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Low-voltage silicon (Si)-based light-emitting diode (LED) is designed based on the former research of LED
in Si-based standard complementary metal oxide semiconductor (CMOS) technology. The low-voltage LED
is designed under the research of cross-finger structure LEDs and sophisticated structure enhanced LEDs
for high efficiency and stable light source of monolithic chip integration. The device size of low-voltage
LED is 45.85x38.4 (um), threshold voltage is 2.2 V in common condition, and temperature is 27 °C. The
external quantum efficiency is about 107° at stable operating state of 5 V and 177 mA.
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In recent years, due to the limitations of conventional
electrical interconnection, optical interconnection in in-
tegrated circuits has been widely studied in different
types using different methods. With the need for higher
bandwidth technologies in order to keep pace with the
increasing demand for speed and density, intra-chip con-
nection with full optical way has become an important
research focus of the area, because it could eliminate
the obstructions to catch up with Moore’s law. Optical
interconnection, especially all silicon (Si)-based optical
interconnection, definitely plays an important role in the
next generation of communication and interconnection
owing to its unmatched advantages over conventional
electrical interconnection. These advantages include high
bandwidth, low crosstalk, high density, mature process,
low cost, etc.

Si is also an important material because of its semicon-
ductor characteristic, plentiful resources, and widespread
application in today’s semiconductor industry. For
optical interconnection, an electrically powered light
source has the pivotal position. However, Si light
source is standing out from other mature Si-based op-
tical devices!!! because most Si optical interconnections
have a problem with the Si’s indirect band-gap prop-
erty. Various attempts have been made in the stud-
ies of Si light source, such as porous Sil?~4, Si/Si
dioxide superlatticesl), and Si nano-precipitates in Si
dioxidel® in the visible light range, and erbium dop-
ing in Sil™®, erbium doping in Si/Gel®, light emitting
from rear locally diffused solar celll!?) iron disilicide!*",
Si nanocrystals!'?, and dislocation loop light-emitting
diode (LED)!3] in the infrared region. Among these
studies, the most dazzling achievement in the Si-based
light-emitting area is the first continuous-wave Raman
laser(141%] " Although these Si light sources have achieved
relatively high efficiency, their complicated process and
thermal stability remain the main obstacles for realizing
monolithic integration with the most widely used micro-
electronics technology, namely, standard Si complemen-
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tary metal oxide semiconductor (CMOS) technology. To
solve these problems, we start based on fully standard
very large scale integration (VLSI) CMOS process to
design and fabricate Si-based LEDs.

From early research, p-n junction has been proved fully
compatible with standard CMOS technology. The p-n
junction LED could be traced back to 1955 when New-
man first reported the light-emitting phenomenon!'6.
Many research have been launched from this study, and
there are some studies on LED fabricated by standard
CMOS technology'”™=2!. However, Si is not an excel-
lent optical material because of its well-known indirect
band-gap. Moreover, bulk Si shows very inefficient band-
to-band radiant electron-hole recombination, so it is not
practicable for making a LED based on this material.
Great efforts have thus been spent to obtain useful,
that is technologically viable, and efficient material in
order to achieve the most direct way of fabricating pho-
toelectron devices. Si, however, is the best adaptable
light source material in Si chips. The light intensity and
spectra of Si light source are within the detecting capa-
bility of Si-based photodetectors, and such LEDs have
been proved capable of picosecond switching time(22].
Si CMOS technology is the most extensive semiconduc-
tor technology for manufacturing various semiconductor
chips. It has both the advantages of low cost and ma-
turity of CMOS process. Thus, using a Si-based light
source is the best way of achieving opto-electronic in-
tegrated circuits (OEICs)(324 in Si die. Utilizing the
electroluminescence (EL) characteristic of reverse bias
p-n junction, we made a kind of low threshold voltage
p-n junction LED powered by a common voltage power
source such as normal CMOS integrated circuits. This
LED is more pragmatic than those in previous work be-
cause of its lower operating voltage and better efficiency.
The emission spectrum of this device ranges from visi-
ble light range to near infrared range. This covers the
detection range of the Si-based photodetector, and there
is little light intensity degradation after a long time of
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Fig. 1. Structure of the low-voltage LED.

working at room temperature. This low-voltage LED
could be a fine light source for OEICs.

Our design and fabrication of LED is based on a good
grasp of traditional CMOS technology. The LED takes
full advantages of the mature CMOS process. The struc-
ture of the low threshold voltage LED is shown in Fig. 1.

The device is fabricated using a 0.35-pum 2P4M sali-
cided CMOS technology without any modification. The
architecture is a basic cross-finger structure with a
sawtooth-shaped border of the p+ implantation and
n+ implantation areas, as shown in the top right corner
of Fig. 1. All the p+ implantation and n+ implantation
areas are embedded in the n-well of the bulk p-substrate.
The whole device is in a heavy doping area. The injec-
tion depth and concentration are optimized by the CMOS
technology. All the n+ fingers and p+ fingers are con-
nected to the cathode and anode, respectively, by contact
material and metal to constitute the p-n junction of LED.
A cross-finger structure could increase the border line
length of the p-n junction. After many experiments of
different LED structures, this structure makes the LED
more efficient than other p-n junction LEDs. The total
area of the low-voltage LED is 45.85x38.4 (pm). The
light emits from the border, which is between the p+
implantation and n+ implantation areas. There are 10
p+ implantation fingers and the same number of n+ im-
plantation fingers. Thus, there are 19 sawtooth-shaped
bright lines which constitute the light-emitting facula of
LED. Facula size is 36.35x32.2 (um), in which the length
of the cross-finger light-emitting stripe is 32.2 um. Ad-
ditionally, the space between light-emitting stripes is
1.65 pm.

Si is well known for its rich reserves, semiconductor
characteristic, and indirect band-gap characteristic. It
is a strait issue that let photonics emit from bulk sil-
icon. However, researchers have worked on this issue
for many years because of its perfect performance in
CMOS integrate circuits. For silicon p-n junctions, when
the reverse bias of the p-n junction reaches avalanching
conditions, visible EL. emitting phenomenon is observed.
Many studies!'”~2! on Si LEDs were based on this mech-
anism. Our previous studies?®26 were also focused on
LEDs powered by high reverse bias up to the avalanche
breakdown voltage of Si p-n junction.

Luminescence occurs only when holes or electrons tran-
sit from one energy band to another. Most transitions
only fall out phonons because most different quantum
states of particle transition have different vectors in K-
space.

Figure 2 shows that most electron-hole pairs cannot re-
combine directly without phonon assistance. In addition,
it is shown that direct composition of electron-hole pairs
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Fig. 2. Si band-gap graph in K-space L, A, T', A, X, U, K,
and X are different wave vectors in simple Brillouin zone.

can only be made when there are sufficiently high energy
carriers (hot carriers?”), just like the high energy holes
in Fig. 2a and the high energy electrons in Fig. 2b. Fig-
ure 2 shows the light-emitting mechanism of low-voltage
LED under reverse bias. Zener breakdown caused by
reverse bias supplies a large quantity of hot carriers and
phonons; as shown in Figs. 2a and 2b, respectively,
suitable high-energy electrons and holes recombine with
the radiated photon. In previous research, avalanche
breakdown comprises the majority of the reverse break-
down process. The reverse bias voltage is much higher
than the avalanche breakdown voltage. For avalanche
breakdown LEDs, avalanche breakdown makes a strong
enough electric field so that all the electrons and holes
are accelerated to hot carriers. Although the majority of
hot carriers do not lead to a photon-radiative recombine,
many hot carriers cause inter-band direct transition and
direct radiated composition, which emit photon within
the recombine action. However, many other carriers can-
not get to an energy state that is high enough for direct
radiated composition. Different transition processes ex-
ist as follows:

1) Intra-band direct transition. Most hot carriers do
not find suitable transition partners with the same vec-
tor in K-space for photon radiation transition. As a
substitute, phonon radiation is the most possible result
for getting back to a low energy state.

2) Intra-band indirect transition. This transition only
occurs by the intervention of phonon assistance, in which
phonons are radiated mostly by intra-band direct tran-
sition.

3) Inter-band transition. Under most situations, inter-
band composition is the most effective process of photon
radiation. It must satisfy many conditions, such as same
vector in K-space, direct transition of hot carriers, and
SO on.

In the present study, the breakdown of p-n junction
is a way of bumping carriers to high energy bands. In
contrast to the hot carrier mechanism, more photon ra-
diation recombine occurs because of the high density of
carriers in the low-voltage light-emitting process. With
the increased density of electron-hole pairs, the zener
breakdown process could supply enough high-energy car-
riers for light emission and thus decreases the threshold
voltage. In standard CMOS technology, the p+ implan-
tation and n+ implantation areas are all high-doping den-
sity areas. Thus, p+ implantation and n+ implantation
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Fig. 3. Current-voltage diagram of low-voltage LED.
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Fig. 4. Emission spectrum of the low-voltage LED.

are used for the light-emitting p-n junction. For fine p-n
junction, silicide block layer must be used because quite a
number of carriers release phonons to get to a low energy.
Although the efficiency of electro-optical conversion is
still low, there is an increase in the order of magnitude
compared with the results in previous work.

The low-voltage LED emits visible light when a re-
verse voltage bias is supplied. The typical current-voltage
(I — V) of the fabricated Si-LED is measured as shown
in Fig. 3.

The I —V characteristic in the diagram shows a Zener
breakdown feature with a gradual breakdown point at
about 2.2 V. Different from the avalanche breakdown,
the current increasing trend after breakdown is not very
sharp as shown in the diagram. It is a typical zener
breakdown characteristic.

The EL spectrum of the low-voltage LED is also mea-
sured (Fig. 4). There are two distinct emission peaks at
748 and 640 nm in the measurement range from 380 to
1,068 nm. No obvious phenomenon of spectral shifting is
observed with different operating voltages and currents.
The main peak is at 748 nm. There are many secondary
peaks caused by the Si oxide layers, which are made us-
ing the metal fabrication of different layers in the stan-
dard Si CMOS process. The spectrum is mainly filled
in the visible light range, and the peaks as well as form
are different from those of other work on similar semi-
conductor LEDs[?8=3%  Furthermore, the spectrum is
different from the one in our previous avalanche break-
down p-n junction LEDs. For the low-voltage LED oper-
ating at 3-5 V, zener breakdown comprises the majority
of the electro-optical conversion process. In 1999, Akil et
al. proposed a multi-mechanism model®!] to explain the
avalanche emission spectra of Si junctions. However, the
photon generation mechanism of this low-voltage LED is

Fig. 5. Microscope graph of low-voltage LED.

still not conclusive. Both the Si/Si dioxide in nano-
meter size and the defect in Si would be the hosts for
catalyzing radiative recombine. Perhaps different hosts
are the causes, which then lead to photons emitting at
different wavelengths. In the current experiment, the EL
spectrum remains stable for a long time, and the photon
energy at 748 and 640 nm are results of the recombi-
nation by hot carriers. Further research needs to be
conducted to obtain a fundamental understanding of the
mechanism behind the emission of the devices. This is
the best way to optimize the performance of the devices.

By accumulating EL spectral data, the output power of
the low-voltage LED is obtained. The microscope graph
in Fig. 5 shows that the output power is about 19.3
nW, as detected by the spectral measurement equipment
at a reverse bias of 4.9 V. The whole optical output is
actually greater than this. A great amount of output
power dissipated during the measurement because of the
dispersion by Si oxide layers and optical lens.

The graph of the low-voltage LED in light-emitting
state in the experiment is taken via the Olympus mi-
croscope. In Fig. 5, the while light can be clearly seen
by naked eyes. The exposure time of Fig. 5 is 0.5 s;
thus, the facula is a little overflowing at the strong area,
similar to the top and bottom of the whole facula. The
sawtooth shape could not be seen for the same reason. In
Fig. 5, the LED’s operating voltage is about 4.9 V with
a breakdown reverse current of 167 mA at room tem-
perature. When the operating current turns down, the
output power of the LED varies linearly with the input
current. Moreover, the working current of LED could be
altered in a small range when the temperature changes if
it is powered by a permanent voltage source. The facula
also can be seen by the naked eyes. External quantum
efficiency of the low-voltage LED is about 107, which
has an order of magnitude increase using the new design.
For the stability test, the LEDs are kept working for
about 3 h in the heat sinker, and show that they work
well in the experiment. Both the stability and the inten-
sity of the low-voltage LED make the device feasible for
OEIC applications, as well as suitable as the light source
for optical communication in monolithic chips.

In conclusion, a novel low-voltage LED made by all-Si
standard CMOS technology is demonstrated. To the best
of our knowledge the structure of Zener breakdown p-n
junction is the first successful application on Si LED in
standard CMOS technology without any modification.
It is based on many designs and experiments from pre-
vious work. The LEDs, which have good stability and
high integrability, can be used as the light sources of new
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OEICs and other new applications in monolithic chips.
We are thus looking forward to a brand-new era that will
be brought about by Si photonics.
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