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Abstract—A dependency of quantum efficiency of nn+ pp+ silicon complementary metal–oxide–semiconductor integrated lightemitting devices on the current density through the active device
areas is demonstrated. It was observed that an increase in current
+4
density from 1 6 10+2 to
10
A cm 2 through the ac+
+
tive regions of silicon n pp light-emitting diodes results in an increase in the external quantum efficiency from 1 6 10 7 to 5 8
6
10
(approximately two orders of magnitude). The light intensity
correspondingly increase from 10 6 to 10 1 W cm 2 mA (approximately five orders of magnitude). In our study, the highest
efficiency device operate in the p-n junction reverse bias avalanche
mode and utilize current density increase by means of vertical and
lateral electrical field confinement at a wedge-shaped n+ tip placed
in a region of lower doping density and opposite highly conductive
p+ regions.

TABLE I
DESIGN DETAILS AND PERFORMANCE CHARACTERISTICS AS MEASURED FOR
VARIOUS SILICON CMOS AND BiCMOS ELECTROOPTICAL INTERFACE TEST
STRUCTURES, AS DESIGNED BY SNYMAN et al.

Index Terms—Complementary metal–oxide–semiconductor
(CMOS) technology, electroluminescence, light-emitting diodes
(LEDs), silicon.

I. INTRODUCTION
NEED for the development of electrooptical interfaces
in large scale integration and very large scale integration complementary metal–oxide–semiconductor (CMOS)
integrated circuitry has recently been expressed. [1]–[5].
Substantial research has been conducted in the field of electroluminescence from silicon utilizing fabrication techniques with
amorphous silicon structures, Si superlattice structures and
implantation of foreign species into silicon [6]–[10]. Many of
these technologies utilize nonstandard processing procedures
and cannot be easily integrated into the present standard CMOS
integrated circuit technology. Light emission has been observed
to be emitted from silicon devices that operate in the reverse
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bias avalanche mode of operation [11], [12]. Although initial
versions of these devices revealed low electrical-to-optical
power conversion efficiencies and quantum efficiencies (of the
order of
and
), respectively, [12] they offer major
advantageous in terms of ease of integration in standard state
of the art silicon technology and in terms of a high-speed
modulation capability (of the order of gigahertz). We have
developed several new version of devices using conventional
CMOS integrated circuit technology with increased power and
quantum conversion efficiencies [13]–[18]. Table I summarizes
the major characteristics of the devices and the major electrooptical characteristics as published to date by our group. Fig. 1
shows a photomicrograph of a 60- m-diameter optical fiber
interface (TS4) as realized with 1.2- m bi-CMOS technology.
The light emission level is
W cm or about 1 nW
for the area shown.
In this letter, a remarkable dependency of the quantum efficiency on the current density through the active regions of Si
n pp avalanche mode devices is illustrated. The results have
been derived through recent extensive modeling and analyses of
results which has been accumulated over some time. This observation may especially sheds some new understanding on the
mechanisms controlling the light emission in these devices.

Fig. 1. Photomicrograph of a 60-J.Lm-diameter optical fiber interface (TS4) as
realized with 1.2-J.Lm bi-CMOS technology. The light emission level is f""4 X
10
W • cm or about 1 nW for the area shown.

Fig. 3. (a) Photomicrograph of test structure 8 (TS8) and shallow-junction
planar n pp Si light-emitting device using a 2-J.Lm silicon CMOS technology
with a bipolar capability. (b) Performance characteristics of the device under
subdued ambient lighting conditions at 8 V and 0.1 mA. (c) Spectrographic data
for the TS8-type structures.

process of avalanche occurs virtually at the Si–SiO interface.
Expected optical losses within the highly absorption silicon substrate is, therefore, minimized. The current density was further
Fig. 2. Schematic planar layout and cross-sectional layout of shallow-junction
confined in a lateral direction to about a 2 1 m region by
planar n pp Si light emitting device using a 2-J.Lm silicon CMOS technology
using a wedge-shape design for the n layer, and appropriately
with a bipolar capability.
placing two p doped regions and ohmic metal contacts diagonally across the wedge-shaped tip [Fig. 2(a)]. This configuration enabled extremely high electric field confinement and exII. GENERATION OF A HIGH CURRENT DENSITY, SURFACEtremely high current densitiy at the tip of the n wedge shape.
EMITTING CMOS Si LIGHT-EMITTING DIODE (LED)
The intensity of the light as emitted at the wedge-shaped could
In one of our latest designs, a test structure 8 (TS8), as illusbe appropriately modulated by putting positive bias on a third
trated in Fig. 2(a) and (b), an n planar wedge-shaped body was
terminal contact placed in an n-well body [Fig. 2(a)].
embedded in a p-base bed, as utilized in Bi-CMOS technology
Experimental measurements showed that light of very high
1
fabrication process and further placed opposite two bodies of
brightness were emitted from the device in a very small 1- m dip regions. The n and p regions were created by ion imameter, as illustrated in Fig. 3(a) and (b). Fig. 3(a) shows a bright
plantation while the p-base region was created by means of
field optical micrograph of the top surface device as outlined in
boron gas diffusion. The maximum gradient in the doping denFig. 2, and Fig. 3(b) shows a dark field optical micrograph of an
sity for this configuration is about 0.1 m from the Si–SiO
area on the device at higher magnifucation showing the characinterface. This implies that, when the n p junction is laterally
teristics of the light emission. The luminescence intensity were
reverse biased, the prevailing depletion region extends coplameasured to be very high, reaching values of up to 1 nW per
narly with the Si–SiO interface. If the bias is high enough, a
m . The operating conditions at this measurement were 8 V at
only 80 A of current. No detectable degradation in the optical
1A 2-J.Lm process with a bipolar capability, as offered by Orbit Inc., CA,
output as associated with the device could be observed.
1996–2000.
.

Fig. 4 reveals the following derivations: 1) A clear linear dependency of the normalized quantum efficiency as a function of
current density through the active regions of the device. A relationship dependence of
is derived for the quantum
efficiency as a function of current density using
power
series analyzes. 2) A clear linear increases in the light intensity
as a function of current density as emitted from the devices over
about four orders of magnitude. 3) Indications of an inflection
point for the quantum efficiency (i.e., higher than linear dependency) at a current density of about
cm .
The effect was also observed for increasing the current density through the active region of a single device, but could not be
so explicitly observed due to limitations in the maximum current density and current carrying capability as associated with
one particular device.
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