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Si pTn junction diodes operating in the mode of avalanche breakdown are capable of emitting light in the visible
range of 400-900 nm. In this study, to realize the switching speed in the GHz range, we present a transient model to shorten
the carrier lifetime in the high electric field region by accumulating carriers in both p and n type regions. We also verify
the optoelectronic characteristics by disclosing the related physical mechanisms behind the light emission phenomena. The
emission of visible light by a monolithically integrated Si diode under the reverse bias is also discussed. The light is emitted
as spatial sources by the defects located at the p—n junction of the reverse-biased diode. The influence of the defects on the
electrical behavior is manifested as a current-dependent electroluminescence.

Keywords: silicon light-emitting diode, reverse bias, electro-optic modulation

PACS: 78.60.Fi, 73.61.Ey

1. Introduction

Silicon-based optoelectronic integration technology as
the cornerstone of future information technology has great po-
tential in optoelectronic applications. However, this technol-
ogy faces a bottleneck of lacking suitable silicon-based light
source due to the silicon’s indirect bandgap. To overcome this
bottleneck, many silicon substrate light source schemes have
been proposed.

In order to transform the indirect bandgap of silicon into
direct bandgap, ultrathin Si,Ge, strained layer super-lattices
were proposed to fold the Brillouin zone.['l Although new
optical properties in terms of Si-based optical devices were
developed, it is difficult to obtain a relatively low epitaxial
dislocation density. The lifetime of phosphorescent organic
light-emitting diodes (OLED) is usually poor due to the trap
formed by triplet-polaron annihilation. The exciton distribu-
tion can be broadened and the exciton concentration can be
reduced by using ultrathin light emitting layers (< 1 nm) and
mixed bipolar interlayers.!”! The electro-optic performances
and color stability can be further improved by changing the
composition and the thickness of the buffer layer, which is
in between the emitting and the electron transport layers."!
Through adjusting the doping concentration of the quantum
well barrier, a spectrum suitable for applications can be ob-
tained. The effect of spectrum-control in dual-wavelength
LED is due to the blocking effect of electrons and holes by
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doping quantum well barriers.[*! Nanocrystalline porous sil-
icon receives much attention, in particular for its optoelec-
tronic functions. Toward applications, there are two critical
issues need to be highlighted: the luminescence quantum effi-
ciency and its stability.[>% Erbium impurities are effective lu-
minescence centers in silicon and exhibit sharp luminescence
at 1.54 pm. (78] However, the Er-doped device faces the lim-
itation of emitting intensity. Si quantum dots embedded in
Si0,/SiN,/SiC, matrices are the key to overcome the short-
coming of poor emission efficiency in bulk Si.[>!% Neverthe-
less, how to keep those embedded quantum dots stable is still
a problem. In addition to Si based devices, deep-ultraviolet
light emitting devices (DUVLEDs) also have a variety of po-
tential applications. Zinc-oxide-based materials, which have
wide bandgap and high exciton binding energy, have poten-
tial applications in high-performance DUVLEDs. To realize
such optoelectronic devices, the modulation of the bandgap is
required.[!!)

Light emission from silicon devices has been realized in
reverse-biased p—n avalanche structures.!'?! High speed is re-
quired in optical interconnects, and GHz modulation band-
width will limit the applications of this technology.!!3! The
purpose of this paper is to present our efforts on searching
for the high speed of a silicon p—n junction switching of light
emission.

In this study, the avalanche impact ionization process is
presented to evaluate the emitted photons. The operational
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speed of avalanche breakdown mode is determined by the RC
time constant of the device, as well as the carrier transit time
through the depletion region.!'?! Our study suggests that the
device working under avalanche breakdown mode has a po-
tential to reach gigabit rates.

2. Device fabrication

The proposed Si optoelectronic device structure is real-
ized on a Si substrate by using typical silicon CMOS process
technology. Starting from a 1-pm-thick n-type (100) silicon
layer, an active region with p-type heavy doping is deposited
on the surface through standard lithography and wet etching
techniques. The device described in this paper has a width of
175.5 um and a length of 6 um, and the cross-sectional view
is schematically given in Fig. 1.
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Fig. 1. Cross-sectional view of the Si optoelectronic device structure.

3. Structural and optical properties of the device

As the reverse bias of the p—n junction increases, elec-

avalanching region with high electric field. When the reverse
bias causes junction breakdown, newly generated electron-
hole pairs collide with the lattice and transfer energy to re-
alize light emission. Indeed, both electrons and holes are ex-
cited in the related excitation zone in the avalanching junction.
Hot electrons may recombine with hot holes in the excitation
zone,!'#! contributing to photons emitted from the high-field
region in the avalanching p™n junction shown in Fig. 2.

The avalanche breakdown voltage (BV) is numerically
calculated using the background doping dependent model

given as!!3]
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where a and b are constants related to the breakdown, ¢ is the
electron charge, and V is the voltage of reverse bias; Np is
doping concentration of the substrate, and &; is the dielectric-
ity of silicon. Accordingly, the p—n junctions BV is ~ 30 V for
a 10'® cm—3 background doping concentration.

Tam and Hu measured the difference between the temper-
ature dependence of the driving current and the temperature
dependence of the photon-induced current.['®! The photon en-
ergy emitted from the reverse-biased p—n junction can be in-
vestigated by a dependence of hot-carrier effects on electron
temperature. Accordingly, the photon energy intensity distri-
bution function is given as

f(E)=c-exp(—E/kT.), 2)

where ¢ is a constant, k is the Boltzmann’s constant, E is the
energy of photon, and T; is the effective temperature of the hot

trons and holes are accelerated to attain enough energy in the  carrier.!'”]
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Fig. 2. Schematic photon emission phenomena in Si avalanching junction.
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As shown in Fig. 3(a), when the reverse bias is over 30 V,
the p—n junction starts to have avalanching breakdown, where
the electric field peak surpasses 1.6 x 10° V/cm. The depletion
width becomes wider slightly with the increase in the reverse
biased voltage. Since the increase of the electric field is almost
uniform, the relationship between the field’s maximum and the
reverse bias voltage is very close to a linear dependence, as de-
picted in Fig. 3(b).

The capacitance in the structure of p—n junction diodes is
another way to investigate the transient characteristics of the
p—n junction structure-based silicon light source. The capaci-
tance in the structure is defined in Fig. 4, in which there is a ca-
pacitance associated with the depletion layer of the diode. As
the diode is switched from off (zero-biased or reverse-biased)
to on (forward-biased), it takes some time before the diode is
turned on and reaches the steady state. This time is associated
with charging up the depletion-layer capacitor and filling up
the p- and n-regions with excess minority carriers. Similarly,
when a diode is switched from the on state to the off state,
it also takes some time before the diode is turned off. This
time is associated with discharging the depletion-layer capac-
itors and discharging the excess minority carriers stored in the
p-and n-regions. The majority-carrier response time, or the di-
electric relaxation time, is much shorter, on the order of 10 ps.
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Fig. 3. Characterization of the depletion region: (a) simulated electric
field distribution in the drift region obtained through Poisson equation
integration; (b) field peak as a function of reverse biased voltage.

The process of filament formation sets an upper limit to
the light modulation speed. The filament formation time is
typically governed by the transit time of the carriers reaching
the depletion edge of the p—n junction. And it is given as

t=Wp/v, 3)

where Wp is the depletion width and v is the saturated drift
velocity of the electrons. For a breakdown voltage of 30 V,
the depletion width of the junction under the reverse bias
is approximately 1.4 um and the saturated drift velocity is
107 cm/s, resulting in the theoretical limit of light modula-
tion at ~ 14 ps. For more luminous wider junctions having
larger breakdown voltage, the time required for filament for-
mation is longer (about a few hundred picoseconds), limiting
the speed of light emission lower than 10 GHz.!'3 In this case,
the corresponding speed for the specific p—n junction diode is
fi=1/(2nt) =11 GHz.
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Fig. 4. Capacitance in a p—n junction diode structure: (a) schematic
view; (b) equivalent circuits of a p—n junction capacitor.

Time is needed to charge and discharge the depletion-
layer capacitor. The depletion-layer capacitance Ct as shown
in Fig. 4 is typically on the order of 1 fF/um?. When the diode
is operated, the current density J is of 1 mA/um?. Then the
time associated with charging and discharging the depletion-
layer capacitor is of the order of CtV/J, which is of the order of
10 ps. Of course, this time changes in proportion to the current
density J. However, as we will show below, the time needed
to charge or discharge the depletion-layer capacitor is usually
very short compared with the time associated with charging
or discharging the p- and n-regions of their majority carriers.
In addition, in Fig. 4, gp denotes the p™n junction’s transcon-
ductance under DC condition, g; is the intrinsic transconduc-
tance related to the junction’s leakage current, depending on
the device fabrication process, and r; is the resistance (which
is mainly consisted of the sheet resistance of the p-type and
n-type layers in Fig. 1).

Since the cross section’s area of the junction is W X L =
175.5 wum x 6 um, the total capacitance C = Ctx (WL) is of
the order of 107!¢ F. The capacitance Cr of the silicon p*n
junction diode under the reverse-bias was simulated using the
device simulator MEDICI!!®! to understand the transient na-
ture of electro-optic modulation.?”) As shown in Fig. 5, the
simulated depletion capacitance is plotted as a function of
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junction’s reverse bias voltage. The capacitance of the p—n
junction based silicon light source decreases with the driving
voltage when the device is turned on to avalanche breakdown.
Stronger recombination in the luminescence active region in-
duces negative capacitance phenomena. [>!]
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Fig. 5. Parasitic capacitance—voltage characteristic of the silicon light-
emitting device with p—n junction structure.

The forward-biased operation of p—n junctions for light
emission is a slow, inefficient, and unreliable process because
of the lifetime of the minority carriers. Any attempt to in-
crease the speed of operation by removing the minority carri-
ers reduces the efficiency of light emission.!!8] The dynamic
on-resistance of the p—n junction in avalanche is in the tens of
kQ range and the reverse-biased junction capacitance is in the
range of pF. Then the RC time constant will be in the range
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of tens of ps. This will be sufficient to produce modulation in
excess of 10 GHz.!??! Both the carrier lifetime depending on
the electric field model and the capacitor’s discharging time
depending on the RC time constant verify that a combined
switching speed in the range of 10 GHz may still attainable
for the p—n junction carrier injection light-emitting device in
silicon devices.!'?!

In avalanche mode, the electron—-hole pairs can be accel-
erated by the electric field as well as gain excess energy. Those
pairs could recombine radiatively. Figure 6 shows the silicon
band structure model processes. The mechanisms of this re-
combination are as follows: hot electrons and holes recombine
band-to-band, bremsstrahlung of the electrons corresponding
to transitions within the conduction band and recombination
of holes in the valence band.!”°! As shown in Fig. 7, spectro-
scopic measurements of the emitted light reveal clear emis-
sion peaks at 1.75 eV and 2.07 eV in the 400900 nm wave-
length region. In general, the mechanism of indirect inter-
band transitions of energetic electrons in the conduction band
and holes in the valence band is for low photon energy lev-
els. Bremsstrahlung radiation is suggested for interpreting the
intermediate photon energy level, and direct and indirect in-
terband recombination contributions for high photon energy
levels. The mechanisms of recombination could explain why
those main radiation wavelength peaks are not close to the
bandgap.
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Fig. 6. Possible photonic energy transitions in the silicon band diagram: (a) direct-interband transition, (b) indirect-interband transi-
tion, (c) direct-intraband transition, and (d) indirect-intraband transition.
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Fig. 7. Intensity spectra of the p—n junction based silicon light-emitting de-
vice in the injection-avalanche mode of operation for various injection cur-
rent levels (in this case a reverse current of 45 mA induced by the junction’s
avalanching is applied).

We measured the emission power from the Si p™n junc-
tion device by using a calibrated power meter. The external
quantum efficiency 1q, which describes the conversion of car-

riers into photons, can be written as

o (em) /()

Here, g is the elementary charge, A is the wavelength, 4 is the

Planck constant, ¢ is the speed of light, and I is the reverse

current. The power conversion efficiency np is defined as

P

np = <V’ ()

where V is the reverse bias voltage, P is the externally mea-
sured optical output power, and I X V is the current—voltage
product which means the applied total electrical power. By
substituting Eq. (5) into Eq. (4), the relationship between the
quantum efficiency and the power conversion efficiency can be

derived as
nq = (qVA/hc)np. (©)
The emission efficiency is presented in Fig. 8.[23
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Fig. 8. Efficiency of Si p™n junction. For instance, at the reverse bias
V =40 V, the quantum efficiency (blue diamonds) is about 6 x 10~% and
the power conversion efficiency (pink squares) is 2.8 x 10~°.

Manufacturing these photonic devices is still a challenge.

The processing starting with the same silicon wafers in mi-

croelectronics has been ubiquitous for decades. Optical com-
ponents and circuitry onto wafers alongside the microelec-
tronic elements have been introduced using many manufac-
turing tools in standard semiconductor fabs. However, be-
cause photons fundamentally do not obey the same physics
as electrons, guiding a photon from one element to another
inside a packaged chip is not as simple as soldering the two
together. Thus alignment tolerances are much more exact-
ing. Whereas connecting a wire to a contact-pad on a chip
involves aligning the components to within a few tens of mi-
crometres of the correct position, connecting an optical fibre
to a photonic chip can require three orders of magnitude more
precision. Fortunately, thanks to ingenious device engineering
and some groundbreaking micro-robotic industrial automation
technology, we are well on our way to overcoming these chal-
lenges, bringing high-throughput photonic interconnects into

the mainstream.

4. Conclusion and perspectives

A transient model to establish a relationship of light emis-
sion from avalanche breakdown in Si p—n junctions with the
applied reverse bias voltage is demonstrated. Theoretical sim-
ulations and experimental measurements of the capacitances
and series resistances indicate that the device has an intrin-
sic high-frequency operating capability in the near gigahertz
range. The spectral radiance as a function of wavelength is
also shown, which reveals clear high intensity peaks at about
625 nm and 725 nm. A compatible CMOS technology light-
emitting device is proposed with an optical output of several
nW. Hence, some interesting chip-to-chip and on-chip electro-
optical applications seem feasible in the next-generation VLSI

integrated circuitry.
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