Research Article

Vol. 10, No. 6 / June 2022 / Photonics Research 1509 |

PHOTONICS Research

Monolithic GaAs/Si V-groove depletion-type
optical phase shifters integrated in a 300 mm
Si photonics platform

YounGgHYuN Kim,"?*
ReyNALD ALcoTTE,' CENK IBRAHIM OZDEMIR,’

DipiT YupisTIRA,' BERNARDETTE KUNERT," MARINA BARYSHNIKOVA,'
SANGHYEON Kim,'?

SeBASTIEN LARDENOIS,’

PeTter VERHEYEN,' JoRis VAN CAMPENHOUT,' AND MARIANNA PANTOUVAKI'

'IMEC, Heverlee B-3001, Belgium

2Current address: Department of Photonics and Nanoelectronics, BK21 FOUR ERICA-ACE Center, Hanyang University, Ansan 15588,

Republic of Korea

3Current address: School of Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141,

Republic of Korea
*Corresponding author: younghyunkim@hanyang.ac.kr

Received 21 December 2021; revised 15 March 2022; accepted 30 March 2022; posted 31 March 2022 (Doc. ID 451821);

published 26 May 2022

We demonstrate monolithically integrated n-GaAs/p-Si depletion-type optical phase shifters fabricated on a
300 mm wafer-scale Si photonics platform. We measured the phase shifter performance using Mach—
Zehnder modulators with the GaAs/Si optical phase shifters in both arms. A modulation efficiency of VL
as low as 0.3 V.cm has been achieved, which is much lower compared to a carrier-depletion type Si optical phase
shifter with pn junction. While propagation loss is relatively high at ~6.5 dB/mm, the modulator length can be
reduced by the factor of ~4.2 for the same optical modulation amplitude of a Si reference Mach-Zehnder modu-

lator, owing to the high modulation efficiency of the shifters.
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1. INTRODUCTION

Optical phase shifters are one of the key components in inte-
grated photonics, enabling the control of optical signals by
manipulating the phase of light. They have been optimized
for more than a decade in the context of the development
of high-speed Si Mach—Zehnder modulators (MZMs), for
which they are an essential building block [1,2].

Si MZMs have been demonstrated with high-speed modu-
lation and broad bandwidth, but they still suffer from a
relatively large device footprint of several millimeters, due to
the insufficient electro-optic effect in Si [3,4]. Heterogeneous
[I-V integration in conjunction with a Si photonics platform
has been introduced not only for the lasers but also for the
modulators [5—11] in order to address the mentioned problem,
leveraging the greater carrier-induced change in refractive index
in III-V materials compared to Si [12]. The demonstrated
heterogeneous I1I-V/Si modulators are typically fabricated
through die-to-wafer bonding with ultra-thin bonding layers
(<10 nm) and require metal contacts to the III-V material
to realize the desired III-V-insulator-Si capacitive phase shifter
structures. The fabrication steps are quite challenging and
less CMOS compatible, which may result in lower manufactur-

ability and scalability.
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Integration of the III-V on the Si platform through mono-
lithic hetero-epitaxy has been investigated for the next-gener-
ation electronic and photonic devices in a CMOS bpilot line
[13,14]. Recently, optically pumped lasing has been demon-
strated from monolithic III-V waveguides on Si [15,16]. In
addition, we have proposed the bonding-free I1I-V/Si optical
phase shifter and investigated its performance by using technol-
ogy computer-aided design (TCAD) simulations, resulting in
outperforming optical loss as well as modulation efficiency
compared to conventional Si optical phase shifters [17,18].

In this paper, we report the experimental demonstration of
the GaAs/Si depletion-type optical phase shifter, leveraging the
direct growth of GaAs on a Si V-groove and its performance.
To the best of our knowledge, this is the first demonstration of
the monolithic integration of a III-V on a Si photonic platform
for optical phase shifters featuring a high modulation efficiency
of 0.3 V . cm, which is 2.5 times lower than the Si baseline.

2. DEVICE DESIGN AND FABRICATION

First, we show the schematic of an MZM, which mainly con-
sists of Si optical waveguides and the GaAs/Si optical phase

shifter in both arms in Fig. 1(a). The cross-section of the
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Fig. 1. (a) Schematic of a Mach—Zehnder modulator with the III-V/Si optical phase shifters in both arms. (b) Cross-section of the GaAs/Si optical

phase shifter.

GaAs/Si optical phase shifter (dashed line) is shown in Fig. 1
(b). Importantly, the n-type GaAs is positioned at the center of
the rib waveguide, where the light is confined and propagates to
promote light—matter interaction. It is electrically connected to
the n-type Si on the right-hand side, and so the p-type Si/n-type
GaAs and the p-type Si/n-type Si form pn junctions, which
contribute optical modulation by the free-carrier plasma
dispersion effect.

The device was fabricated by IMEC’s CMOS line, including
the monolithic selective area growth of the GaAs on the
V-grooved Si trenches fabricated on a 300 mm Si-on-insulator
substrate (SOI, top Si = 215 nm, buried oxide layer = 2 pm),
shown in Fig. 2. The Si rib waveguide was first formed, whose
widths are 450 nm for the C band application in Figs. 2(a) and
2(b). Then, ion implantation was carried out to form a pn junc-
tion in Fig. 2(c). In detail, Si regions are p-type or n-type
doped, and their doping levels are very heavy (p™*-Si and
ntt-Si, ~10%° cm™) for ohmic contact, heavy (p™—Si and
n"=Si, ~10! cm™) for low series resistance, and light (p-Si
and n-Si, 5x 10"7-10 x 10'7 cm™) for optical phase shift.
Then, a Si V-groove trench at the center of the Si rib waveguide
was formed by wet etching in Fig. 2(d). In the waveguide
center, the n-GaAs with the nominal doping density of
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2 x 10" cm™ was epitaxially grown on the Si V-groove with
a 100-nm-thick SiO, window layer in Fig. 2(e). The GaAs epi-
taxy on the Si V-groove was chosen to restrict the anti-phase
boundaries at the interface between the GaAs/Si, which can
degrade device performance [19]. Details about the GaAs
growth conditions are published in Ref. [20], whereas silane
was used as a Si dopant. Since the GaAs V-groove filling ex-
tended above the SiO, window layer, the planarization is fur-
ther carried out by chemical mechanical polishing (CMP), as
shown in Fig. 2(f). The GaAs width (wypy) was the same as the
Si-V groove width, 240 nm. The thickness of the GaAs in a
waveguide core (dyry) was 169 nm, which was well controlled
by the anisotropic etching of the Si V-groove dependent on
wyry- The thickness of the GaAs above the Si rib (#y) is
70-90 nm. Finally, metal electrodes on very highly doped Si
regions were constructed in Fig. 2(g). Here, it should be noted
that the full process flow did not contain the wafer/die bonding
process, and the electrical access to n-GaAs was designed to be
realized by the epitaxial growth itself, which is a distinctive ben-
efit of this integration process.

To investigate the layer quality of the grown n-GaAs film,
we investigated the structural quality by scanning transmission
electron microscopy (STEM). Figures 3(a) and 3(b) show the
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Fig. 2. Integration flow of the GaAs/Si optical phase shifter. (a) Si-on-insulator, (b) waveguide formation, (c) L-shape pn junction formation,
(d) Si V-groove formation, (e) epitaxial GaAs growth on Si V-groove, (f) planarization, and (g) SiO, passivation and electrode formation.
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Fig. 3. (a) Cross-section of the optical phase shifter and (b) the mag-
nified dashed yellow rectangle for GaAs/Si V-groove.

Fig. 4. EDX images of (a) Si, (b) Ga, and (c) As.

dark-field (DF) STEM image of the device cross-section and
magnified image of the waveguide core, respectively. The
GaAs/Si interface is clearly shown in Fig. 3(b). The bright im-
age contrast indicates the presence of misfit dislocation in the
DF-STEM picture.

It was reported before in Ref. [20] that under our chosen
GaAs growth conditions a periodic array of 60° misfit disloca-
tions is initiated along the two {111} GaAs/Si interfaces of the
V-groove. This misfit array ensures the main strain relaxation
and causes very bright contrast lines in the DF-STEM image.
Residual strain inside the GaAs ridge leads to the nucleation of
additional threading dislocations, which are also visible in the
main GaAs ridge material as white contrast lines. The density of
these threading dislocations clearly reduces going from the
GaAs/Si interface to the GaAs ridge surface. Therefore, the
crystal quality near the interface is worse than that of the top
region. Figure 4 shows the energy dispersive X-ray spectros-
copy (EDX) results of the GaAs on the Si V-groove region.
The two-dimensional profiles of the Si, Ga, and As atoms
are shown in Figs. 4(a), 4(b), and 4(c), respectively. As expected
from the DF-STEM image in Fig. 3, the EDX images also show
the clearly divided regions for Si and GaAs.

3. DEVICE CHARACTERISTICS

Figure 5 shows a microscopic top-view image of the fabricated
lumped MZ modulators with GaAs/Si optical phase shifters.
The three MZMs consist of grating couplers at the edges of
both sides, two asymmetric arms with a 40-pm-length differ-
ence, optical phase shifters in both arms with three different
lengths of 500, 1000, and 1500 pm, and electrodes on highly
doped Si regions for both arms.

We evaluated the electrical characteristics of the pn junc-

tions in the GaAs/Si and Si optical phase shifters. The Si optical
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Fig. 5. Optical microscopic top-view image of the fabricated GaAs/
Si V-groove lumped MZ modulators of 500-, 1000-, and 1500-pm-
long optical phase shifters at both arms.

phase shifter was also characterized as a reference, which was
simultaneously fabricated on the same wafer. It has a typical
lateral pn junction without a V-groove and GaAs on the Si
rib waveguide. Figure 6(a) shows the current-voltage (/-V)
characteristics of the pn junctions for the GaAs/Si and the
Si device in log scale, and the inset in the figure is plotted
in linear scale. Both devices revealed rectifying properties, as
expected for a pn junction diode, whereas there were several
differences in the details. It is shown that the turn-on voltage
of the GaAs/Si phase shifter is smaller than that of the Si phase
shifter, owing to the reduction in the built-in potential by the
n-GaAs/p-Si heterostructure [21]. While the leakage current of
the Si device is less than ~1 pA, the leakage current of the
GaAs/Si device is not suppressed and increases as the reverse
bias voltage increases. It will be caused by the misfit defects at
the GaAs/Si interface where the pn junction is located.
Nevertheless, the power consumption due to the leakage cur-
rent (/V ., = 1.6 pW) is much lower compared to that due to
the capacitance, £, 4CVZ%,/4=7 mW, considering C =
14 fF/um, Vi, =2V, f,.4 =10 GHz. Also, the GaAs/
Si junction showed good rectifying behavior with a high on/
off ratio exceeding at least 6 orders at &1 V. Such defects
due to misfit dislocations are inevitable for this process in order
to achieve good crystal quality of the GaAs on the active area,
which could be improved through defect annihilation engineer-
ing (e.g., terminating the dangling bond by hydrogen atoms)
[22-25]. The forward biased current was also very high, imply-
ing that the electrical connection between n-GaAs and n-Si was
very conductive, and controlling the electrical potential in the
n-GaAs was successfully carried out by the one-step epitaxial
growth on the Si pn V-groove. Figure 6(b) shows the measured
capacitance-voltage (C-V) characteristics. As the reverse bias
voltage increases across the pn junctions, the depletion width
becomes wide, so the capacitance decreases. The capacitance of
the GaAs/Si is much larger than that of the Si. One reason is the
larger junction area of the GaAs/Si V-groove compared to the
Si’s lateral pn junction, as depicted in the inset of Fig. 6(b).
Additionally, another reason would be a higher electron density
in the GaAs than expected. We think it could be due to Si
diffusion across the GaAs/Si interface into the GaAs material
increasing the doping or the crystal quality of the GaAs at the
interface, since the dislocation could act as a donor [26]. For
high-speed performance of a depletion type modulator, the
capacitance should be designed by taking the intrinsic 3-dB
bandwidth of the device, f54 = 1/(27RC), into account
[27]. The estimated intrinsic 3-dB bandwidth of the GaAs/Si
device is 16-35 GHz, considering bias dependent C, 1.4 and
0.65 fJ/um at 0 to -2V and R, 27 Ohm - mm from the
experiment, and the TCAD simulation, respectively. Therefore,
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Fig. 6. Electrical characteristics of the pn junction in the GaAs/Si and Si optical phase shifters: (a) current-voltage and (b) capacitance-voltage.

it will be promising for the high-speed optical modulator shows a much larger spectrum shift than the Si pn device,
applications. indicating a much efficient phase shift at the same bias
For electro-optic characteristics, we measured the transmis- conditions, which is attributed to the stronger free-electron ef-
sion of both lumped MZ modulators, applying the DC bias fects in the n-GaAs. On the other hand, as seen in the spectra
voltages shown in Fig. 7. In Fig. 5, continuous-wave transverse between the REF waveguide and MZ modulators, the insertion
magnetic (TE)-polarized light in the wavelength range of loss of the GaAs/Si modulator is slightly higher than that of the
1530-1580 nm was coupled to the grating coupler on the wafer Si reference modulator by the difference between the spectra of
through a cleaved optical fiber. Then, the output power was the REF waveguide and the MZ modulators. We will discuss
measured similarly at the different bias points of the forward the main causes later, which are the two possible losses from the
bias (0.5 V to the reversed bias, -2.0 V with 0.5 V steps). phase shifter and waveguide transitions from the Si to the
In addition, we measured the spectrum of a passive Si reference GaAs/Si waveguide.
waveguide (REF waveguide in Fig. 7) with input and output For quantitative analysis, the phase shift was extracted from
grating couplers to remove the grating coupler dependence on a these shifts in the spectra. Figure 8 shows the extracted optical
spectrum. The free spectrum range of the asymmetric MZ phase shift and modulation efficiency of VL as a function of
interferometer was designed to be approximately 15 nm via the bias voltage. Here, VL is the product of the voltage and
a 40 pm difference in the length between the two MZ inter- phase shifter length for a z-phase shift. In Fig. 8(a), the circles
ferometer arms. Figures 7(a) and 7(b) show the transmission are extracted values from the fitted spectrum, and the dashed
spectra of the Si and the GaAs/Si modulators with various lines are fitted curves. As expected from the larger spectrum
bias voltages, respectively. The 3-dB multimode interference shift of the GaAs/Si modulator compared to the Si reference
splitters are well designed so that we can observe more than modulator, the phase shift is much larger. From the fitted func-
30-dB power differences between constructive and destructive tion, we estimated V', L, as shown in Fig. 8(b). The VL values
interference. were successfully reduced to 0.31 V.cm by introducing a
The wavelength spectra shifted with the increasing bias volt- monolithic GaAs/Si hybrid structure from 0.78 V-.cm in refer-
age, resulting in the increase of the optical phase difference be- ence to the Si pn modulator. This allows us to realize a shorter
tween the two Mach—Zehnder interferometer (MZI) arms due optical phase shifter thanks to the higher modulation efficiency

to the plasma dispersion effect. Notably, the GaAs/Si device of the GaAs/Si.
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Fig. 7. Bias-dependent measured spectra of the lumped MZ modulators with the 500-pm-phase shifter length: (a) the Si reference and (b) the
GaAs/Si.
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Fig. 9. Phase shifter length-dependent measured spectra of the lumped MZ modulators with 500-, 1000-, and 1500-pum phase shifter lengths:
(a) the Si reference and (b) the GaAs/Si.

To characterize the phase shifter loss, we measured the

transmission spectra of the MZ modulators with three e . === GaAs/Si, -6.46 dB/mm

different phase shifter lengths, 500, 1000, and 1500 pm, to N \‘\\\ e

estimate a propagation loss of an optical phase shifter. 5 o T

Figures 9(a) and 9(b) show the spectra for Si and GaAs/Si, re- g \\\ \"\\\

spectively. The transmissions show clear interference patterns s \‘\\ \‘\\\

and power dependency on the lengths. By increasing the 2 b ™ e

length, the insertion loss increases due to the optical loss in 3 o e

the phase shifter. The increase in the insertion loss of the E e

GaAs/Si device is larger than that in the Si device, indicating = ™

higher propagation loss of the GaAs/Si compared to the Si. ] \\\\
The propagation loss was extracted from the slope of the , , , ‘ e

600 800 1000 1200 1400

normalized insertion loss as a function of the length, as shown
u? Fig. 10. Here, the norm.ah.zed insertion loss s given l.)y the Fig. 10. Normalized insertion as a function of the phase shifter
difference between transmissions at 1550 nm of the Si REF length for extracting the propagation loss of the GaAs/Si and the Si
waveguide and the MZMs. The extracted propagation losses reference phase shifters.

are 6.46 dB/mm for the GaAs/Si and 4.54 dB/mm for the

Si, respectively. Since the amount of the implantation dose

Phase shifter length [um]

in the pn junction formation was larger than in the conven- propagation loss was reasonable for the dose conditions with
tional Si optical phase shifter (~1.6 V-cm, ~1.5 dB/mm) the nominal doping density of 1x 10'® cm™ for p-Si and
[28], the propagation loss is higher, whereas the VL was much 6x 107 cm™ for n-Si in the rib waveguide. However, the
lower than in the conventional Si optical phase shifter. This was propagation loss is much higher for the GaAs/Si optical phase
designed to achieve low V', L, consequently sacrificing a propa- shifter while the V ;L 0f 0.31 V - cm is close to our expectation.
gation loss in a trade relationship [28]. Compared to our ex- It could be caused by material absorption, which mainly con-

pectation based on the TCAD simulation [18], the Si tributes to optical loss arising from dislocation-induced energy
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waveguide region, red-colored rectangle. (c) The waveguide transition region from the Si to the GaAs/Si waveguide, blue-colored rectangle. (d) The

measured transmission of the REF waveguide, Spiral 01, and Spiral 02.

states [29]. It will be important to optimize the crystal quality
of the GaAs on the Si for low dislocation density so that the
propagation loss can be reduced. Also, it can be further im-
proved by defect annihilation engineering [22-25]. If the
GaAs crystal can be optimized, the propagation loss is expected
to be in the range of 2.5 to 3.0 dB/mm [18].

To extract the waveguide transition loss, we measured the
test site including a reference waveguide (REF waveguide)
and spiral waveguides (Spiral 01 and Spiral 02), as shown in
Fig. 8(a). In Spiral 01 and Spiral 02, the GaAs/Si waveguides
are included, and one of them is indicated by a red-colored
rectangle. Here, the GaAs/Si waveguide is the same as the
GaAs/Si V-groove phase shifter, but the Si is not doped the
same as the phase shifter, indicating no free-carrier absorption
induced optical loss due to the boron and phosphorus implan-
tation like the phase shifter. The enlarged image of Fig. 11(a) is
shown in Fig. 11(b). As it can be seen, the GaAs/Si waveguide
is included. Figure 11(c) shows the waveguide transition from
Si to GaAs/Si waveguides, which is the blue-colored part in
Fig. 11(b). It consists of the 8-pm-long discrete taper.
Figure 11(d) is the measured transmission of the three wave-
guides. The insertion loss (IL) and the transmission difference
between the REF and the spiral waveguides, IL(01) and IL(02)
in the figure, can be expressed as

U]

where ag,a, and ag; are propagation losses, and /g 4, and /g; are
the lengths for the GaAs/Si and Si waveguides, respectively, and
ILyr and my are the insertion loss and the number of the
waveguide transitions. The measurement result of ag; is
0.115 dB/mm. Table 1 shows the known parameter values
of the GaAs/Si and Si waveguide lengths and the number of

IL = @gaas x LGaas + asi x Is; + Iyt x nyr,

Table 1. Parameter Values of Waveguide Lengths and
Number of Waveguide Transitions for Spiral 01 and Spiral
02

LGaas [pm] Ig; [um] T
Spiral 01 1561 6439 36
Spiral 02 9990 5010 36

waveguide transitions for Spiral 01 and Spiral 02. Since we have
two spirals and one REF waveguide, we can extract two values of
the unknown parameters, ag,a, and ILyt. We characterized it
in wafer scale, and the result is shown in Fig. 12. The propaga-
tion loss is 4.9 dB/mm, and the insertion loss is 0.12 dB.
Considering the difference between the phase shifter and the
waveguide losses, the GaAs mostly affects the loss as much
as ~75%, which should be improved by defect annihilation
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Fig. 12. (a) Propagation loss of the GaAs/Si waveguide and (b) the

insertion loss of the waveguide transition.
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engineering. In spite of that, the GaAs/Si V-groove approach
enables very low waveguide transition coupling loss.

To estimate the performance of the optical modulator, the
optical modulation amplitude (OMA) is an important param-
eter, considering both parameters of the VL and the phase
shifter loss, as shown in Fig. 13(a). It is defined as the power
difference (P; - Py) considering the phase shifter loss, input
optical power (P;,), and the peak-to-peak bias voltage (V')
across the quadrature point [30]. Figure 13(b) presents the
OMA as a function of the phase shifter length for GaAs/Si
and Si optical modulators. We benchmarked the fabricated
GaAs/Si and Si modulators to the typical Si MZ modulator
(VzL:1.56 V . cm, phase shifter loss: 1.38 dB/mm) [28]. We
used the OMA of 0.152 mW as a target because it can be ob-
tained by the PDK modulator with a 1.5-mm phase shifter
length with the conditions of 1-mW P, 2V, and 1.55-um
wavelength. The Si REF MZ modulator cannot reach the
OMA value because of low efficiency and high loss. Even
though the loss is higher for the GaAs/Si than for the Si modu-
lator, the OMA value can be achieved with only ~350 pm
phase shifter length, thanks to its high modulation efficiency.
In terms of the energy per bit (£, = C Vgp /4, where C is the
capacitance, and V, is the peak-to-peak voltage [31]), the
GaAs/Si and Si devices are comparable, 0.49 p]/bit and
0.495 pJ/bit respectively, considering C = 1.4 fF/pm,
Lihaseshifier = 350 pm, Vi, =2V for the GaAs/Si device,
and C = 0.33 fF/pm, Lpaeshifier = 1500 pm, V,, =2V
for the Si REF device. Therefore, it is important to notice that
the length of the phase shifter can be reduced by the factor of
~4.2 for the same optical modulation amplitude using GaAs/Si
V-groove heterogeneous integration.

4. CONCLUSION

In this paper, we demonstrated monolithically integrated
n-GaAs/p-Si depletion-type optical phase shifters fabricated
on a 300 mm wafer-scale Si photonics platform. We character-
ized Mach—Zehnder modulators with the GaAs/Si optical phase
shifters on both arms. They show 0.3 V - cm VL modulation
efficiency, much lower than that of the conventional carrier-
depletion Si optical phase shifters. Although the phase shifter
loss is relatively high, ~6.5 dB/mm, it would be improved by
defect annihilation engineering. In addition, the waveguide

transition loss from the Si to the GaAs/Si waveguides is as
low as 0.12 dB, which illustrates the potential of the GaAs/
Si V-groove approach for integration into a standard Si photon-
ics platform with low transition coupling loss. The device
length is expected to be reduced by the factor of ~4.2 for
the same optical modulation amplitude of the Si Mach—
Zehnder modulator thanks to the high modulation efficiency
of the GaAs/Si optical phase shifter.
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