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Abstract—Increasing demand for higher data rates in data cen-
ters and high-performance computing systems require optical in-
terconnects that support more than 100 Gbps-per-lane. Meanwhile,
as optics are packed ever closer to Ethernet switches and electronic
processors, both operating temperatures and power consumptions
increase, resulting in increasing operational and environmental
costs. In this work we present our recent results on a two-channel
energy-efficient directly-modulated membrane laser array on
SiO2/Si with ∼60-GHz 3-dB bandwidth, that can support both
100 Gbps-per-lane modulations as well as very small form-factors
and power consumptions. The extension to 60 GHz bandwidths
denotes a∼26.3% increase compared to previous works, and it was
achieved based on an optimized distributed-reflector laser design
for maximizing the photon-photon resonance effect. Based on the
fabricated two-channel DML array, 200 Gbps (2×112-Gbps NRZ)
with laser operating energy-per-bit cost of less than 0.3 pJ/bit over
2-km transmissions, and the feasibility of 400 Gbps (2×200-Gbps
PAM-4) transmissions are demonstrated. Finally, the temperature
dependence of the PPR effect and its impact on the E-O response
have been studied both experimentally and with numerical
simulations for temperatures up to 75 °C for the first time.

Index Terms—Directly modulated lasers, III-V/Si technology,
integrated photonics.

I. INTRODUCTION

THE increasing traffic growth in data center networks due
to the rise of cloud-computing services [1] have pushed

recent Ethernet standardizations to rely on optical intercon-
nects with data rates of 200 and 400 Gbps [2]. Following this
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trend, near-future targets of 800 Gbps and beyond 1 Tbps have
been set, assuming optical interconnects that utilize more than
100 Gbps-per-lane [3]. Meanwhile, on-board and co-packaged
optics (OBO/CPO) are increasingly gaining traction on bringing
small form-factor optical transceivers (TRx) closer to Ethernet
switches and electronic processing units for data center and
high-performance computing systems [4]. However, as data
rates rise and more components are packed closer together,
operating temperatures and power consumptions increase as a
result. This further leads to increasing operational costs, as well
as an increasingly worrisome environmental impact [5].

One of the most promising components for reducing the power
consumption and footprint of optical TRxs, is the low-operating-
power directly modulated laser (DML) [6]. Membrane III-V
DMLs [6]–[8], in particular, can achieve both a large band-
width as well as a very low power consumption, owing to
their high optical confinement factor. Arrays of energy-efficient
membrane III-V DMLs on SiO2/Si have been demonstrated for
200/400 Gbps systems utilizing wavelength- or space-division
multiplexing (WDM/SDM) [9]–[11]; with the fabrication on Si
being a critical step towards achieving low-cost production via
large Si wafers.

In conventional DMLs, however, there exists an inherent
tradeoff between modulation bandwidth and power consumption
due to the dependence of the carrier-photon resonance (CPR)
dynamics on the operating bias current [8]. Recent longitudi-
nal laser designs have addressed this limitation by carefully
designing optical cavities that can enable the photon-photon
resonance (PPR) effect [8], [12]–[18] – i.e., the enhancement of
the electro-optic (E-O) response via the presence of a secondary
longitudinal mode close in frequency to the main lasing mode.
Based on the PPR effect, InP lasers with more than 65 GHz
3-dB bandwidths have been realized [15], with a record of
108 GHz 3-dB bandwidth been achieved by a membrane III-V
laser on a high-thermal-conductivity SiC substrate [16]. Also,
by combining PPR-based DMLs with advanced digital signal
processing (DSP) and probabilistically-shaped modulation for-
mats, single-lane gross rates of more than 400 Gbps have been
demonstrated [19], [20].

In our previous work on membrane III-V on SiO2/Si DMLs
[8] we were able to extend the DML bandwidth from ∼20 GHz
(without PPR) to ∼47.5 GHz (with PPR) while keeping the
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same power consumption, by using a distributed reflector (DR)
laser structure which relied on a distributed Bragg reflector
(DBR) for enabling the PPR effect. Based on it, we could
demonstrate four-level pulse-amplitude modulation (PAM-4) of
up to 120 Gbps by using low-complexity nonlinear equaliza-
tion [8], [21]. The reliance, however, on high-order modulation
formats and nonlinear equalization, could increase significantly
the overall power consumption of the system due to the addi-
tional requirements for linear drivers and RF amplifiers, and
increased DSP complexity [21]. For a more energy-efficient
system, therefore, high-symbol-rate non-return-to-zero (NRZ)
modulation via high-bandwidth, yet energy-efficient, DMLs is
a more preferable solution. Moreover, even though we have
previously demonstrated more than 100-Gbps NRZ short-reach
transmission with our PPR-based membrane DMLs on SiC
[18], achieving a likewise performance on membrane DMLs
fabricated on SiO2/Si is of both high industrial and scientific
interest.

In this extended paper we expand on our recently-presented
work [22], in which we have achieved a further 3-dB band-
width extension of up to 60 GHz at O-band (i.e., ∼ 26.3%
increase compared to [8]) on a two-channel membrane DML
array on SiO2/Si by optimizing our PPR-enabling membrane
DR structure. Based on this 60-GHz two-channel DML array we
could demonstrate 2×112-Gbps NRZ signals with <0.3 pJ/bit
operating energy without any complicated DSP, as well as
the feasibility of 2×200-Gbps PAM-4 signals. Moreover, in
this paper we further discuss the performance of our DMLs
and the PPR effect at higher operating temperatures up to
75 °C, which is of high interest for commercial applications.
In particular, experimentally-obtained E-O responses with PPR
enhancements at high temperatures are presented and evaluated
with numerical simulations.

The paper is organized as follows. Following the introduction
in Section I, the optimized PPR laser design and two-channel
array fabrication are presented in Section II. Following that, the
2×112-Gbps NRZ and 2×200-Gbps PAM-4 demonstrations are
presented in Section III. At last, the new results and discussions
on high temperature operation are included in Section IV, fol-
lowing a conclusion in Section V.

II. DESIGN AND FABRICATION

A. PPR Optimization

In our conventional membrane lasers [6], [7], single-
longitudinal-mode lasing is achieved by a DR laser structure
composed of a zero-shifted distributed-feedback (DFB) section
based on multiple-quantum wells (MQWs) and a detuned InP-
based rear DBR section (DBR-r). In this DR laser structure,
DBR-r is used to filter out one of the two main longitudinal DFB
modes. Such a longitudinal laser structure reduces the impact
of the spatial hole-burning effect in comparison to standard
λ/4-shifted DFB lasers. One way to introduce the PPR effect in
this structure is by including an additional InP-based front DBR
section (DBR-f) as shown schematically in Fig. 1. In this case,
DBR-f is designed to have a Bragg wavelength similar to that
of the DFB section as discusses in details in Ref. [8]. Moreover,
by operating on the long-wavelength side-lobe of DBR-f, the

Fig. 1. Longitudinal laser design for photon-photon resonance.

relaxation oscillation frequency fR can be enhanced due to the
detuned-loading effect [8], [16], [23]. In our previous work [8],
the lengths of the DFB, DBR-r, and DBR-f sections wereLDFB =
100 μm, LDBR−r = 80 μm, and LDBR−f = 200 μm, respectively.
Uniform surface gratings on InP were assumed for all sections,
with a coupling coefficient κ of around 524 cm−1 for the DFB
section and around 400 cm−1 for the DBR sections. Based on this
design, a fR of more than 15 GHz and a PPR frequency fPPR

of around 40 GHz were achieved, resulting in a maximum 3-dB
bandwidth of around 47.5 GHz at 25 °C [8].

One key parameter for maximizing the 3-dB bandwidth in
PPR-enabled DMLs is the frequency separation between the
PPR and CPR effects, namely ΔfPPR−CPR = fPPR − fR.
On one hand, a large ΔfPPR−CPR results in a significant “dip”
in the E-O response which is below the desired −3 dB limit. On
the other hand, a very small ΔfPPR−CPR doesn’t utilize the
full potential of the PPR effect, hindering thus the maximization
potential of the E-O response bandwidth. In either case an un-
desired non-flat or “bumpy” E-O response is typically observed
[15], which is not suitable for popular single-carrier modulation
formats such as PAM-4 and NRZ. Since in our previous work [8],
ΔfPPR−CPR appeared to be below its optimum value, in this
improved design we aimed at increasing fPPR from ∼40 GHz
previously, to∼50 GHz. This yields an optimizedΔfPPR−CPR

separation of ∼30 GHz and an extended 3-dB bandwidth of
60 GHz.

This was achieved by considering how fPPR is affected
by the parameters defining the DFB section of our DR laser
structure. Since fPPR is proportional to the wavelength separa-
tion between the main longitudinal lasing mode and its nearest
side-mode [8], and by assuming a fixed κ and effective index
neff for all sections, this can be achieved by decreasing the
DFB length. Such a relationship can be readily understood
by observing the transmittance spectrum of the DFB section
shown in Fig. 2(a). As it can be seen from this figure, the
separation between the dominant DFB mode(s) and its (their)
nearest side-mode(s) decreases by increasing the DFB length
LDFB. Therefore, an increased ΔfPPR−CPR can be achieved
by reducing LDFB. This can be further confirmed by the modal
analysis (see [8], [24]) of our DR structure shown in Fig. 2(b).
Here the horizontal axis defines the wavelength detuning from
the DFB’s Bragg wavelength and the vertical axis the mode
damping (note: the mode threshold is reached for zero damping
and a mode is lasing for negative damping values). Based on
this modal analysis, a relationship between fPPR and LDFB can
be derived as shown in Fig. 2(c). Considering, therefore, our
ΔfPPR−CPR target of ∼30 GHz (i.e., fPPR of ∼50 GHz), the
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Fig. 2. Optimization of photon-photon resonance condition.

optimized DFB length is LDFB = 80 μm (instead of 100 μm
used previously).

B. Two-Channel DML Array

The cross-sectional schematic of our membrane DR laser on
SiO2/Si is depicted in Fig. 3(a). To achieve both high optical
and high carrier confinement we utilize a buried heterostructure
with a lateral p-n junction, with total III-V thickness of less than
350 nm [6]–[8]. For O-band operation we use InGaAlAs-based
MQWs with an active core width of 600 nm and total MQW
thickness of around 103 nm. The confinement factor for this
structure was estimated to be around 14%. Low-loss coupling to
high-numerical aperture fibers is achieved via a spot-size con-
verter composed of an InP taper and a 3×3μm2 SiOx waveguide

Fig. 3. Fabricated laser array structure.

with SiO2 cladding [7]. The width of the passive InP waveguides
used for the DBRs was 1.5 μm. As shown by Fig. 3(b) a
two-channel laser array was fabricated with a laser pitch of
250 μm, in order to avoid electrical and thermal crosstalk.

The static, fiber-coupled L-I-V characteristics of the two-
channel array at a stage-controlled room temperature of 25 °C
are shown in Fig. 4(a). Super-linear L-I curves are observed for
both devices between kinks defined by mode hoppings. This is
a typical behavior for DBR-based PPR lasers [8], [16], while
the mode hoppings correspond to different side-lobes/modes of
DBR-f [8]. The fiber-coupled output power for both DMLs were
between 0 to 1 dBm and the voltages bias were below 2 V for
bias currents up to 15 mA. These output power levels are similar
to previously demonstrated membrane DR lasers on SiO2/Si that
didn’t include the DBR-f section [7], [11]. The static spectra for
both DMLs are depicted by solid lines in Fig. 4(b) at operating
bias currents. In both DMLs the presence of a PPR side-mode
is confirmed, with lasing wavelengths of around 1294.3 nm
for CH#1 and 1295.1 nm for CH#2. The small wavelength
variation is attributed to a minor Bragg wavelength change due
to fabrication.

At last, the experimental E-O responses for the two channels
are shown in Fig. 4(c), together with an experimental E-O
response for the 100-μm-long DFB-section DR laser of Ref.
[8], at the same operating bias current as CH#2 as a reference.
Apart from the DFB lengths, all structures and fabrications
procedures were similar for these lasers. As it can be seen, the
3-dB bandwidths of both lasers in the two-channel array were
around 60 GHz, which denotes a ∼26.3% increase compared
to the 100-μm-long DFB case. The small Bragg wavelength
deviation between CH#1 and CH#2 resulted in a smaller bias
current for CH#1 for achieving the 60-GHz bandwidth when
compared to CH#2. Note that, a further reduction ofLDFB would
have increased ΔfPPR−CPR according to Fig. 2(c). This would
have resulted in a dip between fR and fPPR that would have
hindered the flatness and 3-dB bandwidth of the E-O response.
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Fig. 4. Characterization of fabricated two-laser array.

III. EXPERIMENTAL DEMONSTRATION

For the experimental demonstration of the two-channel DML
array we prepared a typical short-reach intensity-modulated
directly-detected setup [8], [11] based on 112 Gbps NRZ and 100
GBaud PAM-4 (200 Gbps) signals. The NRZ and PAM-4 signals
were generated by a Keysight M8194A arbitrary waveform
generator (AWG) at 128 GSa/s, using a root-raised cosine filter
with 10% rolloff factor. The analogue 3-dB bandwidth of the
AWG was 60 GHz. For the 112 Gbps NRZ case, the signals
were generated with a peak-to-peak voltage of 120 mV and
140 mV for CH#1 and CH#2, respectively. All signals were
amplified by an RF driver with 22-dB gain and 60-GHz 3-dB
bandwidth. The DML array was driven by a bias-T with 65-GHz
3-dB bandwidth and an RF probe with 65-GHz 3-dB band-
width. The DML array chip was operated at a stage-controlled
room-temperature of 25 °C. By using a multi-channel RF probe

as in Ref. [11] prior to the measurements, it was confirmed that
no observable electrical/RF or optical crosstalk existed between
the two channels. Therefore, subsequent measurements were
performed on a channel-by-channel basis.

For the 112 Gbps NRZ case, the bias currents and volt-
ages were 11.3 mA and 2.347 V for CH#1 and 13.9 mA and
2.517 V for CH#2. Therefore, the operating energies were
around 26.5 mW and around 35.0 mW for CH#1 and CH#2,
respectively. The modulated optical spectra for both channels
are shown in Fig. 4(b). As it can be seen from this figure,
the PPR side-mode clearly amplifies the modulated signal at
high frequencies, as expected from the obtained E-O response
measurements.

Bit-error rates (BERs) were measured at an optical back-to-
back (BTB) configuration or after 2-km of standard single-mode
fiber (SSMF) transmissions, by varying the received optical
power (ROP) using an optical variable attenuator. The photo-
diode used for detection was an in-house uni-travelling-carrier
photodetector (UTC-PD) with a 3-dB bandwidth of more than
67 GHz and a responsivity of around 0.23 A/W. Due to the
lack of a trans-impedance amplifier, a commercial RF amplifier
with 18-dB gain and 67-GHz 3-dB bandwidth was used after
the UTC-PD for signal amplification. Finally, a real-time dig-
ital sampling oscilloscope (DSO) was for analogue-to-digital
conversion at 160 GSa/s. The analogue bandwidth of the DSO
was 67 GHz. Regarding (offline) digital equalization, for the
112-Gbps NRZ signals an 11-tap linear pre-emphasis filter was
used at the transmitter side in order to mitigate RF impairments
due to RF probe, RF cables, etc., and a 5-tap decision-feedback
equalizer was used at the receiver side. For the 200-Gbps PAM-4
measurements, a receiver-side pruned Volterra filter was used
[21] with 101 linear taps, 51 nonlinear taps, and a pruning factor
of 10. The resulting equalized eye diagrams for 112-Gpbs signals
after 2-km SSMF transmissions for both CH#1 and CH#2, and
200-Gbps PAM-4 signals at BTB for CH#2 are shown in Fig. 5.
The performance of 200-Gbps PAM-4 signals for CH#1 was
similar to or slightly worse than CH#2.

The resulting BERs versus ROPs are summarized in Fig. 6.
For all 112-Gbps NRZ transmissions, the 200/400-Gbps Ether-
net standard of KP4 forward-error correction (KP4-FEC) thresh-
old [2] has been reached. Considering the operating energies of
26.5 mW and 35.0 mW for CH#1 and CH#2, respectively, the
resulting energy-per-bit costs were 0.24 pJ/bit for CH#1 and
0.31 pJ/bit for CH#2. Furthermore, if we take into consideration
the 5.8% overhead for KP4-FEC [2], the aggregate net rate of
211.72 Gbps was achieved with an energy-per-bit cost of (0.24
+ 0.31) mW / 211.72 Gbps ≈ 0.29 pJ/bit.

Finally, regarding the 200-Gbps PAM-4 signal modulations,
the resulting BERs were around 1.58E-2 and 7.25E-3 for CH#1
and CH#2, respectively, at BTB. Even though these BERs cannot
reach the KP4-FEC threshold, they can still be reached by
a higher-overhead hard-decision FEC (HD-FEC) [25] at the
expense of higher power consumption and latency.

IV. DISCUSSIONS ON HIGH-TEMPERATURE OPERATION

As discussed in Section I, it is of great important to evaluate
the performance of our DML array and PPR effect at higher
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Fig. 5. Obtained eye diagrams after receiver equalization at maximum ROPs.

Fig. 6. Bit-error rate (BER) versus received optical power (ROP).

Fig. 7. Temperature dependence of L-I-V characteristics.

temperatures occurring in realistic application scenarios. In re-
gards to the PPR effect in particular, there are currently very
limited or no available studies regarding its temperature depen-
dence. In a previous demonstration, we have demonstrated PPR-
enhanced E-O responses and 120-Gbps PAM-4 modulations up
to 50 °C [8]. However, even though a reduction of the fPPR at
50 °C was observed, no physical justification of such a behavior
was provided at the time. In this section, we experimentally
study the PPR-enhancement effect at temperatures up to 75 °C
based on our two-channel DML array. In addition, for the first
time numerical simulations are carried out in order to provide
a concrete understanding on the physics behind its temperature
dependence.

The experimentally obtained L-I-V and E-O responses for
our two-channel DML array for up to 75 °C are shown in
Fig. 7 and Fig. 8, respectively. As expected, the output power is
reduced at higher temperatures due to reduction of the gain at
high temperatures. Also, as is well known, for a similar reason
the fR is also reduced at higher temperatures. Nevertheless,
the extended 3-dB bandwidth at 75 °C remains above 45 GHz,
which could support 100-Gbps-class signals based on PAM-4
modulation, based on our previous demonstrations (Ref. [8]).

Considering the temperature dependence on the PPR effect we
can make a few observations based on Figs. 7 and 8. Firstly, L-I
maintains the super-linear behavior and mode-hoppings. This
is because the effective indexes neff of the DFB and DBR
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Fig. 8. Temperature dependence of E-O response.

sections are both affected by the temperature rise. Therefore, a
PPR relationship based on DBR-f and DFB is maintained. How-
ever, mode-hoppings occur for higher bias currents at higher
temperatures. This is because the dependence of the neff on
the temperature is slightly different for the MQW core (DFB
section) and InP waveguide (DBR sections). Since the PPR
effect is mainly observed at bias currents in the vicinity the
mode-hopping regions, it is also expected that the maximization
of the PPR-enhancement effect on the E-O response will also
occur at slightly higher bias currents. This explains why, even
though the optimum operating bias current for maximizing the
modulation bandwidth at 25 °C is 14.1 mA, the optimum bias
currents for 50 °C and 75 °C are 14.5 mA and 16.3 mA,
respectively. However, since the bias current deviation is only
within ± 1.1 mA simple control electronics, typically found
in DML transmitters, can be utilized as real-time adjustment
mechanisms for the bias currents, without any need for costly
and extra power-consuming heaters.

Another very significant observation is the fact that fPPR de-
creases at higher temperatures. Actually, this is rather beneficial
because fR is also reduced at higher temperatures. Therefore, a
good ΔfPPR−CPR relationship can be maintained even as the
temperature deviates. However, in order to clarify the physical
reason behind this reduction of fPPR at higher temperatures,
we need to consider the temperature dependence of both the
gain and neff via numerical simulations. Here, the dynamic

travelling-wave model coupled to a rate equation for carrier
density [8], [26] was used for the numerical analysis of the
longitudinal DR structure of our DMLs.

Firstly, we derived logarithmic relationships for the gain in
our DMLs [11] for different operating temperatures, based on
experimental observations on the two-channel DML chip using
the detected values for fR and threshold currents Ith among
others. The resulting gain relationships are plotted in Fig. 9(a).
Then, by simulating the E-O responses based on either only
the temperature dependence of neff (Fig. 9(b)) or only the
temperature dependence of gain (Fig. 9(c)), we could separate
the two effects and their contribution on fPPR. Regarding the
modelling of the temperature dependence ofneff , the following
linear relationships were used:

neff,DBR (T ) = neff,DBR,0 + ΔT
∂neff,DBR (T )

∂T
,

(1)

neff,DBR,0 ≡ neff,DBR (T = 25 ◦C) , (2)

neff,DFB (T, I) = neff,DFB,0

+ ΔT
∂neff,DFB (T, I)

∂T

∣
∣
∣
∣
I =Ith (T )

+ΔI (T )
∂neff,DFB (T, I)

∂I
, (3)

neff,DFB,0 ≡ neff,DFB

(T = 25 ◦C, I = Ith (25 ◦C)) , (4)

ΔT ≡ T − 25 ◦C, (5)

ΔI (T ) ≡ I − Ith (T ) . (6)

The parameters neff,DBR,0, neff,DFB,0, ∂neff,DBR

∂T , and
∂neff,DFB

∂T |I =Ith (T ) were obtained by experimental spectra
taken at different temperatures and subsequent estimations of the
Bragg wavelengths of each section. The parameter ∂neff,DFB

∂I
was fitted based on Fig. 8.

As it can be seen by Fig. 9(b) and Fig. 9(c), fPPR is mainly
defined by the temperature dependence of the gain and it has
only a minor dependence on the temperature dependence of
neff . The physical interpretation of this can be understood
as follows: the reduction of the gain at higher temperatures
requires that the main lasing mode “comes closer” in wavelength
to the side-mode in order for the latter to receive sufficient
power to appear in the E-O response. On the other hand, the
temperature dependence of neff mainly defines the operating
bias current for maximizing the bandwidth as discussed above.
Finally, by combining the two effects, the simulated E-O re-
sponse in Fig. 9(d) could demonstrate both the reduction of
fPPR at higher temperatures and the temperature dependence
of the operating bias current for maximizing the modulation
bandwidth. We believe that these results clarify the important
relationship between fPPR and temperature adequately for the
first time.
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Fig. 9. Simulations on temperature dependence of E-O response.

V. CONCLUSION

We have demonstrated an energy-efficient two-channel mem-
brane DML-array on SiO2/Si with 60-GHz 3-dB bandwidth
for optical interconnects, based on an optimized design for
the PPR effect. 200 Gbps (2×112-Gbps NRZ) with laser op-
erating energy-per-bit cost of ∼0.29 pJ/bit and the feasibility
of 400 Gbps (2×200-Gbps PAM-4) transmissions have been
demonstrated based on this two-channel array. Finally, the tem-
perature dependence of the PPR effect and its impact on the
E-O response have been studied both experimentally and with
numerical simulations for temperatures up to 75 °C.
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