing more photons and being drifted. Another factor that affects the PDP is
the wavelength [24]. Depending on the wavelength of the incident light, absorption
length and absorption rate are changed, so the PDP is also different. The short
wavelength range light is mainly absorbed in the shallow region, and the long
wavelength range light is absorbed in the deep region. Therefore, it is necessary to

design the structure of the SPAD according to the target.

T
400 450 500 550 600 650 700 750 800 850 900 950

Wavelength (nm)

Fig. 2-5. Photon detection probability (PDP) of a SPAD
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2.2.5. Timing Jitter

In the SPAD, timing jitter means variation in photon detection time and is defined
as full width half maximum (FWHM) [25]. The sample of the timing jitter graph is
shown in Fig. 2-6. Timing jitter is a critical parameter because it is related to the
performance of depth resolution. For example, if the timing jitter is 1 ns, the depth
resolution is 15 cm. Timing jitter depends on excess voltage and wavelength. As the
excess voltage increases, the electric field in the depletion region strengthens, so
the transit time of the carrier decrease and the variation also decreases. Furthermore,
the timing jitter changes because the absorbed range changes according to the

wavelength of incident light.

"|EHII: T

FWHM= 71 ps

FWTM= 280 ps

Normalized Count

0 260 500 750 1000 1250 1500 1750 2000
Time (ps)

Fig. 2-6. Timing jitter of a SPAD
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2.3. Operation of AMLED

A Si LED emits light in the 900nm to 1200nm wavelength range through indirect
recombination in forward-mode (FM) (Fig. 2-7(a)). However, when a Si LED is
operated in the avalanche breakdown region (avalanche-mode), a high electric field
is applied to the Si band and momentum spread occurs through the band-to-band
tunneling (Fig. 2-7(b)). As a result, carriers with greater energy emit visible light

via recombination (Fig. 2-7(c)) [26], [27].

- ——Ep=3.2eV

-— - - -— -

————— == — -Ey=1.12 eV

Photon -
1]
f\l\f\[ Vv ‘.,""‘,»‘Phonon
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(b) E

— = —E;=32eV

cmeeeeeeeee ccccccccc e a,

e CE T T

- = =E;=3.2 eV

Fig. 2-7. Operation principle of a LED: (a) Forward-mode, (b) Momentum

spread of carriers, (c) Avalanche-mode

- 18 -



3. SPAD

3.1. Structures

As shown in Fig. 3-1(a), the existing FI SPAD has multiplication region with P-
well/Deep N-well junction. The ‘P+’ acts as an anode and the ‘N+’ acts as a
cathode. And the Fig. 3-1(b) is the BI SPAD with the same structure as the FI
SPAD, but upside down. However, the substrate of the Bl SPAD is thinner than
that of the FI SPAD because back-grinding is performed to improve the efficiency.
To use the metal under the device as a light reflector, it was made wider than the

metal of the FI SPAD.

(a) s X (b)

PAAL

\_ Deep NW

PSUB

Fig. 3-1. Cross-section of (a) FI SPAD, (b) BI SPAD
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3.2. Experiment results

The I-V characteristics are measured in dark states and illuminated states. For
setting reverse bias, apply positive voltage to cathode, and set anode and substrate
to ground. In the dark state, the dark current and approximate breakdown voltage
can be checked. And in the illuminated state, the optical current and more accurate
breakdown voltage can be seen. In Fig. 3-2, it is showed the I-V characteristic of
BI SPAD. It can be seen that it has a very small dark current in pA units, and it has
a breakdown voltage of 16V. In addition, above the breakdown voltage, the current

increases rapidly because of the multiplication in the junction.

T T T T T T T T
s I Light_I 3
|—=—Dark_| f

10
10°4
10° 4
<
7

= 10

13 ‘
c 10%

3

o

1012 4 W }HL u\ﬁn
10713 —— =
0 2 4 6 8 10 12 14 16 18 20
Reverse Voltage (V)

Fig. 3-2. I-V characteristics of the BI SPAD
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The DCR is measured from 0.5V to 3V at 0.5V intervals. The value of quenching
resistor is 200 kQ. In theory, the noise characteristics like DCR should be similar,
since BI SPAD is just a reverse version of FI SPAD. For effective comparison,
normalized DCR is used by dividing the DCR by the area. In Fig. 3-3, the DCR of
the BI SPAD is slightly higher than that of the FI SPAD, but this difference can be
regarded as a die variation. Even if the BI SPAD actually has a higher DCR, it is

not critical because it has a much lower DCR compared to other BI SPADs.

T T
S. Lindner, EDL'17
1000 51— Al Abbas, IEDM'16

< ~e M. -J. Lee, JSTQE'8 7S
§ —a— BI SPAD ;
» 1004 |—®"—FI SPAD -
Q : : ;
e/ H H . H
14 ? ? ?
Q i i i
3 i i e |
X : : e
© ; :/'/ ‘
£ i " |
S 15 /q J

0.1

T T T T T T
0.5 1.0 1.5 2.0 25 3.0
Excess voltage (V)

Fig. 3-3. DCR comparison of FI SPAD and BI SPAD
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The Fig. 3-4 indicates the relationship between DCR and temperature in FI / BI

SPAD. This parameter is important because it can guarantee various environments

in applications. Both results show a similar graph and have different tendencies at

high and low temperatures. Arrhenius plots from the result of the high temperature

results are shown in Fig. 3-5. It was confirmed that the activation energies in FI /

BI SPAD are 1.202 eV and 1.197 eV, with little difference. Considering that the

bandgap energy of Si is 1.12 eV, it can be seen that noises go directly from the

valance band to the conduction band without the effect of defects or traps when they

are generated at high temperature. The tendency at low temperature is shown in Fig.

3-6. Since the activation energies are 0.21 eV and 0.19 eV, respectively, it can be

confirmed that the trap is affected during the noise generation process. However,

because the DCR is very low at the low temperature, it is not critical for applications.

-22 .
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Fig. 3-4. The relationship between DCR and temperature: (a) FI SPAD, (b) BI
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Fig. 3-5. The Arrhenius plot at high temperature: (a) FI SPAD, (b) BI SPAD
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Fig. 3-6. The Arrhenius plot at low temperature: (a) FI SPAD, (b) BI SPAD

The LET is measured over 3V above breakdown voltage. Fig. 3-7 shows the BI

SPAD also emitted uniform light across the overall active area like the FI SPAD.

Looking at the two LET results, it can be seen that BI SPAD emits red light and FI

SPAD emits white light. This is due to the depth of the junction. The junction depth

of FI SPAD is shallow, light emitted from the junction passes through Si almost

intact. However, the junction depth is deep for BI SPAD so the short wavelength

light like blue ray is absorbed as it passes through Si. Therefore, emitted light from

BI SPAD has a relatively red

color.
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Fig. 3-7. LET results under the same illuminated conditions: (a) FI SPAD at Vg =

3V, (b) BI SPAD at Vi = 3V

The PDP value was measured up to VE=3V since it is saturated from 4V. As shown
in Fig. 3-8, when the excess bias voltage is 3V, the peak PDP of the BI SPAD is
about 50% at 600 nm and PDP is 10% at 940 nm. The 940 nm is important for
ranging applications because 940 nm is the eye-safety wavelength range. And
although it is general that it continues to decrease after the first peak, PDP seems to
rise again around 700 nm due to the metal reflector. In Fig. 3-9, the peak PDP of
the FI SPAD is 60% at 500 nm and PDP at 940 nm is 3%. Comparing the BI SPAD

and FI SPAD, although FI SPAD has higher peak PDP, BI SPAD has higher PDP
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from 600 nm. And most importantly, the PDP of the BI SPAD at 940 nm increased

more than three times compared to the FI SPAD.

O0Or——T——T 77T T T T T —
| 1 1 1 | 1 1 1 +VE=3V
e ve=2Y

504 ey
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o 30
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0 yr

400 450 500 550 600 650 700 750 800 850 900 950

Wavelength (nm)

Fig. 3-8. PDP of the BI SPAD at Ve =1V, 2V, 3V
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Fig. 3-9. PDP comparison between FI SPAD and BI SPAD at Vg =3V

Let's analyze this quantitatively through process information and TCAD

simulation. The Fig. 3-10 follows the process information. The red dotted line

indicates the main junction. The thickness of Si is 3.3 um, the depth of deep NW is

3 um, and the depth of the junction from the surface is 2.2 um.
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According to the Fig. 3-11, the absorption length of 400~450 nm wavelength
light is 0.1~0.3 um. Therefore, it has a low PDP because it does not reach the
junction and is absorbed by the substrate. The absorption length of 575~625 nm
light is 2~3 um. It has a high PDP in this wavelength range because it is consistent
with the junction depth. Finally, the absorption depth of light with a wavelength
range of 650~750 nm is 3.5~6 um. Considering that the thickness of Si is 3.3 um,
it can be seen that the metal reflector worked as intended, and accordingly, PDP

increased in this wavelength range.

Fig. 3-10. Depth information of the BI SPAD

-8 -
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Fig. 3-11. Absorption length according to the wavelength in Si

The TCAD simulation is a tool that assists in the designed devices, light absorption
can be checked in advance [28-30]. In Synopsys Sentaurus TCAD, the structure is
designed using the given doping profile and the Sentaurus Structure Editor (SDE).
The illuminated condition is confirmed using the SDevice. Absorption criteria
followed the definition of absorption length. The Fig. 3-12 is the TCAD result
showing the doping concentration. In fact, it was confirmed that the junction was
formed at a depth of about 2 pm from the surface. In Fig. 3-13, most of the 400-450
nm light is absorbed near the surface. The red line means junction depth. It is

confirmed that light of 575~625 nm not only hits the junction, but some is reflected

-9 .



by the metal reflector. And a large part of 650~750 nm light is reflected by the metal
reflector. As a result, it appears that the TCAD simulation results are consistent with

the actual PDP results.

O
.

4 DopingConcentration (cm”-3)
-5.898e+20 -6.508e+17 -7.180e+14 -4.768e+11 2.860e+14 2.592e+17 2.34%9e+20
5 [ D N |
-6 -4 -2 0 2 4 6

Fig. 3-12. Doping profile of the BI SPAD with TCAD simulation
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Fig. 3-13. Reflection by metal reflector depending on the wavelength with

TCAD simulation
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The Timing Jitter is measured using the time-correlated single-photon counting

(TCSPC) method with a 940 nm pulsed laser. And the value includes the jitter of

the laser and laser driver. In Fig. 3-14, the timing jitter at 940 nm of the FI SPAD is

71 ps full width half maximum (FWHM) when Vex=3V. And the timing jitter at 940

nm of the BI SPAD is 72 ps FWHM when Vex=3V. The timing jitter value was

confirmed to be similar to FI SPAD and BI SPAD. The reason seems to be that the

designed SPAD is a PN type. Since a reverse bias is applied between the deep NW

and the substrate, carriers absorbed by the substrate cannot reach the junction. That

is, both FI SPAD and BI SPAD have similar actual absorption ranges. Therefore,

the timing jitter value is also similar. However, the diffusion tail of BI SPAD is

longer than that of FI SPAD. This seems to be the effect of the metal reflector. Since

the reflected incident light is absorbed again, the effective diffusion length increases

than that of FI SPAD. Therefore, the diffusion tail of BI SPAD is longer.
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Fig. 3-14. Timing jitter results at 940 nm: (a) FI SPAD, (b) BI SPAD

Table 1 provides an overall summary and performance comparison, which is
recently reported BI SPAD based CMOS technology. The BI SPAD reported in this
work shows the higher PDP at 940 nm than others reported in [31], [32] and [33].
It also has higher peak PDP and better noise characteristics compared to other BI
SPADs. The BI SPAD reported in [34] has higher PDP at 940nm, but the device
information is insufficient, and in-house technology is used instead of standard

CMOS technology.
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FI SPAD | BI SPAD [31] 132] 33] [34]
Technol 110nmCIS | 110 nmCIS | 65nmCIS | 65nmCIS | 45nm CIS 90 nm
echinotogy (F1) (BD) (B (B (BD) (B
Junction PW/DNW | PW/DNW | PW/DNW | PW/DNW P+DNW na.
Guard Ring Virtual GR | Virtual GR | Virtual GR | Virtual GR Phésl;”' na
Ve 14V 16V 12V na. 28.5V 22V
VE 3v 3v 3v 4.4V 2.5V 3V
) 65 8.3 3914 2,463.1 55.4 19
Normalized DCR 2 2 2 2 2 .
cps/pm cps/pm cps/pm cps/pm cps/pm cps/pix
PDP Peak 58.3% 58.9% 27.5% 29.5% 31.8% 66.7%
@ 500 nm @ 600 nm @ 640 nm @ 660 nm @ 600 nm @ 650 nm
PDP @ 940 nm 3% 10.4% 7% 55% 4% 20.2% (PDE)

Table 1. Summary and comparison of the state-of-the-art BI SPADs
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4. AMLED

4.1. structure

In Fig. 4-1(a), the SPAD has P-well/Deep N-well junction called ‘deep structure’.

And it has virtual guard ring. And in Fig 4-1(b), the SPAD has P+/N-well junction

called ‘shallow structure’, because it has relatively shallow junction than the

previous structure. In this structure, P-well region (guard ring) is used to prevent

edge breakdown. In addition, considering the application as a LED, it was

manufactured in the array form.

Fig. 4-1. Structures of AMLED: (a) Deep structure, (b) Shallow structure
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4.2. Experiment Results

In this thesis, light emission test (LET) and electroluminescence (EL) were
proceeded to measure the performance of the AMLEDs. LET was performed under
the same illuminated conditions. In Fig. 4-2 and Fig. 4-3, the LET results of deep
structure and shallow structure are different. The result of the deep structure is
relatively reddish than that of the shallow structure. This is related to the junction
depth. Because the junction depth of the deep structure is deeper than that of the
shallow structure, blue light emitted from the junction is absorbed in the process of
coming out to the surface. Therefore, it has a relatively red color. This can also be
confirmed by the EL results. In Fig. 4-4, it can be seen that the EL result of the
shallow structure is shifted toward a shorter wavelength than that of the deep
structure. That is, it was confirmed that the shallow structure emits more blue light

to the surface, giving a relatively white color.
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(b)

Fig. 4-2. LET results of deep junction structure: (a) before the breakdown voltage,

(b) after the breakdown voltage (Ve = 3V)

Fig. 4-3. LET results of shallow junction structure: (a) before the breakdown

voltage, (b) after the breakdown voltage (Vg = 3V)
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Fig. 4-4. EL result of deep junction and shallow junction
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5. Conclusion

In general, front-illuminated SPADs (FI SPADs) are mainly used in ranging

applications due to the ease of manufacture. However, it has limitations in that long-

wavelength detection efficiency is low and injection loss is caused by metal and

dielectric layers over the device.

In this thesis, I proposed a back-illuminated SPAD (BI SPAD), which reversed the

FI SPAD and compared in various characteristics. The DCR value increased slightly

compared to the FI SPAD, but it was still very low compared to other BI SPADs.

And the LET result was still uniform. Through this, it was confirmed that the device

was not damaged during the back-etching process for a BI SPAD. The PDP value

at 940 nm, which we target, increased more than three times compared to the FI

SPAD. This is attributed to the deeper junction depth from the surface. In addition,

the detection efficiency in the overall long-wavelengths was also improved because

the incident light was reflected by the metal reflector and absorbed again. This

effect was demonstrated through the TCAD simulation. Also, the timing jitter,
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which is a depth resolution parameter, was almost the same as that of the FI SPAD.

Because carriers absorbed in the p-substrate cannot participate in drift mechanism.

However, the diffusion tail of the B PSAD was increased compared to the FI SPAD

as the effective diffusion length was increased due to the metal reflector. As a result,

efficiency in the near-infrared (NIR) wavelength range is improved without

significant deterioration in other parameter. It is expected that the BI SPAD is able

to play an important role in the emerging applications requiring higher NIR

efficiency.

In addition, the applicability of the SPAD as an LED was confirmed. Normally,

since Si LED emits the short wave infrared (SWIR) light, it could not replace III-V

LEDs. But it was shown that visible light is emitted when operated in the avalanche

range. | designed two array structures with different junction depths and checked

the wavelength selectivity. In fact, the LET result of the shallow structure looks

whiter than that of the deep structure because emitted light from shallow junction

include more blue light. It is also proved by the EL results. Through these results,

it is expected that AMLEDs will be able to substitute III-V LEDs.
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