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ABSTRACT A three-port optical phase-shifter and Mach-Zehnder modulator (MZM) based on PNP-type
bipolar junction transistor (BJT) is demonstrated. Significant plasma (injected carrier) induced changes of
the refractive index for the optical waveguide become possible with an extremely small driving-voltage and a
compact device size during operation of this BJT between the saturation and forward active modes. Devices
with a standard MZM structure and a small foot-print (0.5 mm) exhibit a moderate optical insertion loss
(2 dB), extremely small V, (0.18V) and P, (0.21mW)), fast rise/fall time (~1ns), and a residue-amplitude-
modulation (RAM) as small as 0.18 dB. Furthermore, thanks to the ultra-high modulation efficiency
characteristic of our device, a +4.0 dB net RF-linking gain can be obtained under dynamic operation.
Compared to 2-port (base-collector) forward bias operation, under three-port operation, the extra bias current
from the base-emitter junction provides a lower V (0.18 vs. 0.22 V), a smaller RAM (0.18 vs. 0.6 dB), and a
larger RF-linking gain (44 vs. —3.2 dB). The superior performances of the three-port to two-port operations
can be attributed to the additional forward bias B-E junction being able to provide more injected carriers to

induce stronger plasma effects for optical phase-shifting.

INDEX TERMS Optical phase shifter, photonics integrated circuits, RF-linking gain, silicon photonics.

I. INTRODUCTION

Silicon photonics (SiPs) play a leading role in the devel-
opment of technology ranging from radio frequency (RF)
microwave photonics to sensing systems. For the application
of microwave photonics, a net RF linking gain can greatly
enhance the signal-to-noise (S/N) ratio in the communication
channel. In order to attain a positive linking gain, a photo-
diode with a high output saturation current (power) [1] and
a low-loss optical modulator with a small driving-voltage
and the capability of handling high input optical power [2],
is highly desired in the receiver and the transmitter side,
respectively. However, the realization of a positive net RF
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linking gain is difficult on the SiP platform due to the fact
that the required driving voltage for the w phase-shift at the
reverse bias regime of Silicon based modulators is usually
large (nearly ten volts) [3]-[5]. Increasing the p-type doping
density in the active volume is one of the most effective ways
to reduce the driving-voltage, but this leads to a significant
optical insertion loss [3], [4]. On the other hand, with respect
to the application of the sensing system, power-efficient and
fast-switching optical phase shifters are essential to provide
rapid beam steering speed [6]. High frame-rate image scan-
ning is required for the operation of autonomous vehicles, in
order to actively detect obstacles in front of them. On average,
a scanning time of less than 6.1us is necessary to rapidly
react to these upcoming situations [7]. SiP based optical phase
arrays (OPAs) have attracted a lot of attention for this purpose
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due to their small footprint and the possibility of CMOS com-
patible optics-electronic integration. Thermo-optics resistive
phase-shifters are popular because of their simple structure
and small footprint [7]-[12], but device performance has
been constrained by large power consumption (>12mW) and
longer than us scale switching/response time. On the other
hand, the more conventional Mach-Zehnder interferometers
(MZI) require high driving voltages (>6V; under reverse
bias) for the 7 phase shift [4], [5], [13]. This impedes their
application in optical phase arrays (OPA), which usually need
to have hundreds of optical phase-shifters inside with a low-
driving voltage for >2m phase shifting [10]-[12]. Another
approach has been to push the p-n junction of the MZI into
the forward bias regime. This has been the most effective
method to reduce the 27 driving-voltage but at the expense
of lower modulation speed and higher power consumption
[4], [5] as compared to MZIs operated under a reverse bias.
Although the forward bias gain rolls off more rapidly with
the increase of operating frequency, it offers a higher RF link
gain improvement of more than 10 dB from nearly DC to
25 GHz [5]. Furthermore, forward bias operation is shown
to result in a comparable spurious-free dynamic range [5].
Nevertheless, large (>2 dB) residual-amplitude-modulation
(RAM), which leads to undesirable AM noise during phase
modulation, usually happens in these forward-bias based p-n
junction phase-shifters due to the free-carrier absorption loss
induced by the high level injection carriers [4], [5].

In this work, we demonstrate three-port (PNP)-type bipolar
junction transistor (BJT) based phase-shifters and MZMs
fabricated on a standard commercial Si-photonic foundry
platform. The measured output Igc-Vgc characteristics of
such devices operated in saturation mode are very similar
to those of an ideal diode, which has a nearly zero turn-
on voltage and an extremely small differential resistance.
Furthermore, the additional base-emitter (p-n) junction in our
three-port configuration can more efficiently inject or pull out
the carriers inside the active waveguide, so that a phase shifter
with a smaller footprint, smaller RAM, and lower driving-
voltage than those of the two-port ones can thus be expected.
With a short device length (0.5 mm) and an acceptable inser-
tion loss (2 dB), our device exhibits excellent performance in
terms of fast rise time (tr & 1ns), small driving-voltage and
small power consumption for 7 phase-shift (P,: 0.21 mW;
V5: 0.18 V), extremely small RAM (0.18 dB) [14], and a
+4.0 dB net RF linking gain at an operating frequency of
100 MHz. Compared with our previous work [15], the doping
profile is further optimized by greatly reducing the doping
level in the p-type collector layer (from 3 x 10! to 5 x 10!/
cm™3). By introducing this modification, we can attain a
smaller optical insertion loss (2 vs. 6 dB) with the same value
of V; (~0.2 V). This is because that the plasma effect is
induced in our structure by the injection of carriers from the
B-E junction instead of the background doping. This ultra-
high modulation efficiency and moderate optical insertion
loss leads to a positive net RF linking gain (44 dB) for the
demonstrated switches during dynamic operation.
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FIGURE 1. (a) Top view of the PNP BJT MZI fabricated by the IMEC
foundry, Leuven, Belgium, Process Design Kit (PDK) 2.2.0. Conceptual
cross-sectional plot of the PNP BJT MZI design under 3-port (b) and
2-port (c) operations. P*+ (Emitter): 3x102%, N*+ (Base): 3x 1029,

P (Collector): 5x10'7, P+ (sub-collector): 3x10'® cm—3.

Il. DEVICE STRUCTURE

Figure 1(a) shows a top view of the proposed device struc-
ture. Figures 1 (b) and (c) show a conceptual cross-sectional
view of this device under 3-port (Vgcac swing; Vgp dc
bias) and 2-port (Vcp ac swing; emitter floating) operation,
respectively. An optical waveguide (WG) 450 nm in width
is sandwiched between the p (collector; C) and the n*+-type
base (B), next to the neighboring p™ emitter (E) electrode in
our pnp bipolar junction transistor (BJT) structure. Here, the
actual doping levels for each layer are confidential informa-
tion for the foundry. However, by performing capacitance-
voltage (C-V) and transfer length method (TLM) measure-
ments on the test keys, we can roughly estimate the doping
level of each layer, as specified in the Figure 1 caption. The
demonstrated phase-shifter, realized using the MZI structure,
has a total device length of 500 wm. Figure 2 shows a concep-
tual diagram of the chip under test conditions. As can be seen,
a multi-mode interference (MMI) power splitter provided
by the IMEC process design kit (PDK 2.2.0) is adopted to
split the incoming light into two optical arms. In the MZI, a
directional coupler (50% for each port) is used to combine the
modulated signal and send it to the output ports. As shown in
Figure 1 (b), during high-speed operation, an AC modulation
signal needs to be applied to the C and E pads for switching
of the BJT device between the forward active and saturation
regions to obtain significant changes in the output current
(Icg) and the plasma induced index change.

Compared with the traditional p-n junction two-port phase
shifter, as shown in Figure 1(c), the extra p-n junction in
our BJT structure can be used to more efficiently inject or
pull out the carriers in the active volume, to obtain a phase
shifter with a smaller footprint and lower driving-voltage.
As shown in Figure 2, in our design, pads C and E can
be probed by the high-speed ground/signal (GS) microwave
probes to feed in the AC modulation signal for dynamic
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FIGURE 3. (a) Top view of the PN MZI fabricated by the IMEC foundry,
Leuven, Belgium, Process Design Kit (PDK) 2.2.0. (b) The conceptual cross
sectional plot of the PN MZI design. N: 5x10'7 cm—3.

operation. In addition, an external bias tee is connected to the
GS microwave probe for application of the DC bias voltage
to electrode C. For the BJT to operate in the desired modes,
two DC probes are connected to electrodes B and E. As can
be seen, the optical input signal is launched into the optical
input port 1 (I1) and the waveguide is split into two channels
to form the interferometer architecture by the IMEC PDK
multimode interferometer (MMI). After individually passing
through the junctions the channels are modulated by the RF
slot line structure above them, with the optical power in the
two channels combined together with different phase shifts
by directional coupler. One of the two output ports (O1 and
02) is connected to a high-speed photo-receiver or optical
power meter to measure the high-speed dynamic waveform
and dc transfer curves, respectively. Here, we can define the
RF linking gain as the ratio between the RF output signal from
the PD module and the RF input signal used for driving our
device (RF,u/RF;y), which are specified in Figure 2.

In order to have a good reference for comparison with the
demonstrated BJT-type MZI, a traditional p-n junction based
MZI is also realized on the same chip. Figures 3 (a) and
(b) show a top view of the fabricated device and conceptual
diagram of the reference PN junction MZI with the same
active length (500 nm) as that of the PNP MZI.

IIl. MEASUREMENT RESULTS

Figure 4 shows the collector-emitter IV curves of our device
given different values of Vgpgbias voltage. During dynamic
and static operation, our device operates in the saturation
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FIGURE 4. Igc-Vgc curves measured under different applied Vg voltages
for our device. The inset shows an enlargement of the saturation region
of the Vgc-Igc curves.

regions (zone III), which indicates that both the Vgp and
VB junctions are under forward bias. Clearly, tremendous
increases in the output current (Igc) versus Vgc bias are
exhibited. The characteristics are similar to those indicated
by the I-V curves of an ideal diode with a nearly zero turn-on
voltage and a small differential resistance. The I-V charac-
teristics can be understood as follows: Our BJT-type device
is composed of two sets of PN-junctions (E-B and B-C junc-
tions). A nearly zero turn on voltage (Vgc) at the C-E junction
is observed when the E-B junction is under a 0.7 V forward
bias (Vgg = 0.7). The turn-on current measured through the
E-C junction is mainly generated from the forward bias E-B
junction. On the other hand, when the E-B junction is zero
biased (Vgg = 0), the turn-on voltage of the E-C junction
increases to 0.7 V, which is equivalent to the application of a
forward bias of 0.7 V to the C-B junction (Vcg = 0.7 V).
Due to the large injected current and small voltage swing
(0.1V), it is possible to produce a significant plasma induced
change of the refractive index in the optical waveguide under
an extremely small driving voltage, by switching the devices
between saturation and forward active (zone I and III) modes.
Figure 5 (a) shows the measured DC transfer curves of
the device under 2-port (Vcp swing) and 3-port (Vgc swing;
Ve = 0 V) operation. In the case of 2-port operation, the
emitter terminal is left open and the bias voltage is applied to
the B-C junction. It can be clearly seen that under 3-port oper-
ation the device can not only provide us with a smaller RAM
(0.18 vs. 1.6 dB) but also a smaller V, (0.18 vs. 0.22 V).
The achieved RAM number (0.18 dB) is also much smaller
than that reported for Si-photonic MZI under forward bias
operation, where the RAM is usually as high as 2 dB [4], [5].
The smaller RAM of our device can be mainly attributed to
the corresponding sweeping current (Ipeak — Iyaiiey) for Vy
being as small as 2 mA. This number is smaller (2 vs. 4 mA)
than that for the same device under 2-port operation (Vcp
swing). Figure 5 (b) shows the transfer curves measured under
different Vgp biases. The corresponding power consumption
of each trace can be calculated as follows: the total power
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FIGURE 5. (a) Measured DC transfer curves under 2-port (V¢g) and 3-port
(Vgc) swings. (b) Measured DC transfer curves under 3-port operation at
different Vgg biases. Vy: Valley Voltage. Vp: Peak Voltage.

consumption is comprised of the dc bias at the B-E junction
(VEB X Igp) and the average power consumption of the ac
driving signal into C-E junction ((Ipeak — Im”@) / 2 x Vp).
We can clearly see that, even under a zero Vgp bias, we
can still attain a small V (0.18 V) with an extremely small
P, (0.21 mW). The modulation speed and efficiency of the
phase-shifter are both important issues for OPA applications
as previously discussed. The dynamic measurement results
for our device are discussed below.

Figures 6 (a), and (b) show the measured output waveforms
of our MZI, as illustrated in Figure 2, under 2-port (Vcg) and
3-port (Vgc) operation, respectively. Here, the chosen Vcp
and Vgc dc pre-bias points for dynamic operation are located
at 0.92 and —0.05 V, respectively. These operation points
simply correspond to the regions which have large slopes in
their dc transfer curves, as shown in Figure 5.

We can clearly see that by applying an extra bias current
onto the E-B junction for 3-port operation, we can greatly
enhance the modulation efficiency and shorten the rise time
(1.1 vs. 1.56 ns) of our MZI as compared to those obtained
under 2-port operation and under the pretty close forward
bias voltages (VEp = Vcp = 0.92V). This reflects the
truth that the 3-port operation can more effectively inject
or pull-out the carriers inside active volume of waveguide
than 2-port operation does. Furthermore, under a 100 mV
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FIGURE 6. (a) Dynamic output waveforms from MZI switches for
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(Vgc = —0.05 V; Vgg = 0.9V), and (c) three-port operation (Vgc = —0.35V;

Vgg = 0.5V). The inset to (b) shows an enlargement of input/output

waveforms with a 4.0 dB net RF-linking gain.

30 T00

peak-to-peak driving voltage (Vpp), we have a net 4.0 dB RF
power linking gain and a fast rise time (1.1 ns), as shown
in the inset to Figure 6 (b). Nevertheless, in order to attain
such a high modulation efficiency and fast response time, the
required power consumption is around 9.1 mW due to the
high Vgp forward bias voltage necessary (0.9 V). As shown
in Figure 6 (c), by properly reducing the Vgg bias to 0.5V,
we can retain the short rise time of 1.7 ns, with a larger
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TABLE 1. Key performance metrics in previous state-of-the-art works.

9 4 14 16 17

Reference 7 (This Work)

Switching 2.4ps 2.16us Bandwidth: Rise Time: Bandwidth: Rise Time: Rise Time:
Time 0.1GHz 0.2ns 21GHz 60ps Llns

Power 12.7mW//n 28mW/n 0.22mW/n (=nW)/n 0.7ImW/m 0.16mW/n
Consumption
Length ~10pm ~30 um 250 pm 5000 pm 4000 pm 1250 pm 500 pm
Material Not SOl SOl 1I1-V + SO Nt Nt sor
RAM - - 2.1dB 0.15dB 0dB~1dB - 0.18dB
VL - (Va=28V) (Va=0.1V)  (Va=045V) (Vi~32V) (Vi=184V) (Vm=0.18V)
8.4V*um 25V*um 2250V*um 16000V*um  2300V*um 90V#um

Insertion 0.05dB/um  0.037dB/pm 1.75dB/mm 8dB/mm 0.004dB/pm

Loss

output amplitude than that obtainable for 2-port operation
(170 vs. 90 mV) while greatly reducing the dc power con-
sumption to 0.9 mW. Table 1 shows the benchmark reported
for phase-shifters on Si-photonic (SiP) platforms with state-
of-the-art performance for OPA applications. Compared with
the thermal-optics phase-shifter based on a standard SiP
foundry, our device has a much faster response time, lower
power consumption, and comparable insertion loss with an
extremely small RAM, which satisfies the requirement for
practical OPA applications. Here, the insertion loss (~2 dB
for a length of 500 pum) is extracted by comparing devices
with the same kind of structure but different active lengths.
Compared to [15], we achieve a smaller optical insertion loss
(2 vs. 6 dB) in this new structure, because of the reduction
in the doping level in the p-type collector layer (3 x 10! to
5 x 107 cm™3, as specified in Figure 1). which can effec-
tively reduce the free-hole absorption loss. In addition, the
reduction in the collector layer doping level has no significant
influence on the driving-voltage performance (V,: ~0.2 V),
which is mainly determined by the amount of free carriers
injected from the B-E junction rather than the background
doping. Such ultra-high modulation efficiency and moderate
optical insertion loss leads to a positive net RF linking gain
(+4 dB) during dynamic operation of this novel device.

Figure 7 (a) shows the E-O responses of the PNP measured
under 2- and 3-port operation and for the reference PN MZIs.
It can be clearly seen that the PN MZI exhibits a much
wider 3-dB E-O bandwidth (>20 GHz vs. ~1 GHz) than
that of the PNP device. Nevertheless, the PNP devices have
a much larger RF linking gain, which can be attributed to
their extremely small V; driving voltage (<0.2 V), with an
operating frequency of less than 12 GHz. When the operating
frequency becomes higher, the PN reference show a larger RF
response due to the serious high-frequency roll-off of the PNP
traces. This result indicates that the forward bias operation of
Si MZI can benefit the narrow band analog RF linking when
the frequency of the carrier signal is less than 12 GHz in our
chip.

As illustrated in Figure 6, the net RF linking gain happens
when the repetition rate of electrical pulses for MZI driving is
low, tens of MHz. We thus narrow down the frequency span
for E-O response measurement to study in detail the low-
frequency behaviors of our devices. Figure 7 (b) shows the
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FIGURE 7. Measured E-O responses of PNP and reference PN MZIs
obtained under different operation modes (2- and 3-ports), different
operation voltages, and different measurement window spans (a) (dc to
20 GHz) and (b) dc to 2.5 GHz.

E-O responses measured under the same operation conditions
as those shown in Figure 7 (a), but at a lower frequency band
(40 MHz to 2.4 GHz). We can clearly see that for our device,
the highest linking gain and widest E-O bandwidth among
all the forward-bias operation conditions are provided under
3-port operation with a forward bias current through the B-E
junction (Vgg = 0.9 V). This result is consistent with the
time domain measurement results as discussed in Figure 6,
where the rise time under three-port operation with a high
VEgg forward bias (0.9 V) is faster (1.1 ns) than under a low
VEiB (0.5 V; 1.71 ns) bias and two-port operation (1.56 ns).

IV. CONCLUSION

In this paper, we demonstrate a novel PNP bipolar junc-
tion transistor based optical phase-shifter fabricated on a Si-
photonic foundry platform. With a small footprint (0.5 mm in
length), such a device operated at saturation mode exhibits a
small P;/V; (0.21 mW/0.18V), a reasonable insertion loss
(2 dB), a small RAM (0.18 dB), and fast switching speed
(tr =~1.7 ns with 0.9 mW power consumption). A +4.0
dB net RF linking gain can also be achieved by increasing
the bias current (voltage) on the B-E junction. These results
show good potential of this device for the development of
large scale PIC based optical scanners.
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