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Abstract: In this paper, we demonstrate a vertical pin Ge-on-Si photo-
detector on a wet-etched Si recess on a SOI wafer. A 120nm-deep Si recess
is etched on the SOI wafer with a 340nm-thick top Si layer by the TMAH
solution. The measured results show that the responsivity is more than 0.60
A/W for TE polarization and is more than 0.65 A/W for TM polarization at
1550 nm wavelength. Compared to the photo-detector without the Si recess,
the responsivities for both TE and TM polarizations are improved by ~10%.
A low dark current of 170 nA is achieved at a bias voltage of —1 V. And,
the 3dB-bandwidth at a bias voltage of —3 V is 21.5 GHz. This approach
can be used to improve the coupling and absorption for high responsivity of
photo-detector while maintain its high speed on a thick SOI platform based
on the simulation results.
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1. Introduction

Silicon photonic has been developed rapidly in the past decade, due to the perfect material
properties and the mature fabrication process which is compatible with complementary metal-
oxide-semiconductor (CMOS) technology. Many silicon photonics optical devices have been
reported, such as passive devices, thermo-optic devices, electro-optical modulators/photo-
detectors and integrated silicon photonic circuits [1-16]. Most of the above devices are
fabricated on a submicron-thick SOI platform. However, these optical devices usually have an
issue of polarization dependent loss, which is one of the main bottlenecks to retard the mass
production and wide application of Si-based optical devices in the market.

In order to resolve the polarization issue, it is a reasonable choice to use a SOI platform
with a thicker top Si layer, such as a micron-thick top layer. Some Si-based devices have been
reported with good performances including a low polarization dependent loss on a SOI wafer
with a micron-thick top Si layer [17,18]. The responsivity of vertical pin Ge-on-Si photo-
detector (PD) is dependent on the Si thickness integrated under the Ge pattern. Once the Si
thickness increases, most light will pass through the Si waveguide under the Ge pattern and
hardly be coupled into the above Ge to be absorbed. Hence, the responsivity of this kind of
PDs usually decreases if the Si waveguide height increases. Increasing the Ge length is one
solution to improve its responsivity. However, it will decrease the PD speed because of the
increase of the capacitance. Another solution is to reduce the thickness of the Si waveguide
under the Ge to increase the coupling and absorption for higher responsivity. Kutora
demonstrated a good horizontal pin Ge-on-Si PD with both high speed and high responsivity
by reducing the Si thickness to 0.6 um on a 3um-thick Si waveguide using dry-etching
process [19]. However, it is a challenge to epitaxially grow Ge on the dry-etched Si surface
for most Ge Epi machines because the quality of Si surface formed by dry etching becomes
poor. Moreover, it may be also a challenge to form a perfect Si/Ge transition waveguide
because of the difference of etching rates of Si and Ge. The surface of Si formed by wet
etching is fresh and it is easy to epitaxially grow the high-quality Ge. For a vertical pin Ge-
on-Si PD, it is easier to precisely control the distance between P and N implantations and it
can reduces the effect of the misalignment of lithography.

In this paper, we demonstrate a vertical pin Ge-on-Si PD on a Si recess formed by wet
etching process for improving the responsivity while maintaining the performance of high
speed. This PD is fabricated on a 340nm-thick SOI wafer and a 120nm-deep recess is formed
by the Tetramethylammonium hydroxide (TMAH) solution. The measured results show that
the responsivity is more than 0.6 A/W for TE polarization and is more than 0.65 A/W for TM
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polarization at 1550 nm wavelength. Compared to the PD without the Si recess, the
responsivities for both TE and TM polarizations are improved by ~10%. The 3dB-bandwidth
at a bias voltage of -3 V is 21.5 GHz. According to the simulation results, the improvement
of responsivity is more effective for the PD on thicker top silicon SOI platforms.

2. Device’s design and fabrication

The lateral schematic diagram of a vertical pin Ge-on-Si PD on a Si recess is shown in Fig. 1.
This device is designed on a SOI wafer with a 340nm-thick top Si layer. The Si crystal
orientation is (100). The height of Silicon waveguide (H) is 340 nm and h is the height of Si
recess. The bottom of Si recess is implanted with Boron as P-type implantation and the top of
Ge is implanted with Phosphorous as N-type implantation. The thickness of Ge is 500 nm. L
is the length of Ge. In our experiment, L has four kinds of splits, including 10 um, 15 pm, 20
pm, 25 pm. A nano-taper Si waveguide is used as a mode converter at the beginning of
500nm-wide Si waveguide. Both butt and evanescent couplings are used for the light to
couple into the Ge waveguide in this structure. Different responsivities can be realized by
adjusting the value of h.

(100)

Light
‘ Si WG

Fig. 1. Schematic structure of vertical Ge-on-Si PD on a Si recess
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Fig. 2. Simulated optical field distribution in the vertical pin Ge-on-Si PD at 1550 nm (Left: h
=340 nm; Right: h = 102 nm).

The RSOFT commercial software can be used to estimate the relation between Ge
absorption and the Si recess height. Based on the structure in Fig. 1, we assume that the
refractive index of Ge is 4.280 and the absorption index of Ge is 0.013 at the wavelength of
1550 nm. At the same time, we assume the Ge waveguide width of 500nm to simplify the
model. Two typical simulation results of optical field distribution are shown in Fig. 2. The Ge
length is 25 um and the height of Si waveguide is 340 nm. The heights of Si recess in left and
right pictures are 340 nm and 102 nm, respectively. Figure 2 shows that the optical power
obviously decreases with the reduction of the height of silicon recess. Hence, the height of Si
recess can be designed to improve the responsivity of PD. Figure 3 shows the unabsorbed
optical power vs. the height of Si recess at different lengths of PD. Besides the results on
340nm-high Si waveguides, we also achieve the simulation results on 500nm-high Si
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waveguides. Reducing the height of Si recess is an effective solution to improve the
responsivity of Ge-on-Si PD, especially for a thicker Si waveguide.

65 -|| —®— H=340nm; Ge length=10pum Rl
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55| -- A~ H=500nm; Ge length=15um R
50 || —¢— H=340nm; Ge length=20um o ° g
-4 H=500nm; Ge length=20pm

—%— H=340nm; Ge length=25pm N
40 4| -- %~ H=500nm; Ge length=25pm

Unabsorbed Light Power /%

T T T
0.0 0.2 0.4 0.6 0.8 1.0
h/H

Fig. 3. Simulated unabsorbed optical power vs. h/H of Ge-on-Si PD

This vertical pin Ge-on-Si PD was fabricated on eight inch SOI wafers with a 340nm-
thick silicon epitaxial layer and a 2um-thick buried oxide layer. The crystal orientation of the
epitaxial silicon layer is (100). First, the channel Si waveguide was formed using a thin SiO,
hard mask by dry etching process. The Si waveguide width in the Ge section was gradually
tapered up to 15 um and the Si taper is 100 um long to reduce the optical loss. The SEM
image of 200nm-wide Si tip is shown in Fig. 4(a). After the hard mask was stripped, another
100nm-thick SiO, layer was deposited as a screen layer for Si recess formation. The Si was
etched in the TMAH solution to form the recess at the temperature of 70 °C, after the screen
layer was opened in the recess area. Figure 4(b) is the image of Si recess formed by wet
etching. The width and length of this recess are 5 pm and 10 pum, respectively. The inset
shows the smooth wet-etched Si sidewall, which angle is ~54 ° derived from the crystal
orientation of Si. The Si wet-etching process in TMAH is anisotropic. The Si wafers with
different crystal orientations have different angles of the sidewall caused by TMAH etching.
The propagation loss should not be seriously affected by the sidewall angle. However,
compared to the dry-etched sidewall of ~90 degree, the return loss in our experiment should
be quite low.

(a)

Fig. 4. (a) SEM image of Si nano-taper. (b) SEM image of Si recess formed by wet etching
(inset: smooth sloped side wall formed by wet etching). (c) Ge pattern on the recess after Ge
Epi process.

To form the Ge photodetectors, separate masks were used to implant boron into the photo-
detector regions to form the p anode regions and the p + Ohmic contacts. The implants were
activated via rapid thermal anneal of 1050 °C for 5 seconds prior to the selective epitaxial
growth of Ge in an ultrahigh vacuum chemical vapor deposition (UHVCVD) epitaxy reactor.
After growing a 50nm-thick SiGe buffer layer at 350 °C, Ge was selectively grown to a
thickness of 500 nm at 550 °C. The n + ohmic contact was formed by implanting phosphorus
into Ge, followed by an annealing at 500 °C for 5 min. For both of p + and n + Ohmic
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contacts, double implantations with different energies and doses were used to reduce the
contact resistance. Then, a TaN/Al metal stack was deposited and etched to form top and
bottom contacts after contact holes opening. Finally, more than 100 um Si cavity was etched
to hold optical lensed fiber for coupling with the nano-taper of Si waveguide, instead of a
polishing process. TEM images of Ge-on-Si PD on the Si recess are shown in Fig. 5. The
inset of Fig. 5(a) shows the 220nm-high Si recess under the Ge film. A 50nm-high SiGe

buffer layer is between the Si and the Ge. We also fabricated a Ge-on-Si PD without the Si
recess, shown in Fig. 5(b).

© TaN/Al

(a) (b)

Fig. 5. (a) TEM image of Ge-on-Si PD on a Si recess. (b) TEM image of Ge-on-Si PD without
a Si recess.

3. Characterization and analysis

After dicing, the end face of the chip doesn’t need to polish because of the over 100um-deep
trench. An optical lensed fiber with 2.5 um spot size is used to align with the nano-taper
converter through the deep trench. The fiber-to-waveguide coupling loss and waveguide
propagation loss were calibrated out of the responsivity measurements.
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Fig. 6. (a) Measured responsivity of Sum-wide Ge-on-Si PD on channel Si waveguide (without
Si recess) with various lengths for TE mode. (b) Measured responsivity of Sum-wide Ge-on-Si
PD on channel Si waveguide (without Si recess) with various lengths for TM mode. (c)
Measured responsivity of Sum-wide Ge-on-Si PD on Si recess with various lengths for TE

mode. (b) Measured responsivity of Sum-wide G e-on-Si PD on Si recess with various lengths
for TM mode.
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As simulated before, there is an increase in the responsivity of Ge-on-Si PD on Si recess.
The measured responsivities are shown in Fig. 6. Figure 6(a) and 6(c) are the results of
responsivity without/with Si recess for TE mode, respectively. The responsivities of both PDs
are dependent on the lengths of Ge and the wavelengths. At 1550nm, the responsivities of
PDs on Si recess for TE mode is more than 0.60 A/W. Compared to the PD without Si recess,
the responsivity of Ge-on-Si PD on Si recess increases ~10% for TE mode. The same
tendency is shown in Fig. 6(b) and 6(d) for TM mode. The responsivities of PDs on Si recess
for TM mode are more than 0.65 A/W at 1550 nm.
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Fig. 7. (a) Dark current vs. voltage and illuminated current vs. voltage of a 5 um x 10 um Ge-
on-Si PD on a Si recess. (b) Bandwidth of a 5 um x 10 pm Ge-on-Si PD on a Si recess at
various biases.

The dark current I-V characteristic of a 5 pum x 10 pum Ge-on-Si PD on a Si recess is
shown in Fig. 7(a). A low dark current of 170 nA at a bias of —1 V is achieved. The
corresponding current density is 3.4 nA/um®. When a —1.8dBm light of TE mode from the
input lensed fiber is coupled to waveguide at 1550 nm, the corresponding illuminated current
is shown in Fig. 7(a). The frequency response of this PD was measured by Agilent lightwave
component analyzers (LCA). The RF signal generator is swept from 100 MHz to 40 GHz and
the wavelength of applied optical signal is 1550 nm. The measured results at various biases
are given in Fig. 7(b). The device demonstrates a 3-dB bandwidth of 21.5 GHz at a bias of -3
V. At other biases of 0V, —0.5 V and —1 V, the 3-dB bandwidths are 0.7 GHz, 10.0 GHz and
15.4 GHz, respectively. Further studies show that the speed of this device is limited by the
RC constant. To further reduce the Ge width and the Ohmic contact resistance is an efficient
solution to improve the speed.

4. Conclusion

We have demonstrated a vertical pin Ge-on-Si PD on a wet-etched Si recess to improve the
responsivity. A 500nm-thick Ge layer epitaxially grows on a 120nm-deep Si recess on a SOI
wafer with a 340nm-thick Si top layer. The responsivities of a 5 um x 10 pm Ge-on-Si PD on
a Si recess at 1550 nm are more than 0.6 A/W and 0.65 A/W for TE and TM modes,
respectively, and its dark current is only 170 nA at a bias of —1 V. Compared to the PD
without a Si recess, the increase of responsivity is ~10%. According to the simulation results,
the improvement of responsivity is more efficient on a deeper silicon recess of a thicker SOI
wafer and. Moreover, the kind of PD also maintains a high speed, 21.5 GHz at a bias of =3 V.
The speed can be improved by reducing the Ge width and the Ohmic contact resistance.
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