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Abstract This paper reviews the recent progress in
photonic devices application of Ge-on-Si. Ge-on-Si
materials and optical devices are suitable candidates for
Si-based optoelectronic integration because of the mature
epitaxial technique and the compatibility with Si com-
plementary metal-oxide-semiconductor (CMOS) technol-
ogy. Recently, the realities of electric-pump Ge light
emitting diode (LED) and optical-pump pulse Ge laser, Ge
quantum well modulator based on quantum Stark confined
effect, waveguide Ge modulator based on Franz-Keldysh
(FK) effect, and high performance near-infrared Ge
detector, rendered the Si-based optoelectronic integration
using Ge photonic devices. Ge-on-Si material is also an
important platform to grow other materials on it for Si-
based optoelectronic integration. InGaAs and GeSn have
been grown on the Ge-on-Si. InGaAs LED and GeSn
photodetector have been successfully fabricated as well.
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1 Introduction

Si is a kind of dominated semiconductor material for
electronic industry. It is an inexpensive, well understood
material, with a naturally high quality adhering oxide SiO,,
stable chemical and electrical properties. In 1970, high
speed, long distance data transmission with low loss and
low dispersion became achieved using fiber as medium.
Since then, photonic devices monolithic integrated on Si
have attracted remarkable interest because of the transpar-
ency in optical communication wavelengths of Si and its
compatibility with Si complementary metal-oxide-semi-
conductor (CMOS) technique. Si-based optoelectronic
integrated circuit (OEIC) covers the devices in the
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following fields: (1) The propagation of light. Si provides
strong optical confinement for optical communication
wavelengths when incorporated into waveguide structures,
such as silicon-on-insulator (SOI). Thus, the Si wave-
guides, couplers, wavelength division multiplexers, etc.,
have successfully been fabricated. (2) The generation of
light. It’s difficult since Si is an indirect bandgap
semiconductor which leads to poor light-emitting.
Although Intel Corporation and University of California
at Santa Barbara demonstrated an InP-based laser bonding
on Si [1], the incompatibility of III-V technique with Si
industry makes the hybrid InP laser difficulty in commer-
cial application. Groups at University of California, Los
Angeles (UCLA) and Inter Corporation developed Si
Raman laser [2,3], which is fully compatible with Si
electronic circuits and offers tenability by design. How-
ever, the device needs optical pumping. Till now, electric
pump Si-based high-efficiency light source operating at
room temperature is still the main challenge in Si
photonics. (3) The photodetector. The Si detector shows
high performance at wavelengths shorter than 1 um, thus
the optical communication wavelengths are not covered by
the device. (4) The light modulation. For Si, the Pockels
effect does not exist, besides Kerr effect and Franz-
Keldysh (FK) effect are extremely low [4]. Recent years,
lots of work have been done using the carrier plasma
dispersion effect with Mach-Zehnder interferometer (MZI)
or microring structures. The MZI modulator has a
disadvantage of large device size. The microring resonator
modulator suffers from high temperature sensitivity. In
order to realize optoelectronic integration on Si, many
efforts have been made to combine other materials with
good optical characteristics on Si substrate.

Ge has many advantageous properties comparing with
Si. Ge has higher bulk mobility for both electrons and
holes: The electron mobility is 3900 cm?- V™' -s™' for Ge
and 1417 cm?-V'-s™!' for Si, while the hole mobility is
1900 cm*-V'-s' for Ge and 471 cm?-V'-s' for Si.
What’s more, the direct bandgap of Ge (Er = 0.8 eV) is
exactly corresponding to optical communication wave-
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length 1550 nm. Although Ge is also a direct bandgap
material, the direct bandgap Et is only 140 meV larger than
the indirect bandgap at L valley (Ep = 0.66 eV). The light
emitting property of Ge can be improved by tensile
straining and n-type doping to increase the electron
occupation probability at I" valley. So, integrating Ge
with Si to fabricate Ge photonic devices on Si substrate is a
promising route for Si optoelectronic integration.

Despite the large lattice mismatch between Ge and Si,
high quality Ge films have been grown on Si using the two-
step strategy [5], in which the Ge buffer layer grown at low
temperature relaxes most of the strain induced by the 4.2%
lattice mismatch. Using the Ge-on-Si material, several high
performance Ge photonic devices have been fabricated on
Si substrate.

This paper reviews the recent progress of Ge photonic
devices on Si for Si-based OEIC, such as the Ge
photodetector, electric pump Ge light emitting diode
(LED), the optical pump Ge laser, the Ge quantum well
modulator based on the quantum confined Stark effect
(QCSE) and the Ge modulator based on FK effect. Epitaxy
of InGaAs and Ge;_,Sn, alloy on the Ge-on-Si, which
respectively enable the mature I1I-V technology and novel
infrared detector on Si, are also introduced.

2 Ge-on-Si LED and laser

In 2007, Liu et al. theoretically demonstrated that, with
proper band structure engineering using in-plain tensile
stress and n-type doping, Ge can be used for efficient light
emission and optical gain can be achieved near 1550 nm
(corresponding to its direct bandgap Er = 0.8eV) [6].
Since then, lots of theoretical and experimental works have
focused on this field. According to the deformation
potential theory, Ge behaves more like the direct bandgap
material under biaxial tensile strain [7]. The direct bandgap
and indirect bandgap of Ge both shrink under biaxial
tensile strain, but the former has larger shrinking rate than
the latter. That is, for Ge: dEr/dInQQ = —9.48 ¢V, dE} /dInQ
= —2.78 eV. Here, InQ) = AQ/Q is the volume change under
biaxial strain. Calculations indicated that Ge will transform
to be direct bandgap semiconductor under biaxial tensile
strain larger than 2%. Cheng et al. observed the
enhancement of direct bandgap photoluminescence
induced by tensile strain [8]. The strain was induced by
mechanical method. Under 0.37% in-plane tensile strain,
the integrated intensity ratio between the direct and indirect
bandgap photoluminescence can be enhanced by 1.8 times.

The purpose of the band engineering via n-type doping
is to increase the Fermi level up to the bottom of the I
valley of the conduction band. In this case, the energy
states of the L valley, which is below the bottom of I'
valley, are already filled by electrons. As a result, higher
direct bandgap radiative recombination rate is expected,
and a much lower injected carrier density is needed to

achieve the population inversion. The enhancement of
direct bandgap photoluminescence induced by the indirect
valley state filling effect was observed by Sun et al. [9].

Based on the theories mentioned above, several groups
have fabricated Ge LEDs operating at room temperature
[10,11]. The direct bandgap electroluminescence (EL)
from Ge/Si heterojunction LED at room temperature was
observed in the reports. Figure 1 shows the EL spectra of
our Ge-on-Si LED. The electric-pumped light emission
near 1565 nm was observed in a Ge/Si p-i-n device under
forward bias range from 1.1 to 2.5 V. The injection current
density of the device was 800 A/cm? under 1.1 V forward
bias. The electric-pumped emission spectra were broad
with a full width at half maximum (FWHM) of 90 meV.
The emission mechanism was confirmed to be the radiative
recombination from the I" valley to the top of the valence
band. Cheng et al. [12] demonstrated and discussed the
thermal enhancement effect of EL spectra, and indicated
the potential capability of the Ge laser to operate at room
temperature.
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Fig. 1 EL spectra of the device. The bias was ranging from 1.1 to
2.5 V. The peak shift curve is also shown in the figure

In 2010, the first optical pumped Ge-on-Si laser
operating at room-temperature was reported [13]. The
device was fabricated by selectively growing 1.6 pm
x0.5 pm Ge waveguides on Si. The Ge layer was 0.24%
biaxial tensile strain induced by the difference between the
thermal expansion coefficient of Ge and Si. The Ge film
was n-type phosphorous doped at a level of 1x10" cm™,
which allowed an enhancement of light emission from
direct gap of 0.76 eV. The optically pumping source is a
1064 nm Q-switched laser of 1.5 ns pulse duration, with a
mirror-polished and 4.8 mm long Fabry-Perot cavity. The
peak pump power density absorbed by Ge film was
estimated to be 300 kW/cm?. A broad photoluminescence
peak at 1600 nm was observed under pumping at 1.5 pJ per
pulse, with emission peaks emerging at 1599, 1606 and
1612 nm.
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3 Ge optical modulator on Si

Generally speaking, there are two kinds of Ge modulators:
Ge-on-Si or Ge-on-SOI (Si on insulator) electro-absorption
(EA) modulators based on FK effect, and on QCSE. Both
of them are based on the change of the absorption
coefficient under an external electric field.

The first waveguide-integrated GeSi EA modulator
based on FK effect was fabricated by Liu et al. in 2008
[14]. In order to adjust the working wavelength into the C-
band region (1528—1560 nm), they substitute Geg 92551¢.075
for pure Ge in the device fabrication. The result indicated
that the absorption coefficient changes abruptly within a
large wavelength range. The GeSi EA modulator is 50 pm
long, 600nm wide and 400 nm high, correspondingly
having an active area as small as 30 um®. Because of the
small active area, the capacitance of the device is as low as
11 fF, thus leading to a low RC delaying factor. As a result,
the bandwidth is theoretically higher than 50 GHz. In
2010, Feng et al. demonstrated a 30 GHz Ge EA modulator
based on FK effect without scarifying other performances
[15]. The device needs only 3 V reverse bias to achieve
extinction ratio higher than 7dB in the wavelengths
ranging from 1510 to 1552 nm. The energy consumption
per bit is estimated to be only 50 fJ, which is much lower
than that of their counterparts based on plasma dispersion
effect.

Our group also has studied FK effect of a normal-
incidence Ge-on-Si diode. The modulator has 800 nm
active thickness, and has an incident surface of a circle
with 25 pm radius. The absorption coefficients of Ge under
different electric field are shown in Fig. 2, which enables
the light modulation within 1620—1640 nm.
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Fig. 2 Ge absorption coefficient spectra under external electric
field of 12.5 and 62.5 kV/cm

QCSE is the special case of FK effect in multiple
quantum wells (MQWs). The modulator based on QCSE
also brings the merits of small device area, low power
consumption and large bandwidth. In 2005, the QCSE of

Ge/GeSi quantum wells was first reported by Kuo and
Zhao et al. [16,17]. The results attracted considerable
interest in the Ge quantum well modulators based on
QCSE around the world. Recently, our group also
observed the QCSE of Ge quantum well modulator. The
active region of the modulator consisted of 10 pairs of Ge/
Sig.15Geg g5 quantum wells. The Ge and Sig 15Geg g5 layers
were 18 and 27 nm thick, respectively. Figure 3 shows the
photocurrent measurement results. The photocurrent
spectrum is measured under different reverse voltages at
room temperature. The random polarized light, tuned by a
laser with the wavelength ranging from 1450 to 1550 nm,
is incident normally to the surface of the modulator. The
QCSE can be obviously seen from the photocurrent
spectrum measurements. In Fig. 3(a), the absorption peak
increases as the reverse bias raising from 0 to 1.5V,
implying that the intrinsic region is not fully depleted.
Therefore, the photo-generated carriers can not be fully
collected if the bias is below 1.5 V [18]. On the contrary in
Fig. 3(b), the peak of the photocurrent decreased when the
reverse bias increases from 1.5 to 3.0 V. In this case, the
photocurrent reduction results from the decreased overlap
between the electron and hole wave functions at reverse
bias.

In 2010, Rong et al. demonstrated the Ge quantum well
modulator with small-signal optical modulation speed up
to 13 GHz [19]. The reason of the high modulation speed is
the unique Ge energy structure and material properties.
The strong quantum confinement occurs in the direct
bandgap and carriers will fast lie in the lower indirect
bandgap, without conventional thermal emission out of the
quantum well which is the case for III-V materials.

4 High performance Ge-on-Si photodetector

Several groups have fabricated Ge photodetectors on Si
with normal-incidence or waveguide structure. The
normal-incidence Ge/Si photodetectors are mainly applied
to free-space detection and fiber-optic coupling. On the
other hand, the Ge waveguide photodetector plays an
important role in Si-based optoelectronic integration and
on-chip optical interconnection. The waveguide photo-
detector overcomes the trade-off between quantum effi-
ciency and bandwidth, because the absorption length is
decoupled from the carried collection path. So the
waveguide Ge detector could have high responsivity and
high speed simultaneously. Table 1 lists some typical
reports of normal-incidence Ge/Si photodetectors. It can be
found that the Ge PD with a bandwidth as high as 43 GHz
was realized. But one must make a trade-off between
responsivity and the speed. Figure 4 shows the cross-
section structure of a normal-incidence Ge/Si (SOI)
photodetector fabricated by our group [20]. For a 30 pm-
diameter detector in our work, the optical responsivity at
—1V bias was 0.65 A/W at 1.31 um and 0.31 A/W at
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Fig. 3 Photocurrent spectrum of Ge quantum well modulator (with 10 pairs of 10 nm Ge wells and 18 nm Si ;5Ge, g5 barriers) with
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Fig. 4 Schematic cross-section view of double mesa structure of
Ge p-i-n photodetector

1.55 pum. The dark current density of the device was 14.8
mA/cm? at — 1V bias. The 3 dB bandwidth was 11.34 GHz
at — 1V bias and 12.60 GHz at —3 V bias.

Table 2 lists some recent typical reports of the
waveguide Ge/Si photodetectors. The light from the
waveguide can be coupled to the Ge active layer with a
butt-couple or evanescent-couple configuration. For the
evanescent-couple strategy, the waveguide can be on the
top or bottom of the Ge detector. Intel Corporation
fabricated a bottom p-i-n coupled waveguide Ge detector
on Si in 2007 [27]. The Ge waveguide detector with a
width of 7.4 ym and a length of 50 pm demonstrated an
optical bandwidth of 31.3 GHz at —2 V for 1550 nm. At

bias of —2 V, the responsivity was 0.89 A/W at 1550 nm
and the dark current was 169 nA. The results indicated the
device is a good candidate for high data rate applications
including 40 Gb/s operation. In 2009, Feng et al.
demonstrated the butt-coupled Ge waveguide detector on
SOI [28]. The device used a top Si layer of SOI as
waveguide, and the selectively-grown Ge layer as absorp-
tion region with area of 0.8 pm x 10 um. The detector has
a responsivity of 1.1 A/W and 3 dB bandwidth (3 dB BW)
of 32 GHz at 1.55 pm.

The Ge/Si avalanche photodetectors (APDs) with
separate absorption-charge-multiplication (SACM) struc-
ture combine the high optical absorption of Ge at optical-
communication wavelengths with the excellent carrier
multiplication of Si. In the Ge/Si SACM APDs, light is
absorbed in an intrinsic-Ge (i-Ge) film and electrons are
multiplied in a Si film. Due to the high responsivity and
low noise, the devices are promising in the application of
bio-photonics, optical communication, and quantum
information science. Moreover, the Ge/Si APDs have
advantages over their III-V counterparts in integration with
Si. Intel corporation, University of California Santa
Barbara and University of Virginia reported the Ge/Si
APDs with 340 GHz gain-bandwidth product at 1300 nm
in 2009 [31]. The sensitivity of the device was —28 dBm at
10 Gbs™' at 1300 nm. For a 30 pm-diameter APD, the
punch through voltage was about —22 V with a respon-
sivity of 5.88 A/W at 1310 nm, and the breakdown voltage
was about —25V (defined at a dark current of 100 pA).
The primary responsivity used to obtain gain was
0.55 A/W measured from p-i-i-n devices fabricated on the
same wafer.

Our group demonstrated the Ge/Si SACM APDs in 2009
[32]. The cross-section structure of the device is shown in
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Table 1 Performance comparison for different normal-incidence Ge photodetector designs

active Ge thickness/um R at 1550 nm/(A- W) Jgand(MA -cm 2) 3dB BW year
3.8 0.75 15 (-1V) ~2.5GHz 2002 [21]
235 0.52 11 (-1V) 2005 [22]
1.3 0.2 ~200 (—-1V) 10 Gbit/s 2006 [23]
0.3 0.04 100 (—1V) ~43 GHz 2007 [24]
0.6 0.1 8.65 (—1V) - 2009 [25]
0.6 0.24 3.98 (—1V) 6.28 GHz 2009 [26]
0.8 0.31 14.8(—1V) 12.6GHz 2010 [20]
Table 2 Performance comparison for different waveguide Ge photodetector designs

device structure R at 1.55 um/(A-W 1) Lgan/ LA 3 dB BW year
butt, MSM 1£0.2 25 at —6V 2007 [29]
top, PIN 0.87 72 2007 [30]
bottom, PIN 0.89 0.17 at =2V 31.3 at -2V 2007 [27]
butt, PIN 1.1 32 2009 [28]

Fig. 5. For a 30 pm-diameter APD, the punch through
voltage was about —29 V and the breakdown voltage was
about —39.5V (defined at a dark current of 100 pA). The
photocurrents of a typical 30 um-diameter device were
measured at different optical power as shown in Fig. 6. The
optical power was changed by optical attenuator from — 10
to —35dBm. Even when the optical power is as low as
—35dBm, the device still had good photocurrent perfor-
mance. The device has a responsivity of 4.4 A/W at
1310 nm when biased at 90% breakdown voltage. The
measured multiplication gain as a function of bias at
1310 nm was exhibited in Fig. 7, with the primary
responsivity of 0.5 A/W. The APD exhibited a gain of
8.8 at 1310 nm when biased at 90% breakdown voltage.
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Fig. 5 Schematic cross-section view of Ge/Si SACM APD
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5 Epitaxy of IlII-V materials on Ge/Si and
InGaAs LED on Si

Epitaxy of GaAs on Si enables the I1I-V devices integrated
on Si substrate of commercial wafer-scale. However, there
are four main challenges in the growth of GaAs on Si [33]:
(1) lattice mismatch between GaAs and Si; (2) formation of
anti-phase boundary (APB) on GaAs side of the interface;
(3) lack of electrical neutrality at the interface; (4) cross-
doping between GaAs and Si. Epitaxy of GaAs on offcut Si
substrate using Ge as buffer layer avoids the GaAs/Si
lattice mismatch and the formation of APBs at the same
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time. This technique is important in the field of I1I-V laser
integrated on Si and GaAs/Ge/Si multijunction solar cells.

The study of Beeler et al. in 2010 compared the growth
of GaAs on bulk Ge and on virtual Ge/Si(100) substrates
for photovoltaic applications [34]. The Ge layers were
grown using the gas source of the combination of
CH,(GeHy), additives with large amounts of Ge,Hg.
GaAs films were grown, respectively, via Ge layers on
5° offcut Si(100) substrate and on 5° offcut Ge(100) wafer.
High quality GaAs films with smooth surface and
extremely low threading dislocation were obtained in
both cases. However, the GaAs on Ge wafer showed the
better performances comparing with the GaAs layer on Ge/
Si(100) under the same conditions.

Recently, our group has investigated the growth of
Ing 91Gag 99As on 6° offcut Si(100) substrate using Ge as
buffer layers. The Ge layers were grown by ultrahigh
vacuum chemical vapor deposition using a “low/high
temperature” strategy, while the Ing o, Gag 99As layers were
grown by metal-organic chemical vapor deposition. The
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Fig. 8 Cross section TEM images of Ing 9;Gag 99As on (a) 300nm, (b) 550 nm and (c) 1020 nm Ge/offcut Si(001) virtual substrate. The
GaAs islands on Ing o Gag 99As/Ge interface are indicated by dash circles. The solid arrows show the TD reduction in Ge/offcut Si. In inset

(d), the EDS along the black line through a GaAs island is shown
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Ing 91 Gag 99As layer was free of APB, the R, (root mean
square roughness) was about 4nm, and the threading
dislocation density was about 10° cm™. The transmission
electron microscope (TEM) images of three
Ing ¢1Gag 99As/Ge/Si samples are shown in Fig. 8, the
thickness of the Ge buffer layer is (a) 300 nm, (b) 550 nm
and (c) 1020 nm, respectively.

We have successfully fabricated IngyGagg9As LEDs
on offcut Si substrate. The schematic cross-section view of
the LED is shown in Fig. 9. The top 0.4 um Ing o;Gag 99As
layer was 10" cm™ p*-type doping, and the bottom 1.1 um
Ing 01Gag g9As layer was 5x 10" cm™ n™-type doping. The
EL spectrum at room temperature of the Ing o Gag 9o As/Ge/
Si LED with mesa diameter of 200 um is shown in Fig. 10.
The injection current was kept constant in the level of
50 mA. Because of the power consumption during the
measurement, the peak of the EL spectra was red shifted to
about 900 nm. The results indicated the high
performance III-V device on Si with the aid of high quality
Ge layer.

light
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400 nm p’-Iny 5,Gay gAs
Ti/Au
electrode
L1 pm n"In; o, Gay goAs |

offcut Si(001) substrate

Fig. 9 Schematic cross-section view of Ing o;Gagg9As LED

6 Epitaxy of GeSn on Ge/Si and GeSn
photodetector

Group IV semiconductor Ge; ,Sn, alloy has attracted
considerable interest in the recent years for its potential
applications in infrared photodetector and theoretically the
direct band GeSn laser on Si. Theoretically, Ge;_,Sn,
alloy will become direct bandgap if Sn concentration
x>10%, which makes it an exciting material potentially
applied in Si-based laser [35]. Indirect bandgap semi-
conductor Ge; _,Sn, alloys with x < 10% also have many
applications. Even in the case of a very small Sn
concentration (x~0.02), Ge;_,Sn, alloy can cover all
optical communication windows with a high absorption
coefficient. Besides, in-plane tensile-strained Ge can be
achieved on Ge, _,Sn, alloys to improve the light emitting
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Fig. 10 Room temperature EL spectra of Ingg1GagooAs/Ge/
offcut Si LED

efficiency and carrier mobility of Ge. However, epitaxial
growth of Ge;_,Sn, alloys on Si is difficult. Firstly, Sn
tends to segregate to the surface. Secondly, the equilibrium
solid solubility of Sn in Ge is rather low (x<0.01).
Thirdly, there is a large lattice mismatch between GeSn and
Si.

In order to overcome these difficulties, growth of
Ge; _,Sn, has to be proceeded under non equilibrium
condition. Researchers at Arizona State University suc-
cessfully grown high quality Ge; ,Sn, alloys directly on
Si(100) and Si(111), using SnD,4 and Ge,Hg as gas sources
in a ultrahigh vacuum chemical vapor deposition
(UHVCVD) system [36]. The growth temperature was
250°C-350°C. The Sn concentration decreased from 20%
to 1% as the growth temperature elevated from 250°C to
350°C. Smooth Ge; _,Sn, surface was obtained with R ¢
of 0.5-1.4 nm. Secondary ion mass spectra (SIMS) and
Rutherford back scattering (RBS) measurements indicated
that Sn segregation was avoided. The Ge; _Sn, alloys was
93%—95% strain relaxed, with 0.25° FWHM of Ge; _,Sn,
X-ray diffraction (XRD) peak, and with a 10°~10°cm
dislocation density.

Recently, we have obtained Ge; _,Sn, alloys (x = 2.5%,
5.2% and 7.8%) on Si(001) substrates by MBE using high-
quality Ge thin films as buffer layers [37]. The base
pressure of the system was about 3.0x107® Pa. Ge, _,Sn,
alloys were grown by evaporating Ge and Sn (both
99.9999% pure) from PBN effusion cells. The 240 nm Ge
buffer layer was grown by two-step process, in which a 40
nm thick Ge layer was deposited at 200°C, and
subsequently a 200 nm thick Ge layer was grown at
500°C to obtain a high-quality Ge thin film. The R,,s was
1.27-2.15 nm and the FWHM of the Ge; _ , Sn, XRD peak
is about 0.12°. The Ge; _,Sn, alloys with x = 2.5%, 5.2%
and 7.8%, were respectively estimated to be 100%, 98%
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and 97.9% strained. RBS measurements confirmed the
avoiding of Sn segregation. Thermal stability of Ge; ,Sn,
alloys were investigated by XRD and AFM, which
indicated that Ge; _,Sn, is stable at 500°C when the Sn
concentration x < 2.5%. Typical TEM images of Ge, _,Sn,
(x = 7.8%) are shown in Fig. 11.

Ge; ,Sn, alloys are recently applied in infrared
photodetector [38,39]. By using a high quality 820 nm
thick Geg97Sng 3 alloy film grown on Si(001) by
molecular beam epitaxy, we have successfully fabricated
GeSn p-i-n photodetectors [23]. The schematic cross-
section view of the detector is shown in Fig. 12. Circular
mesas with diameters ranging from 20 to 200 um were
formed by etching the patterned films down to the Si
substrate using an inductively coupled plasma etcher. For a
50 um diameter device, the diode currents were 35.3, 45.2,
and 534 pA at —1, 0, and 1 V, respectively. The measured
dark current density was 1.8 A/em? at —1 V. A disadvan-
tage of Ge detector is the drastic decrease of the
photoresponse of Ge detector beyond 1550 nm, which
makes the device difficult to be applied in infrared region
beyond 1550 nm. Comparing with the Ge detector, the
responsivity of the GeSn detector decreases much slower
and is higher beyond 1550 nm. Even at a wavelength as
long as 1640 nm, the responsivity is still relatively high. At
1310, 1540, and 1640 nm, the responsivities are 0.52, 0.23,
and 0.12 A/W, respectively, corresponding to external
quantum efficiencies of 49.2%, 18.5%, and 9.1%. The
responsivities spectra of the Geg97Sng o3 detector under
—1V bias are shown in Fig. 13. The photocurrent

spectrum measured at OV using a Fourier transform
infrared spectrometer is also shown. As can be seen, the
detectors exhibite relatively high responsivities in all the
measured wavelengths (1310-1640 nm) and are shown to
have a photoresponse up to 1800 nm, covering the whole
telecommunication windows. The high performance of the
Gep.97Sny o3 detector is guaranteed by the high quality Ge
buffer layer, which enables the promising application for
all telecommunication wavebands detection.

7 Conclusions

The significant progress of Ge-on-Si photonic devices
makes it possible to realize Si-based monolithic optoelec-
tronic integration. Nowadays, high performance Ge
detector has been in practical used. Although the
performances of Ge and Ge quantum well modulators till
now are unable to meet the need of commercial
application, the results have indicated the potential used
in high speed optical communication and optical connec-
tion in the future. Despite the demonstrations of Ge LED
and optical pump Ge laser recently, a great deal of research
still has to be carried on to realize the continuous electric-
pump Ge laser. By using Ge as buffer layer, high quality
GaAs(InGaAs) and Ge; ,Sn, can be epitaxy on Si. As a
result, the advanced III-V photonic devices technology can
be combined with the mature Si semiconductor process,
and novel Ge;_,Sn.on-Si infrared optical devices are
expected.

100 nm_ |

(a)

(b)

Fig. 11 (a) X-ray transmission electron microscope (XTEM) image of the Gej 95,Sn ¢75 alloy; the inset is the selected area electron
diffraction pattern taken from the Geg 9,,Sng g75 layer; (b) high resolution TEM micrograph of the Ge 92,Sng ¢78/Ge interface
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Fig. 12 Schematic cross-section view of Geg 97Sng o3 detector on

Si
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Fig. 13 Responsivity versus wavelength at —1V along with
photocurrent spectrum of a 100 pm diameter GeSn detector. The
responsivities were measured using lasers while the photocurrent
spectrum was measured at 0 V using a Fourier transform infrared
spectrometer
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