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An integrated optoelectronic chip pair, which can transmit and receive optical signals simultaneously, is pro-
posed in this Letter. The design and optimization of its key structure, the vertical cavity surface emitting laser’s
distributed Bragg reflector, are presented. Analysis is also done for its influence on the integrated chip’s per-
formance. Moreover, the chip pair’s performance under dynamic conditions is analyzed. Their 3 dB modulation
bandwidths are higher than 10 GHz, and their 3 dB photo-response bandwidths are around 23 GHz. Their ap-
plications will further improve the performances of the optical interconnects.
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In recent years, ultra-wideband applications, such as cloud
computing, big data services, and 5G wireless systems,
have been developing rapidly. They are requiring more
and more network capacity, especially in the field of infor-
mation interconnects in and among the data centers?.
Moreover, to fulfill the ever-increasing demand for reduc-
ing network power consumptions, increasing signal trans-
mission bandwidth, and extending information exchanging
distance, the optical interconnects are now the most effi-
cient solution for it?. Such optical links are constructed
with optoelectronic devices, like vertical cavity surface
emitting laser (VCSEL)2Y and positive-intrinsic-negative
(PIN) photodetector (PD)%. Among these optoelectronic
devices, VCSEL is the most utilized transmitting
device for short distance (less than 300 m) optical intercon-
nects in data centers due to its benefits of low power con-
sumption, high modulation speed, and high coupling
efficiency to multimode fibersY. To further increase the in-
tegration level of the optical transceiver at such an optical
links end, some attempts of integrating light emitting and
detecting functions into one single chip have also been
made based on the VCSELEY. On the basis of these works,
we proposed a pair of monolithically, vertically, and co-
axially integrated optoelectronic chips for transmitting
and receiving optical signals simultaneously and improving
the optical interconnects’ transceiving performance?.
They are both constructed by integrating a VCSEL on
top of a PIN-PD, as shown in Fig. 1, and are designed
for working under the wavelength division multiplexing
(WDM) scheme, which means the transmitting/receiving
wavelength will be set at 850/805 nm for one chip and at
805/850 nm for the other chip correspondingly. To realize
such a WDM working scheme, the key problem to solve is
the special structure design of the distributed Bragg reflec-
tors (DBRs) that form the VCSEL’s cavity. In this Letter,
we will analyze the effects of the specially designed
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VCSEL’s DBR on the integrated chip’s static performance.
Then, the input light’s influence on the integrated chip’s
specially designed VCSEL unit will be analyzed. Moreover,
the dynamic performances of the integrated chips are
simulated.

The special structure of the VCSEL’s DBR is con-
structed by inserting a 4/4 DBR, which has its central re-
flection wavelength A setting at the chip’s transmitting
wavelength and has a high reflectivity of higher than
99%, into a low @Q value resonant cavity, which has its res-
onant wavelength setting at the chip’s receiving wave-
length. Then, the low @ cavity is optimized for making
the corresponding VCSEL’s DBR obtain high transmittiv-
ity around the chip’s receiving wavelength. With such spe-
cially designed VCSEL’s DBRs, the integrated chip pairs’
optical structures can be designed and optimized.

The design and optimization of the VCSEL’s DBR are
conducted by applying the optical thin film transfer
matrix method!. Both VCSEL’s DBRs are composed of
alternately grown Alj5GaggsAs/AlyoGag 1 As layers. For
the chip emitting light around 850 nm, its top DBR is
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Fig. 1. Structure of the proposed integrated optoelectronic chip.
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composed of 20 pairs of 1/4 DBR with 4 = 850 nm, and
its low @ cavity is constructed by a reflector formed by
the semiconductor/air interface and a reflector formed
by two pairs of 45/4 DBR with 1, = 805 nm; the low @
cavity length will be optimized and results will be shown
below. Its bottom DBR is composed of 28 pairs of
A/4 DBR with 4 = 850 nm, and its low @ cavity is con-
structed by a reflector formed by one pair of 4,/4 DBR
and another reflector formed by two pairs of 4,/4 DBR
with 45 = 805 nm; the low @ cavity length will be opti-
mized and results will be shown below. For the chip emit-
ting light around 805 nm, its VCSEL’s DBR structure is
the same as that stated above. The difference is only that
of 1 =805 nm and 4, = 850 nm.

The reflection spectra of the VCSEL’s DBR. around
their optimized low @ cavity parameters are shown in
Figs. 2 and 3. Figure 2 shows the reflection spectra of
the VCSEL’s top DBR and its bottom DBR for the chip
emitting at a wavelength around 850 nm. From it, we can
find that, when the DBR’s low @ cavity length changes
from —5% to +5% from its original value, it has little effect
on the DBR’s reflectivity around 850 nm. The major in-
fluence is on the 805 nm wavelength range, which shows
that when the changes are forwarding to the positive part,
the performance deterioration is less than in the case for-
warding to the negative part. Figure 3 shows the reflection
spectra of the VCSEL’s top DBR and its bottom DBR for
the chip emitting at a wavelength around 805 nm. From it,
we can find that, when the DBR’s low @ cavity length
changes from —5% to +5% from its original value,
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Fig. 2. Reflection spectra of the (a) top DBR and (b) bottom
DBR that form the integrated chip, which emits light at a wave-
length around 850 nm and receives light at a wavelength around
805 nm. In these figures, the length of the low @ cavity changes
from —5% to +5% from its original value.
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Fig. 3. Reflection spectra of the (a) top DBR and (b) bottom
DBR that form the integrated chip, which emits light at a wave-
length around 805 nm and receives light at a wavelength around
850 nm. In these figures, the length of the low @ cavity changes
from —5% to +5% from its original value.

it results in a decrement of the top DBR’s reflectivity
around 805 nm, while the changes are forwarding to the
negative part. But, the bottom DBR’s performance is al-
most not influenced. For this chip, its performance on the
receiving wavelength range has less deterioration when the
changes are forwarding to the negative part than when
those are forwarding to the positive part.

In the device performance simulation, the effective fre-
quency method™ and self-consistent two-dimensional
model were used. The material parameters were taken
from Ref. [15]. The chip’s structure size used for simulation
is described below. The chip’s VCSEL mesa is set with a
radius of 13 pm, and its Al,O4 current confinement layer is
wet oxidizing transferred from a layer of Alj¢GaggiAs
with a 6 pm aperture in the center. The size of its
PIN-PD unit is set with a radius of 25 pm. The electrodes
of its VCSEL unit and its PIN-PD unit are set as shown
in Fig. 1. The VCSEL unit’s bottom electrode and the
PIN-PD unit’s top electrode are set to contact the
ground.

As stated, the VCSEL’s DBR parameters will have
effect on the integrated chip’s performance. For different
chips in the chip pair, the effect is different. Thus, we
will first verify such effects with device performance
simulations.

Firstly, the effect on the VCSEL units’ static perfor-
mance is simulated, and results are shown in Fig. 4.
The VCSEL units are forward biased at a current chang-
ing from 0 mA to around 5.0 mA. The VCSEL DBR’s low
Q cavity length changes from —3% to +3% from its
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Fig. 4. VCSEL units’ static performances: (a) the chip transmit-
ting light at a wavelength around 850 nm; (b) the chip transmit-
ting light at a wavelength around 805 nm.

original value. From Fig. 4, it can be drawn that, within
the low @) cavity length changing range, the performance
of the VCSEL unit emitting light at a wavelength around
850 nm remains stable, and the lasing wavelength is
848.1 nm with the original low @ cavity length. But,
the performance of the VCSEL unit emitting light at a
wavelength around 805 nm, where the lasing wavelength
is 805.3 nm with the original low @) cavity length, is quite
different. When the low @ cavity length is changing to the
positive part, the VCSEL unit’s performance is keeping
stable. On the other hand, when the low @ cavity length
is changing to the negative part, the VCSEL unit’s perfor-
mance deteriorates. The threshold current increases with
the decreasing low @ cavity length. This can be explained
by its VCSEL’s DBR performance. As shown in Fig. 3(a),
when its low @ cavity length is reduced, its top DBR’s re-
flectivity is also reduced at a wavelength around 805 nm.
However, when its low @) cavity length is increased, its top
DBR’s reflectivity is staying stable.

Secondly, the spectral photo-response performances of
the integrated chip pairs are simulated. Here, the input
light intensity is set to be 10 W/cm?, and its wavelength
is set, changing from 0.79 to 0.88 pm; the VCSEL unit is
biased at 1.9 V (above the threshold conditions),
and the PIN-PD unit is biased at —5 V. The obtained
absorption quantum efficiency (AQE) spectra of the inte-
grated chip pairs are shown in Fig. 5. For the integrated
chip receiving light at a wavelength around 805 nm, as
shown in Fig. 5(a), its AQE performance is better when
the low @ cavity length is increased than when it is re-
duced. It coincides with the performance of its VCSEL’s
DBR. When the low @ cavity length changing range is
between 0 and 3% from its original value, the absorption
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Fig. 5. Spectral photo-response performances of the integrated
chip pairs: (a) the chip transmitting light around a wavelength
of 850 nm and receiving light at a wavelength around 805 nm;
(b) the chip transmitting light around a wavelength of 805 nm
and receiving light at a wavelength around 850 nm.

range remains wider than 12 nm for its AQE higher
than 60%. For the integrated chip receiving light at a
wavelength around 850 nm, its AQE performance is
better when the low @) cavity length is reduced than when
it is increased. It also coincides with the performance of
its VCSEL’s DBR. When the low @ cavity length chang-
ing range is between —3% and 0 from its original value, the
absorption range remains wider than 15 nm for its AQE
higher than 60%.

Next, to evaluate the influence of the input light inten-
sity on the VCSEL unit’s performance, the rate equation
of the VCSEL unit’s carrier will be used, as shown in
Eq. (1), Since there is extra input light from outside,
then Eq. (1) should be modified to Eq. (2):

dN 1

E:”iq_V*Rsp*Rnr*gynga (1)
dN I
E:niq_v_Rsp_Rnr_gyng+B12Nin' (2)

Considering static working conditions, then Eq. (2) can
be modified to Eq. (3):

|4
I= (Rsp+Rnr+gI/ng_B12Nin)q’7_‘ (3)

3

In these equations, #; is the current injection efficiency,
I is the VCSEL unit’s electrode current, ¢ is the electronic
charge, V is the active region volume, R, is the sponta-
neous recombination rate, R, is the nonradiative recom-
bination rate, gv,V, is the stimulated recombination rate
of the carriers, and By N, is the absorption rate of the
input light. From Eq. (3), it can be concluded that, if
the VCSEL unit is not biased or biased just around the
threshold, then a current with a negative value will be
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generated at its electrode. It means that the photo-
response current of the VCSEL unit is drawn out. But,
if the VCSEL unit is biased high above the threshold, then
a current with a positive value will be generated at its elec-
trode. It means that the input light is optically pumping
the VCSEL now. The simulation results prove the analysis
and are shown in Fig. 6. The optically pumped VCSEL
unit’s performance of the integrated chip pairs by the
input light is shown in Fig. 7. It shows that, for both
chips, even when the input light intensity is as high as
1000 W/cm? (corresponding to an input light power
19.6 mW), the optically pumped VCSEL unit’s output
light power is less than 0.18 pW. Corresponding to the
3 mW VCSEL unit’s electrically pumped output power,
the optical isolation level is larger than 40 dB.
Moreover, based on the optimized integrated chip
pairs, the dynamic performances are simulated. For
such simulations of the PIN-PD units, they are both
biased at a voltage —5 V. A static input light intensity
of 450 W/cm? (corresponding to an input light power
of 9 mW) is set for static optical signal biasing. The small
AC input light intensity is set to be 150 W/cm? (corre-
sponding to an input light power of 3 mW), and its fre-
quency is set, changing from 1 MHz to 100 GHz. Under
such conditions, the PIN-PD units obtain a 3 dB band-
width of about 23 GHz, as shown in Fig. 8. The electric
isolation capability between the chip pairs’ VCSEL units
and their PIN-PD units is deducted here by comparing the
VCSEL units’ photo-response currents with the PIN-PD
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Fig. 6. Photo-response performances of the VCSEL unit
with different input light intensities changing from 0 to
1000 W/cm?, while the VCSEL is not biased or biased at 1.5
and 1.7 V.
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Fig. 7. Optically pumped VCSEL unit’s performance of the in-
tegrated chip pairs by the input light.
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Fig. 8. Simulated PIN-PD units’ dynamic performances of the
integrated chip pairs.
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Fig. 9. Electric isolation capability between the chip pairs’
VCSEL units and their PIN-PD units deducted from the PIN-
PD units’ dynamic performance analysis by comparing the
VCSEL units’ photo-response currents with the PIN-PD units’
photo-response currents.

units’ photo-response currents. Results are shown in Fig. 9.
It can be concluded that, when the isolation level is set to
be —40 dB, the chip receiving light at 848.1 nm obtains
an isolation bandwidth up to 10.9 GHz, while the chip re-
ceiving light at 805.3 nm obtains an isolation bandwidth
up to 15.5 GHz.

For analyzing the dynamic performance of the chip pairs’
VCSEL units, they are biased at 1.75 V (848.1 nm VCSEL)
and 1.8 V (805.3 nm VCSEL), respectively. The dynamic
performance analysis is conducted by applying a pulse volt-
age of 0.1 V on the VCSEL and analyzing the fast Fourier
transform of its pulsed photo-response signal, respectively.
The VCSEL unit emitting light at 848.1 nm obtains a 3 dB
bandwidth of about 15.1 GHz, while another VCSEL emit-
ting light at 805.3 nm obtains a 3 dB bandwidth of about
10.2 GHz, as shown in Fig. 10. The electrical isolation capa-
bilities between the chip pairs’ VCSEL units and their
PIN-PD units are deducted by comparing the PIN-PD
units’ photo-response currents with the VCSEL units’
driving currents under different frequencies, as shown in
Fig. 11. From it, it can be concluded that, when the isola-
tion level is set to be —40 dB, the chips emitting light at
848.1 or 805.3 nm both obtain an isolation bandwidth up
to 30 GHz. With such an isolation level of —40 dB, if the
AC modulation amplitude of the VCSEL unit’s driving sig-
nal is 2 mA, then a corresponding optical noise level of less
than —28 dBm will be generated to the PIN-PD unit.
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Fig. 10. Simulated VCSEL units’ dynamic performances of the
integrated chip pairs.
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Fig. 11. Electric isolation capability between the chip pairs’
VCSEL units and their PIN-PD units deducted from the VCSEL
units’ dynamic performance analysis by comparing the PIN-PD
units’ photo-response currents with the VCSEL units’ driving
currents.

As mentioned above, integrated optoelectronic chip
pairs, which can transmit and receive optical signals si-
multaneously, are proposed. The design and optimization
of its key structure, the low @ cavity VCSEL’s DBR, are
presented. Its effect on the integrated chips’ static perfor-
mance is analyzed. For the chip transmitting light at a
wavelength around 850 nm, its performance will remain
stable, while its low @ cavity length is increased. On
the contrary, the chip, which transmits light at a wave-
length around 805 nm, has a stable receiving performance,
while its low @ cavity length is reduced, but its transmit-
ting performance is stable, while its low @ cavity length is
increased, due to the influence of its top VCSEL’s DBR.
Further optimization on it would be required. For both
chips, their absorption wavelength range is wider than
10 nm if an AQE higher than 60% is required. Further-
more, the influence of the input light intensity on the per-
formance of the integrated chip’s VCSEL unit is analyzed,
and conclusions are made. Under common working condi-
tions, such effects can be ignored due to the obtained op-
tical isolation level of higher than 40 dB. Moreover, under
dynamic working conditions, the VCSEL unit emitting
light at 848.1 nm (805.3 nm) obtains a 3 dB bandwidth
of about 15.1 GHz (10.2 GHz); both PIN-PD units obtain
3 dB bandwidths of about 23 GHz. With a bandwidth
range up to 30 GHz, the two composing units of the inte-
grated chip pairs are electrically isolated with an isolation

level of —40 dB. So, the two units of the proposed inte-
grated optoelectronic chip pairs can work independently
from each other as designed, both optically and electri-
cally. Compared with other integrated transceiver
schemes proposed by other research groupsZ™, which
are either integrating VCSELs and PDs laterally or pack-
aging VCSELs and PDs vertically, the monolithically
vertical and coaxial integration scheme proposed in this
Letter will have better thermal performance and can
simplify the chip’s future coupling scheme to a multimode
fiber, while being used for applications of bi-directional
full-duplex optical interconnects in a single fiber and low-
ering the packaging cost at the same time. The proposed
chip pairs can be applied for further performance improve-
ments of optical interconnect systems.
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