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Abstract: We present a rigorous electrical and optical analysis of a highly scaled, graded-
base, SiGe heterojunction bipolar transistor (HBT) electrooptic (EO) modulator. In this study,
we propose a 2-D electrical model and a 3-D optical model for a graded-base SiGe HBT
structure that is capable of operating at a data bit rate of 250 Gbit/s or higher. In this
structure, apart from a polysilicon/low doped emitter (width = 90 nm) and a strained SiGe
graded base (depth = 8.5 nm), a selectively implanted collector (SIC) (depth =26 nm) is
introduced. Furthermore, at a base-emitter swing of 0 to 1.0 V, this model predicts a rise time
of 3.48 ps and a fall time of 0.55 ps. Optical simulations predict a = phase shift length (L) of
204 pm, with an extinction ratio of 13.2 dB at a wavelength of 1.55 um.

Index Terms: Semiconductor device modeling, integrated optics, optical modulation,
plasma dispersion effect, SiGe, heterojunction bipolar transistors.

1. Introduction

As interconnect bandwidth requirements scale to 10 Tb/s and beyond, higher levels of integration
will be required to increase bandwidth per pin (or optical connector) at significantly reduced cost.
Over the last decade, remarkable progress has been made in research on silicon photonic devices
for interconnect applications. The use of silicon as a material for these photonic applications
promises high-volume manufacturing using complementary metal-oxide—semiconductor (CMOS)-
compatible processes. In 2007, IBM reported a P-I-N silicon modulator with bit rates of 10 Gbit/s and
an L, of 100 to 200 yum [1]. In the same year, Intel demonstrated a PN junction based high-speed
modulator of 40 Gbit/s with an L, of 1 mm in a Mach—Zehnder Interferometer (MZI) configuration
using a carrier depletion structure combined with travelling wave electrodes (TWEs) [2]. In 2005, a
depletion mode PN junction based SOI modulator was reported with rise and fall times of 7 ps with
an effective bandwidth of 60 GHz [3]. In 2011, a hybrid silicon travelling-wave electroabsorption
modulator has been demonstrated at 50 Gbit/s [4]. Recently, IBM demonstrated a 30-Gbit/s silicon
micro-ring modulator operating at a low power of 335 fJ/bit [5]. The use of SiGe-on-Si technology for
high-speed optical modulation based on a free carrier plasma effect dates back to Soref’'s work in
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1990 [6]. Several of these papers provide experimental verification that the free carrier effect can be
utilized for electrooptic (EQ) modulation. The question that remains, however, is how fast this effect
can operate and with what physical length, propagation loss, and energy per bit.

Our previous work on a SiGe heterojunction bipolar transistor (HBT) EO modulator reported a
simulated operation bandwidth limited to 80 Gbit/s at an active length of 240 um [7] with a model
that approximated a 130-nm minimum feature size device in actual commercial production today.
One motivation for exploring the SiGe HBT is that these devices are often required for the serializer/
deserializer (SERDES) support circuitry at high bit rates. In the present paper, we examine a
theoretical aggressively scaled SiGe HBT that may approximate a device that is two device
generations more advanced than available today. In this new structure, which we explore here in
depth, MEDICI [8] is used for analysis of 2-D electrical transient simulations and Synopsis’
Sentaurus [9] for 3-D electrical and optical DC simulations. We designed an aggressively scaled
SiGe HBT structure of our previous model [7] to explore the maximum bandwidth achievable
operating this device as an EO modulator. The key contribution of this study is the improvement in
the rise and fall times of the EO modulator during large signal switching. This is achieved by the
introduction of an ultrathin and compressively strained SiGe epitaxial base on the selectively im-
planted collector (SIC). The compressive strain in the SiGe base enhances the lateral and vertical
hole mobility. The presence of gradient germanium mole fraction in the vertical base results in the
acceleration of minority carrier electrons in base.

In this paper, we organize our study in the following manner. We propose the aggressively scaled
SiGe HBT structure based on a proposed 2-D SiGe HBT design optimized for electrical perfor-
mance [10]. We also discuss further modifications made to this device to use it as a highly efficient
and fast optical modulator. For any bipolar transistor, it is imperative to study and extract the
electrical DC, AC characteristics and the bias conditions for its required operation regime. Hence,
we analyze the terminal characteristics of the SiGe HBT, namely, small-signal cutoff frequency,
current gain, and Gummel characteristics. We present a comparative study of the electrical
behavior of the device at different doping and graded Germanium profiles. At the same time, we
adhere to the high-volume manufacturing feasibility of this device using existing SiGe BiCMOS
processes. After determining the optimum electrical bias conditions required for the high-speed
operation, we study the transient terminal currents and electron hole density distributions in this
structure. Finally, a comparative discussion on the active length of the modulator (L), dynamic
power consumed, propagation loss, and extinction ratio of the optical mode is presented. Apart from
speed and efficiency, the key advantage in opting for a modulator using the SiGe HBT technology is
the implementation of the modulator driver circuits using the similar SiGe technology, as
demonstrated in 2004 [11].

Additionally, at extremely thin base widths (below 10 ~ 20 nm), the numerical simulation tech-
niques used should accurately model the transport of highly energetic electrons and holes. We also
discuss the physical models and parameters used for this heterojunction device in both the
electrical and optical domains. Nanoscale dimensions in the collector leads to higher field, which is
a concern for breakdown voltage, which we also simulate.

Taken together, these simulations strongly support the primary conclusion of this study that the
proposed SiGe EO modulator should be capable of operating at 250 Gbit/s data rates or perhaps
even beyond. To the best of our knowledge, such a device would be the fastest Si EO modulator
ever proposed (and analyzed) which operates based on the free-carrier plasma effect.

2. Device Structure

The proposed 2-D SiGe HBT structure is shown in Fig. 1. The typical parameters that represent the
SiGe HBT are the base thickness and the emitter width (Wg). In this design, a heavily n-doped
polysilicon emitter with uniform doping concentration of 1 x 102" cm~2, emitter width of 90 nm, and
thickness of 100 nm is chosen. There are two symmetric base contacts and two symmetric collector
contacts on each side of the emitter. The base consists of p-doped strained SiGe alloy with a
thickness of 8.5 nm and width of 0.6 um. The graded germanium mole fraction plays an important

Vol. 3, No. 5, October 2011 Page 898



IEEE Photonics Journal Design of a 250-Gbit/s SiGe HBT EO Modulator

SIC width; =90 nm
SIC thickhess =26.5 nm

Silicon-dioxide
hall Tregnch

Silicon-dioxide
allow Trench

W= 0.6 um

N-doped Buried Sub-Collector Sub Collector
Depth , h=0.35um

H = 0.615um
v

1.6 um

: Silicon-dioxide BOX Layer =0.5 um
! - i

Deep Trench Silicon dioxides
With Undoped Polysilicon filler A

Lightly p-doped Silicon Substrate

A

Fig. 1. Schematic cross-section of the proposed HBT EO modulator model.
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Fig. 2. Three similar doping profiles and three different Ge Mole Fractions verse the vertical distance at
the device center (AA’) from the surface. Triangular Ge peak of 28% (top left), Triangular Ge peak of
36% (top right), and Trapezoidal Ge peak of 28% (bottom).

role in reducing the transit time of the electrons in the SiGe base and, hence, in improving the speed
of the modulator. Hence, we study both the trapezoidal profile and triangular profile with different
peak Ge fractions, as shown in Fig. 2. The thin epitaxial base has a peak doping of 8 x 10'® cm~2.
A highly doped p-polysilicon (3 x 102 cm~2) raised extrinsic base with a thickness of 30 nm is
defined on each side of the narrow emitter. A narrow distance between the edge of emitter and the
edge of raised extrinsic base is chosen to reduce the extrinsic base resistance. A SIC region with a
thickness of 30 nm and width equal to that of the emitter (90 nm) is also incorporated. The peak
doping level of 2 x 10 cm~3 is chosen in the SIC with a downward gradient toward the base. As
shown in Fig. 1, there are two shallow trenches (ST) of 0.25 um thickness beside the base contacts.
The distance between the two ST’s are effectively chosen as 0.6 um to fit the mode of the optical
beam of wavelength = 1.55 um in free space and ~0.45 um in silicon material. This also ensures
single mode operation, as shall be seen in later sections. The two deep trenches are defined on
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each side of the collector contacts. These trenches are filled with a thin 0.1 um layer of silicon
dioxide sidewalls and an undoped polysilicon filler to reduce stress. Silicon dioxide behaves as an
electrical insulator and additionally confines the light due to its low refractive index compared with
silicon. The remaining part of the low doped (N™) collector region assumes the background doping
of 1 x 10'® cm~2 on each side of SIC. The buried subcollector of width 1.6 m, depth of 0.35 um
and high doping concentration of 1.0 x 102 cm~3 is defined to reduce the resistance of the sub-
collector region which connects the intrinsic base—collector (BC) junction to the collector contact.
The reach-through layer connecting the subcollector layer and the collector contacts assumes a
high doping of 1 x 102° cm~2. The doping profile along the center of the device cross section (AA')
is plotted in Fig. 2. In later sections, we will discuss the impact of different subcollector doping levels
on the speed and optical properties of the modulator. A buried oxide layer with a thickness of 0.5 um
and width of 1.6 um is assumed just below the subcollector. Fig. 1 assumes a silicon substrate
below the buried oxide with a p-doped concentration of 1 x 10'® cm~3.

In the emitter design, a low doped emitter (2.0 x 10'® cm~3) is included between the high doped
emitter (1.0 x 102" cm~3) and the epitaxial SiGe base, as shown in Fig. 2. The purpose is to reduce
tunneling current and generation/recombination (G/R) current. The reason for the reduction in
tunneling current is that the doping concentration at the emitter—base (EB) junction is smaller when
a low-doped emitter is used, which leads to a longer carrier lifetime and, hence, less of a G/R
current. Another advantage is that the low-doped emitter is depleted, and the emitter-base space
charge region (SCR) is located at this region. Therefore, base width modulation due to the change
of Vge is reduced [12]. In order to decrease the base transit time dramatically, the base thickness is
scaled to as narrow as 8 ~ 9 nm. To have a low base resistance and to replicate the profile after
fabrication, a nonuniformly doped base profile is used, with the peak base doping as high as
(9.0 x 10"® em~3). A 30-nm-thick moderately doped retrograde collector profile is used to reduce
the collector transit time. Higher collector doping leads to lower collector transit time. However, as
we will show in Section 4.1.3, breakdown voltage does not degrade too much at these nanoscale
dimensions of the SiGe HBT thanks to nonequilibrium transport effects. We also report the DC safe
operating area (SoA) bias conditions for this modulator.

3. Device Modeling

The transient, DC, and breakdown voltage of the SiGe HBT EO modulator are explored with a 2-D
simulation tool: MEDICI. The key parameters examined include the free-carrier concentrations and
distributions. These parameters give rise to optical field confinement, injection current, DC char-
acteristics, and electrical power under transient conditions. A 3-D coupled electrical and optical
simulator is used to design and analyze the mode confinement, = phase shift interaction length (L),
transmission characteristics, modulation depth, and optical losses of the structure.

3.1. Electrical Model

With device scaling, not only the high electric field, but also the rapid changes of electric field over
a short distance (field gradient) are present for scaled SiGe HBTs. As a result, the nonequilibrium
carrier transport leads to high-order phenomena such as velocity overshoot. In order to model
device functionality correctly, the energy balance (EB) equations are solved self-consistently to-
gether with Poisson’s equation and electron and hole continuity equations. Therefore, the MEDICI
simulations model the device parasitics implicitly. Due to the lack of experimental bandgap
narrowing (BGN) data for SiGe, we assume here that the apparent BGN for SiGe is the same as for
Si. Boltzmann statistics, as opposed to Fermi—Dirac statistics, are used in order to ensure physically
consistent modeling of minority carrier concentration, as discussed in [13]. The Slotboom BGN
model is used to model the heavy-doping induced BGN [10], [14]. The Philip’s unified mobility
model (PHUMOB) is used to be consistent with Slotboom’s BGN model [13]. An electron relaxation
time 7, = 0.3 ps is used based on calibration of simulation results against measured HBT char-
acteristics [15]. Shockley—Read—-Hall (SRH) recombination and Auger recombination models are
used along with the other mentioned physical models. The 2-D simulation package MEDICI from
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Fig. 3. SiGe HBT 8HP model from IBM compared to our SiGe HBT MEDICI model [7].

SYNOPSYS [8] is employed to analyze the electrical transient calculations of the proposed SiGe
HBT. Suitability of this device modeling software to analyze electrical performance in SOI wave-
guides has been demonstrated by other authors [16], [17]. The accuracy of this device modeling
software can be emphasized by the validation of IBM 8hp Model in our previous work [7], as shown
in Fig. 3. This program simulates internal physics and device characteristics of semiconductor
devices by solving Poisson’s equation, the electron and hole continuity equations, as well as the EB
equations numerically, which are necessary given the rapidly varying electric fields in this
nanoscale structure. Ohmic contacts without additional contact resistance or capacitance have
been assumed.

3.2. Optical Model

We use the bidirectional Beam Propagation method (BPM) [9] in 3-D for optical analysis of the
wave propagation in the SiGe HBT waveguide. First, we recreate the SiGe HBT structure in
Sentaurus with the exact dimensions, as shown in Fig. 1, and then replicate the doping profile, as
shown in Fig. 2. Initially, the length of the structure is chosen to be 10 yum. This is used to reduce the
computational time taken for electrical and optical simulation. Two separate DC electrical simu-
lations are run (one under unbiased conditions and the other under biased conditions), as
discussed in Section 4.2. From the values of the electron and hole carrier distributions in the SiGe
HBT, the complex refractive index profile is generated as [18]

An=Ang+ Anp = —|8.8 x 10722AN, + 8.5 x 10‘18(ANh)°‘8} 1)
Aar=Aae + Aok =[85 x 10 "8 AN, + 6.0 x 107 "8 AN} @)

where An and A« are the real part of refractive index and the absorption coefficient, respectively. In
(1) and (2), AN represent the carrier density changes, with “e” and “h” denoting electron and hole
densities, respectively. These equations show that the free carrier effect can be used to directly
modulate phase or amplitude or both. The refractive index in silicon dioxide is assumed to be
constant at 1.45. The use of crystalline Si (c-Si) instead of polysilicon or amorphous Si as the
waveguide core reduces scattering and absorption losses [19]. Since the core of our waveguide lies
in the SIC region, scattering losses due to surface roughness are negligible in SIC. However, the
scattering losses due to the change in free carrier plasma are incorporated. The scattering losses in
the polysilicon are higher, but low loss polysilicon with transmission loss of only 9 dB/cm at
wavelength of A = 1.55 um has been demonstrated [20]. The transmission loss the highly doped
polysilicon is assumed to be the sum of bulk loss (9 dB/cm) and the free carrier loss due to doping.
The bidirectional simulator in Sentaurus also takes into account any backward reflections of the
propagating wave. The fundamental mode of the waveguide is launched at Z =0 um and the
output mode is extracted at Z = 10 um. From the optical field data along Z direction the phase of
the mode for unbiased and biased conditions are extracted. The difference in the phase between
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Fig. 4. Small-signal cutoff frequency of MEDICI model at various sub-collector doping and Ge graded
profiles.

these two bias conditions at Z = 10 um is used to compute the length required for w-phase shift
(L;). From the input mode Intensity and the output mode Intensity the propagation loss and
extinction ratio are calculated.

4. Results and Discussion

4.1. Electrical Analysis

The small-signal cutoff frequency (fr) of the modulator, the large-signal transient switching speed
of the carriers, and the DC breakdown voltage was analyzed using our 2-D MEDICI model. The fr
analysis indicates the favorable bias conditions required to operate the modulator to achieve
maximum speed and subsequently avoiding high-injection effects and excessive electrical stress.
The breakdown voltage for the collector-base junction and the Gummel characteristics illustrate the
SoA DC bias operation conditions and the acceptable collector voltages in particular.

4.1.1. Small-Signal Cutoff Frequency

The small-signal cutoff frequency (fr) is extracted for different subcollector doping and Ge graded
profiles, as shown in Fig. 4. At subcollector doping of 1.0 x 102° cm~3 and 5.0 x 10'® cm~3, the
peak fr is higher for a triangular profile than for a trapezoidal profile. Additionally, the peak fr shifts
to higher base-emitter input bias (V4 ) levels. We will see later that the peak fr frequency is not the
correct representation of large-signal switching speed, but it gives an estimate of the operating input
bias voltage, which is approximately ~1 V in this case. At a lower subcollector doping of
5.0 x 10" cm~2 the peak fr drops significantly to 240-260 GHz because of the onset of high
injection in the base-collector region at much lower voltages. Hence, it can be estimated that a
triangular-shaped Ge graded profile with a subcollector doping of 1.0 x 102 cm~2 are the best
choice for designing a high-speed nanoscale dimension SiGe optical modulator.

4.1.2. Transient Switching Speed of the Carriers and Their Distributions

As shown in Fig. 5(a), an input voltage ramp of W, = 1.0 V is applied to the base of the transistor.
The duty cycle of the input voltage is 50% with an “ON” cycle time of 50 ps and “OFF” cycle time of
50 ps. For clarity, the rise and fall times in the waveforms in Fig. 5(a) and (b) are shown only up to
60 ps. The ramp up time of the input voltage is 1 ps. The collector voltage is fixed at V. = 1.0 V and
the emitter voltage is fixed at V, = 0 V. Fig. 5(b) represents the collector terminal current response
to the aforementioned input base voltage. At a subcollector doping of 1.0 x 10°° cm~2 and peak
triangular Ge mole fraction of 28% the extracted collector current rise times and fall times are 3.1 ps
and 0.9 ps. This corresponds to a bit rate of 1 + (3.1 + 0.9) = 250 Gbit/sec. Similarly, at the same
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Fig. 5. Transient collector terminal currents from MEDICI simulations. Rise Time (Tr) = (10%—90%)
and Fall Time (Tf) = (90%—10%).

subcollector doping of 5.0 x 10" cm~2 and a trapezoidal Ge profile, it is possible to achieve bit
rates of 138 Gbit/s. The essence of having the V; = 1.0 V is to reduce excessive minority carrier
injection in the collector-base junction, thus ensuring fast turn-off times of ~0.9 ps. For a
subcollector doping of 5.0 x 10" cm~2 high-injection conditions onset at a lower voltage of
Voe = 0.93 V and 0.86 V for a triangular and trapezoidal Ge profile of 28%, respectively (see Fig. 4),
compared with the subcollector doping of 1.0 x 102° cm~3. We chose to operate at Ve =1V
instead of Ve = 0.93 V and 0.86 V because a higher voltage leads to higher carrier concentration
and better phase modulation efficiency. Additionally, we report here a comparative study of the
switching speed with similar phase modulation efficiency. However, operation beyond 1 V reduces
the switching speed to below 138 Gbit/s.

For an optical modulator, it is essential to study the transient electron hole distribution along the
vertical direction of carrier transport. Fig. 6 shows the transient electron-hole distribution for a
subcollector doping of 1.0 x 102° cm~3 and a peak triangular Ge mole fraction of 36%. This case is
chosen since the integral Ge content in 28% trapezoidal profile is the same as 36% triangular profile
(i.e., fixed film stability). Additionally, extracted rise and fall times of the collector current are 3.5 ps
and 0.9 ps, respectively, thus supporting high-speed operation. Fig. 6(a) shows the evolution of the
electron and hole concentrations at the center of the cross section (along AA’ of Fig. 1) during the
rise time. The rise time of the optical modulator corresponds to the difference in the t (time at
0.9 Qmax) and b (time at 0.1 Qnax,) Wwhere Qnax is the maximum electron or hole concentration at the
center of the cross section (along AA’ of Fig. 1) when the carrier concentration is saturated. The SIC
has a lateral width of 90 nm below the SiGe base. Hence, analyzing the 1-D cut at the center will
ensure that we consider the rise and fall times of the electron and hole concentrations which account
for maximum phase modulation efficiency. However, the speeds of injection-type silicon light
modulators are limited by the minority carrier injection time. Hence, we report here the most con-
servative rise and fall times when we consider the minority carrier electrons in the base with
Qmax = 3.0 x 10" cm~3. From Fig. 6(a), t; = 5 ps, and &, = 1.46 ps. Hence, the rise time of the
modulator is 3.54 ps. Similarly the fall time of the modulator corresponds to the difference in the 3
(ime at 0.9 Quax) and t; (time at 0.1 Quax,) Where Qunax is the maximum electron or hole
concentration when the carrier concentration is saturated. From Fig. 6(b), &3 = 50.2 ps, and
s = 50.5 ps. Hence, the fall time of the modulator is 0.3 ps. The reciprocal of the sum of rise and fall
times corresponds to a data rate of ~250 Gbit/s.

The base input ramp-up time and ramp-down time of 1 ps is used in the extraction of the transient
curves, as shown in Figs. 5(a) and (b) and 6(a) and (b) under the large signal conditions. However,
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Fig. 6. Time evolution of free carriers for Ve = 0 to 1.0 V. (a) Electron and Hole Rise Time = 3.48 ps.
(b) Electron and Hole Fall Time = 0.55 ps. (c) Input voltage transient with ramp-up and ramp-down
times of 3 ps.

a more reasonable estimate of the switching speed of the SiGe HBT when integrated with a driver is
required. Hence, a more practical value of an input base voltage transient of 250 Gbit/s with a ramp-
up and ramp-down time of 3 ps is shown in Fig. 6(c). At 3 ps of input ramp-up time and ramp-down
time, the collector current overshoots and undershoots are negligible. The switching speed of the
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Fig. 6. (Continued.) Time evolution of free carriers for Vpe =0 to 1.0 V. (d) Electron and Hole Rise
Time = 1.76 ps. (e) Electron and Hole Fall Time = 1.53 ps.

carriers under this input bias level is extracted to have a rise time of 1.76 ps and a fall time of 1.53 ps,
as shown in Fig. 6(d) and (e). This corresponds to a switching speed of 303 Gbit/s. This concludes
our analysis that the switching speed of the modulator at 250 Gbit/s or higher is theoretically
possible.

4.1.3. Forward Gummel, Current Gain, and Output Characteristics

To analyze the operation of the E-B junction, the forward Gummel characteristics were extracted
from MEDICI by applying a Ve sweep from 0 to 1.2 V with Vi, =0 V. The extracted plots are
illustrated in Fig. 7. The Slotboom BGN model is used to illustrate the impact of high doping effects
in the SiGe HBT. According to the Slotboom model, the bandgap of a semiconductor material is
given by [8], [14]

Ntotal

NO

AE =Vy x |In + )

where AE is the bandgap change due to heavy doping effects, Ny is the intrinsic doping level
used in the device (see Fig. 2), and k is Boltzmann’s constant. The BGN model parameters
includes a voltage parameter, Vj, a constant parameter, k, and a concentration parameter, NO. The
parameter values are chosen to be V, of 6.5 x 1073 eV, NO of 1.3 x 10" ¢cm~3, and k of 0.5 for Si

Vol. 3, No. 5, October 2011 Page 905



IEEE Photonics Journal Design of a 250-Gbit/s SiGe HBT EO Modulator

< 109 : 600

‘2 L | —Base Current

2 _3| == Collector Current Pl 500t

e X / g

[ D] 0o —_— I

S _5 ’ ~ L

é 10 é 400:

2 107 £ [

2 g 300/

T 107 -

= , 2 200}

OB [ L = ‘

= o

S 1013 100:'

=

S0 : 0!l ‘ i
02 04 06 08 1 1.2 02 04 06 08 1 1.2
Vbe, Base-Emitter Bias (Volts) Vbe, Base-Emitter Bias (Volts)

Fig. 7. Forward Gummel characteristics (left) and Current gain (right) of the SiGe HBT.

30 T T T T T T T
-8 Base-Emitter Bias, Vbe = 0.8 V

25+ -+~ Base-Emitter Bias, Vbe = 0.9 V
2 -4 Base-Emitter Bias, Vbe=1.0 V
E 20}
-
g
£ 15
=
&) /
et
< 10 2t
3 il
% W
O Sp vt gt

o—0—0—0- *-o
0
1 1 1

n L 1 L L L 1
0 02 04 06 08 1 1.2 14 16 18 2 2223
Collector-Emitter Voltage (Vce in Volts)

Fig. 8. Output Characteristics of the SiGe HBT.

and SiGe regions. The dominant component of base current at biases lower than 0.4 V is due to
recombination effects rather than diffusion of carriers. Hence, the lifetime parameters play a critical
role at those bias levels. As the forward bias is increased above 0 V, the base current is dominated
by recombination of carriers. At larger forward bias the injection of electrons leads to larger collector
current and hence higher current gain, as shown in Fig. 7.

The output characteristics of the SiGe HBT are simulated at a fixed W, 0f 0.8 V,0.9V,and 1.0V,
with V¢ from O V to 2.3 V, as shown in Fig. 8. The impact ionization model is turned on to simulate
possible breakdown conditions. The output characteristics also illustrate the feasibility of the
sufficient collector-emitter reverse bias voltage without breaking down the collector base junction.
Hence, our assumption that we can operate this device at a collector bias of 1.0 V is reasonable.

4.2. Optical Property Analysis

4.2.1. Sentaurus DC Carrier Densities and Refractive Index Profiles

As discussed in Section 4.1.2, we chose to use Ve = 1.0 V as the forward bias switching voltage
to the base of the modulator. Using a physical model interface (PMI) [9], the dependence of
refractive index on carrier densities for each semiconductor region based on Soref's equations is
included. Two separate DC solutions are executed: one at a forward-bias voltage of Ve = 1.0V,
V. =10V, V,=0.0V and the other at an unbiased condition of Ve =00V, V,=10V,
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Ve = 0.0 V. The doping profile and the Ge mole fraction are shown in Fig. 9. The change in the
distribution of carrier densities during forward-bias conditions is responsible for the change in the
refractive index and, hence, the change of the phase constant of the optical mode in the waveguide
section of the device. The resulting change of refractive index distribution between the on and off
states is shown in Fig. 10. The waveguide of this device consists of the region between the two
shallow trenches in the lateral direction and between the SiGe base and the buried (BOX) layer.
The highly doped emitter (1.0 x 10" cm~3) generates a much lower refractive index (~2.5)
compared with Si (3.45). Additionally, the SiGe base is 8.5 nm thick. The change in refractive
indices in the base contributes less to the change in propagation constant and the power loss of the
optical mode since optical field intensity is lower in the base compared with the SIC. The change of
refractive indices in the SIC contributes to the maximum change in the phase and absorption losses
of the optical mode. Hence, the switching speed and the length of the modulator are mostly
determined by the switching speed and the amount of carriers in the SIC, respectively. From

Vol. 3, No. 5, October 2011 Page 907



IEEE Photonics Journal Design of a 250-Gbit/s SiGe HBT EO Modulator

—Bias (Vb=1.0V, Ve=1.0V,Ve=0V)
—Unbias (Vb=0V,Ve=10V,Ve=0V)

102 102
7 107 ~10%
s 1012 E 108
10 - 10"
< 104 S (ol
E o2 <10
= 10 £ o2
@ 1010 S 10
S 10 S
5 2 10
: -
§ 10° o
- ) 5
3 E 10
= 100
0.02 0 -0.02 -0.04 -0.06 0.02 0 -0.02 -0.04 -0.06
Distance in Y Axis along AA' (um) Distance in Y Axis along AA' (um)

(a) (b)

Fig. 11. (a) Electron Density and (b) Hole Density at Unbiased (green) and Biased (red) condition.

Fig. 11(a) and (b), it is clear that the electrons in SIC undergo more change during the switching
from unbiased to biased condition. This also translates into faster switching speed. Too much
injection of holes in the SIC at very high Ve bias will increase the change in phase constant but, at
the same time, reduce the switching speed of the modulator.

4.2.2. Transmission Characteristics of L., Attenuation, and Extinction Ratio

The propagation constant and the effective indices of the SiGe HBT waveguide are computed at
different bias conditions. Since the transverse magnetic (TM) mode resulted in better interaction
with free carrier plasma and thus smaller L, the following discussion is based only of the TM mode.
The turn-on switch is controlled by the W, bias, varying between 0 V and 1.0 V. In this work, we
analyze in detail how the propagation constant changes along the length of the modulator. Because
the variation of carrier concentration takes place near the base and the SIC, it is favorable to push
the optical mode closer to the SIC in order to obtain the maximum index modulation over the optical
field.

A Gaussian beam of wavelength A = 1.55 ym and half width of 0.6 x 0.6 um is launched at
Z = 0 pm. The waveguide region in this device is that of the rib waveguide. As we have mentioned
in Section 2, the device structure is constructed for optimal electrical and optical operation. To
achieve the single mode condition, we must satisfy [25]

Weos+—"  foro5<r<10 @)

H=20 Ay

where, W, H, and r are defined in Fig. 12(a).

Here, W = 0.6 ym, H = 0.615 um, h = 0.35 um, r = 0.5691, and W/H = 0.975. The right-hand
side of (4) is 0.9921. The bidirectional feature of BPM is turned on. The optical tensor mesh output
is chosen with fine grid spacing to ensure accurate results. A grid resolution of approximately 1.3 nm
is chosen in the X and Y directions for nanoscale feature sizes of the base and SIC region. The
Z direction meshing is carefully chosen to 4.6 nm to account for accurate prediction of optical phase
and loss. The output optical mode is shown in Fig. 12(b). The stable mode profile at the output end is
confined between the two lateral shallow trench oxides and vertically by the BOX layer at the bottom
and highly doped emitter and spacer oxides at the top.

A Perl script is executed in order to extract the propagation constant from the real and imaginary
output optical fields at each point from Z =0 um to Z =10 um and different X, Y coordinates
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Fig. 12. (a) Input optical mode profile at Z = 0 um. (b) Output optical mode at Z = 10 um.

where the peak optical field resides. The complex propagation constant (v) consists of an atte-
nuation constant («) and phase constant (3). We know from [21]

E(x,y) = Eo(x,y) x exp(—d) (5)

where Y =a+j38 and E(x,y) and Ey(x,y) are propagation constant and electric fields,

respectively, at a particular point in Z.
The transmission coefficient

- Ex.y)

~Eolxy) = exp(—~d). (6)
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Fig. 13. (a) Phase versus length of the modulator (b) Phase difference versus length of the modulator.

Then
_ (2rd+ ¢
f=- (—d ) )

where ¢ = arctan{Imag(Optical Field)/Real(Optical Field)}, and d is the distance along the length
of the Modulator.

The phase ¢ is extracted for the center of the beam at X =0 um, Y = —0.4 ym along different
points in the length of the modulator. Fig. 13(a) illustrates the phase of the optical mode along the
length of the modulator. At Z = 10 um, the phase at unbiased condition, p; = 126.07 rad, and the
phase in biased condition is p, = 125.916 rad. The corresponding propagation constants are
1 =12.607 and 3, = 12.5916. The wavelength of light (\) used is 1.55 um.

The corresponding effective refractive index during unbiased condition: neffynpias = 51/(27/A) =
3.11002287, while the corresponding effective refractive index during biased condition:
neffuias = B2/(27/)\) = 3.106223841. The change in effective refractive index Anes = neffunpias—
neffpias = 3.799029 x 103, and the length required to obtain the 7 phase shift = X\/(2 * (Aneg)) ~
203.99 um ~ 204 pm.

Fig. 13(b) also shows the phase difference across different points in the peak optical field output.
In this plot we take 1-D cutlines from the input end of the optical mode to the output end of the
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optical mode at different points of X and Y. This is reported to ensure that the fundamental optical
mode, which moves up, down, and laterally as it propagates along the length, undergoes similar
phase shifts between the biased arm and the unbiased arm across various points in X and Y
dimensions. The average L, predicted using this technique across different X—Y points is 206 pm.
This is fairly close to the 204 um (L., when the cutline is taken at the center of the beam) but not
exactly the same because of using 1-D cutline across length even though the center of the beam
not exactly at the center as it propagates. This difference in L, and the reason for the small bumps
and overshoots of Fig. 13(b) is attributed to the assumption of using 1-D cutline along the length for
extracting the phase. In order compute the optical loss due to the propagating mode, the optical
Intensity is monitored from the launch to the output end. Fig. 12(a) and (b) shows the optical mode
intensities at the input fh (Z =0 um) and at the output end Iyt (Z =10 pm). lh = 5.55998 x
102 W/m® and ot = 5.11053 x 1072 W/m>. Hence, the propagation loss = 10 x log(lout/l) =
0.0366 dB/um. Thus, for the total active length of the modulator of 204 um, the optical power
loss = 0.0366 x 204 = 7.46 dB.

To evaluate how efficiently the light signal’s intensity is modulated, the extinction ratio can be
examined as an figure-of-merit and is defined as the ratio of the output intensity variations that
represent logic level “1” (/) and “0” (I.). The expression for extinction ratio in decibels can be
written as 10 x log(/y/1.). In our proposed MZI structure, one arm is kept unbiased as a reference,
while the other one is switched to produce the intensity difference. Considering the significant loss
in the SiGe HBT EO modulator, both arms are equipped with the same SiGe HBT structure. In this
way, the output intensity from each arm is comparable, and the extinction ratio is greatly improved.
However, it is worth noting that despite the high extinction ratio value, a photodetector with high
sensitivity is necessary because the absolute level of intensity is low as a result of the high loss.
Denote the intensity at the output of the reference arm as /; and that on the modulation arm as b
and I, when the modulator is OFF and ON, respectively. Considering that the phase difference
varies from 0 to ¢ when the output intensity changes from high to low, /y and /, is obtained as
lh=h+hkb=2L and I =l — ;. The extinction ratio for the MZI structure is thus
10 x log[2};/(l — 1})]. Based on the mode computation results reported above, the extinction ratio
is calculated to be 13.2 dB when the EO modulator switches between 0 V and 1.0 V.

4.3. Dynamic Power Consumption
The dynamic power of the device of 204 ym length is evaluated by

ts
Energy/bit = 0.5 x / (o) Vio (1) + I5(1) Vo (1)) al (8)
0

where [ is the collector current, and I, is the base current, as shown in Fig. 14, V. is the collector-
emitter voltage, and V. is the base-emitter voltage. The factor 0.5 in (8) accounts for the fact that
the “ON” state appears with 50% possibility in a long random Non-Return-to-Zero (NRZ) pulse
train. The minimum pulse width (i.e., the maximum data rate) is limited by the response time.
According to our transient analysis, the smallest {; is 4 ps, and the inverse of {5 gives a maximum bit
rate of 250 Gbit/s. Based on the above assumptions, the dynamic energy consumption is 2.01 pJ/bit
at Vpe of 1.0 V, which is lower than 3.6 pJ/bit at 80 Gbit/s [7] but higher than that of 400 fJ/bit [22].
The proposed device in this study when switched at a slower speed of 80 Gbit/s will operate at a
much lower collector and base current levels and, hence, comparable energy per bit. For operating
this device at a slower speed the subcollector doping can be reduced from 1.0 x 102° cm~2 to
5.0 x 10" cm~2 as shown in Fig. 4. This results in reduced collector current levels, as shown in
Fig. 5(b), and, hence, is comparable with or lower energy/bit for the same modulation efficiency.
The input voltage swing can be reduced to 0.5 V by operating the modulator with a base swing
voltage from 0.5 V to 1.0 V. This makes implementation of driver circuits simpler. To enhance this
basic SiGe HBT modulation it will be necessary to devise a low Q resonator that is compatible with
the SiGe HBT electrical structure and which will still permit a small amount of reuse of the plasma.
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Based upon prior work, an assumed Q of only 10-30 could considerably shorten the device and
lower its power consumption [23], [24], [26].

Parasitic resistances and capacitances introduced by the electrical contact pads required for
longer length of the device will degrade the operational bandwidth. One way to overcome this
bandwidth limitation is to break the long phase shifter into smaller segments and drive every
segment with the same signal delayed by appropriate skew. This configuration can be interpreted
as a TWE, as shown in Fig. 15. The fundamental idea underlying the TWE in contrast to lumped
electrodes is the fact that the distributed capacitance does not limit the modulator speed [28].
Proper design will enable identical propagation speed of the optical and the modulating electrical
signal, permitting the phase modulation to accumulate monotonically irrespective of frequency.
Another possible configuration is to use the SiGe HBT as an amplitude modulator.

5. Comments on the Path Towards Experimental Verification

This work is based upon calibrated technology computer-aided design (TCAD) simulations and
represents an important first step to confirm the theoretical practicality of using SiGe HBTSs to realize
ultrahigh-speed SiGe-based EO modulators. Clearly, however, the path to an experimental proof-
of-concept is highly desirable. While that result is not on the immediate horizon, several general
comments are worth making. First, the structure and vertical profiles of the SiGe HBT needed to
support these types of speeds in the EO domain are aggressive (e.g., 600 GHz peak fr) but not
impractical. It is increasingly well accepted that performance levels approaching terahertz will be
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experimentally achievable in SiGe, and in fact, f,ax above 600 GHz has already been demonstrated
at cryogenic temperatures in a conservative 130-nm SiGe HBT [27]. Multiple groups are presently
pursuing 500-GHz SiGe HBTs at 300 K, and this appears to be a very reasonable performance
target while maintaining the virtues of fully silicon-compatible manufacturing. This SiGe HBT for the
EO modulator requires 90-nm lithography, but this is fairly routine (very conservative by CMOS
standards), and existing fourth-generation SiGe platforms already use 90 nm today. The SiGe HBT
needed for the EO modulator also requires SOI underneath the transistor for optical confinement,
but again, there is precedence for doing this. Best-of-breed SiGe analog platforms have already
made use of thick-film SOI for improved isolation for several years now. While adding SOI does
indeed add process complexity, it has been repeatedly demonstrated as a viable path in SiGe.
Finally, this SiGe HBT for the EO modulator must interface seamlessly with the requisite on-die
optical wave guiding. This will present several complexities in fabrication but is viewed as only a
problem requiring development effort. Taken together, while there are clearly significant challenges
ahead to reduce the concept presented in this paper to experimental practice, they are not viewed
as insurmountable, and the potential of an on-die, all-silicon-based high-speed SiGe EO modulator
with supporting on-die electronics remains exceptionally appealing.

6. Summary

This paper reports the highly scaled device structure design as well as the electrical and optical
property analysis of a 240-250 Gbit/s SiGe HBT EO modulator. Positive ramp voltages of 1.0 V are
applied at the base, and the free carrier dispersion effect is utilized to achieve an EO modulation. An
L. of 204 um is modeled with rise and fall times of 3.48 ps and 0.55 ps. With these excellent results,
we report the feasibility via modeling of a 240-250 Gbit/s SiGe HBT EO modulator attractive for
high-speed silicon photonic integrated circuits. Further improvements in L, can be made by slow
light interaction with the carrier plasma without degrading the operation speed. An added advantage
in opting for this type of device implementation is that it is compatible voltage with the
implementation of on-die driver circuits using the SiGe BiCMOS technology platform.
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