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Abstract: We report high-speed photo detection at two-micron-wavelength achieved by a
GeSn/Ge multiple-quantum-well (MQW) p-i-n photodiode, exhibiting a 3-dB bandwidth (f;.
4p) above 10 GHz for the first time. The epitaxy of device layer stacks was performed on a
standard (001)-oriented 300 mm Si substrate by using reduced pressure chemical vapor
deposition (RPCVD). The results showed promise for large-scale manufacturing. To our
knowledge, this is also the first photodiodes-on-Si with direct radio-frequency (RF)
measurement to quantitatively confirm high-speed functionality with tens of GHz f; ;5 at 2
pum, which is considered as a promising candidate for the next data communication window.
This work illustrates the potential for using GeSn to extend the utility of Si photonics in 2 um
band integrated optical transceivers for communication applications.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Fiber-optic telecommunication system has been advancing continuously to satisfy the
capacity demand from increasing volume of data transmission, enabled by many technologies
breakthroughs like erbium-doped fiber amplifiers (EDFAs), wavelength division multiplexing
(WDM), and high spectral efficiency coding. Conventional single mode fibers (SMFs) are
approaching their theoretical capacity limit, which is related to the spectral efficiency of
filling amplification bands of an EDFA [1]. Recent progress in low-loss hollow-core photonic
band-gap fibers (HC-PBGFs) finds a lowest-loss window shift from 1.55 um to around 2 pm,
where a new and promising spectral window could be opened up for communication
applications [2—4]. This may address the forecasted upcoming ‘capacity crunch’. The
theoretically predicted minimum loss is even lower than the conventional single mode fibers
[5,6]. Thulium doped fiber amplifiers (TDFAs) with high gain and low noise at two-micron-
wavelength window (1910-2010 nm) further enhance the feasibility of this new window to
serve as a supplement to current telecommunication infrastructures.

Research effort has already been made to develop active components for 2 um data
communication. Si-based high-speed Mach-Zehnder interferometer (MZI) and ring
modulators have been demonstrated recently on a standard 220 nm silicon-on-insulator (SOI)
platform and the MZI modulator can operate at a data rate of 20 Gbit/s with an extinction
ratio of 5.8 dB at 2 um band [6]. Photo detectors are key components in optical receivers in
fiber-optic communication networks and high speed functionality are highly desired. Photo
detection currently covering this range is mainly based on III-V materials such as InP and
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GaSb [7,8], which are difficult to integrate monolithically with Si photonics. High volume
manufacturing is less likely due to the limited scalability of native III-V substrates. Although
heterogeneous integration of III-V on Si through wafer-bonding or direct growth process has
been explored to achieve on-chip photonic integrated circuits (PICs) [7—11], there has been no
report on high speed III-V on Si photo detector operating at 2-um range. Monolithic solution
based on Group-IV materials could offer potential cost advantages and ease of integration
with mainstream complementary metal-oxide-semiconductor (CMOS) technology. J. Ackert
et al. reported a high speed Si-based photo detector at 2-um range by introducing defects at
mid-gap levels into Si-on-insulator waveguides through low-dose implantation of inert ions
[12]. However, avalanche mode operation of this detector suffers from high reverse bias of 15
to 27 V and low response caused by weak interaction between sub-bandgap light and defects
requires the device length to be several hundreds of micrometers. Ge photodiodes play a
significant role in Si photonics based transceivers at conventional telecommunication bands.
An elegant solution to address the photo detection issue at 2 pm is to develop the GeSn-based
photodiodes to extend the Ge-based Si photonics to this new communication band. Recently,
GeSn has attracted increasing attention due to its tunable direct bandgap and higher carrier
mobilities, benefiting both electronics and photonics applications [13]. With a substitutional
Sn (same group-IV element as Ge) concentration of ~6.5%, the absorption cut-off edge of Ge
could be extended to ~2 um [14]. Although GeSn-based photo detectors with enhanced
sensitivity over traditional telecommunication bands have been demonstrated [15-17], so far,
there is no report of high-speed functionality near two-micron-wavelength.

In this work, we demonstrate the first high speed GeSn/Ge multiple-quantum-well
(MQW) photodiode with 3-dB bandwidth (f;.4g) above 10 GHz at two-micron-wavelength.
The complete active MQW layer stack was grown on a 300 mm (001)-oriented intrinsic Si
substrate using a high quality 1 um thick strain relaxed Ge buffer, showing great potential for
large-scale manufacturing. Ultra-low leakage current density of 44 mA/cm” (at reverse bias of
1 V) was achieved, which is among the lowest reported values for all GeSn photodiodes and
is even comparable to that of Ge photodiode. Extended photo sensitivity covering beyond 2
pm wavelength was demonstrated, significantly enhancing the detection capabilities of Ge-
based Si photonics. GeSn/Ge MQW structure was employed to increase the critical thickness
(h.) of epitaxial GeSn on Ge virtual substrate. The substitutional Sn concentration in the GeSn
quantum well is 8%. Quantum confinement effect in the GeSn quantum well will increase the
effective bandgap of GeSn and thus blueshift the absorption cutoff. Therefore, six periods of
relatively thicker GeSn quantum well with thickness of 25 nm were implemented in 35 nm
thick Ge barriers in this work. Even with compressive strain and quantum confinement effect
into consideration, our photodiode is predicted to have effective absorption cut-off (transition
between first quantized energy levels of heavy hole and /-valley electron) of ~2.05 um,
covering the entire 2 um window. This work illustrates the feasibility of GeSn-based photo
detectors as a competent candidate for 2 um band data communication.

2. Device design and material growth

The three-dimensional (3D) schematic of the surface-illuminated GeSn/Ge MQW photodiode
is shown in Fig. 1. High quality 1 pm thick Ge buffer was first grown on the 300 mm (001)-
oriented Si substrate as the virtual substrate for subsequent GeSn/Ge MQW device layer stack
epitaxy. We noted that many Ge photo detectors are demonstrated on SOI, but the key for
achieving high speed operation (especially for RC delay-limited devices) remains same:
reducing parasitic capacitance as much as possible. We believe that both Si or SOI can be
used as the starting substrate for technology demonstration. In order to achieve low substrate
parasitic capacitance for realizing high speed operation in this work, the Si substrate with
very low doping concentration (unintentionally-doped) in the range of 10'* cm™ was used.
Right after the Ge buffer growth, cyclic thermal anneal was conducted to reduce the threading
dislocation density. The threading dislocation density that could penetrate to the Ge buffer
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surface was controlled to be within the order of 10’ cm™ as measured from plane-view
transmission electron microscopy (TEM). After that, the GeSn/Ge MQW structures were
grown with digermane (Ge,Hg) and tin tetrachloride (SnCly) as reactive gas precursors. The
entire growth was performed using reduced pressure chemical vapor deposition (RPCVD)
with heavily in-situ doped p'- and n'-contact layers (doping concentration higher than 10"
cm™ for both p-type and n-type Ge contact layers).

hv@

Metal
electrode

Ge buffer

Si substrate

Fig. 1. Three-dimensional (3D) schematic of the GeSn/Ge MQW photodiode. GeSn/Ge MQW
was inserted in the intrinsic Ge region as the active absorption layer as highlighted in purple
color.

Although a thicker GeSn film with higher Sn composition is desired for enhancing the
photo absorption, the material quality may degrade once its thickness exceeds the critical
thickness, where strain relaxation occurs by forming misfits or threading dislocations. Misfit
or threading dislocations act as recombination-generation centers and may increase the
leakage current of the photodiodes. The critical thickness /4. of GeSn on Ge decreases with the
increasing of Sn composition due to a larger lattice mismatch and could be predicted by
People and Bean (P-B) model [18] using

e (e o (e )

where v is the Poisson ratio, which is calculated from the linear interpolation between that of
Ge (0.273) and a-Sn (0.36), b is the Burger’s vector magnitude (~0.4 nm), ag.s, is the lattice
constant of unstrained Ge,,Sn, calculated using (1-x)ag, + xas,, x is the Sn concentration, f'is
the lattice mismatch given by

= YGesn ~ AGe )
aGe

P-B model determines the critical thickness by comparing the areal strain energy density and
self-energy density of an isolated dislocation of a given type (screw dislocation is usually
taken as it has the minimum energy density). Figure 2 plots the critical thickness of GeSn on
Ge virtual substrate. The effective critical thickness for MQW is estimated to have the same
critical thickness for bulk GeSn with same effective Sn concentration. The effective Sn
concentration is given by
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where the well thickness 7. and barrier thickness f.q.r are fixed at 25 and 35 nm,
respectively, to mimic the real design. Figure 2 shows that the use of GeSn/Ge MQW
structure instead of a single bulk GeSn layer could increase the effective critical thickness of
epitaxial pseudomorphic GeSn [19]. In this work, the thickness of the epitaxial GeSn MQW is
intentionally kept below the predicted value of /. to ensure that it is fully strained to the
strain-relaxed Ge buffer. This is the premise to enable good electrical and optical properties
of the MQW. For further optimization, the ratio of the thickness of GeSn well to the thickness
of the Ge barrier could be increased and a higher Sn concentration could be used to enhance
the absorption and extend the absorption cut-off wavelength.

Prediction for i, of
GeSn/Ge MQW on Ge 1

—

=
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0.00 0.05 0.10 0.15 0.20
Sn concentration x

Fig. 2. Calculated critical thickness of bulk GeSn and GeSn/Ge MQW grown on Ge virtual
substrate using People-Bean model. The thickness of the GeSn/Ge MQW in this work is also
indicated as reference.

GeSn/SiGeSn MQW has been studied for its potential in lasing [20-22]. It could also be
used for high-efficient light modulation based on quantum-confined Stark effect (QCSE) [23—
25], although there is no experimental report so far. Growth of GeSn/SiGeSn MQW usually
requires high quality strain relaxed GeSn buffer, which is difficult to achieve as compared to
strain relaxed Ge buffer as high temperature anneal typically used to reduce defectivity
cannot be applied on GeSn materials [26-28]. In addition, larger barrier height in
GeSn/SiGeSn MQW may degrade the photodiode’s high speed performance as the photon-
generated carriers inside the GeSn quantum wells need to be transported out in order to reach
contact regions. The escape time of photon-generated carries from a quantum well under
electric field depends on thermal emission rate and tunneling rate. More dynamic studies
performed on the GeSn MQW system are required to gain more insights. Shorter absorption
cut-off wavelength is also expected for GeSn/SiGeSn as compared to bulk GeSn or GeSn/Ge
MQW. Thus, GeSn/Ge MQW is employed here, which is favorable for photo detection as
carrier confinement inside GeSn well is weaker when Ge is used as the barrier material.

The band diagram of the GeSn quantum well sandwiched by Ge barriers is investigated to
evaluate the photo detection cut-off of the designed GeSn/Ge MQW photodiode. The
quantum confinement effect is taken into consideration. Assuming no residual strain in the
relaxed Ge buffer, its valence bands remain degenerate. The GeSn well is fully compressively
strained to the Ge buffer. The compressive strain makes the heavy hole (HH) the topmost
valence band in the GeSn well.
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The bandgap of unstrained GeSn is first calculated using

E,, %) = (1-x)E, """ +xE, """ —b,“x(1-x), 4)

g1

where 7 refers to 1" or L conduction band valley, and b,iGES” is the bowing parameter with
values of 2.42 and 0.99 eV for direct and indirect bandgap, respectively [29,30]. The energy
shifts introduced by strain are modeled by deformation potential theory:

AE,, =a,(2¢,+€)+b, (g —¢)), (6))

1 1 1
AE,, =a,(2¢, +€l)—5bv(€“ _Q)_EAO +5\/A02 ~2A.b,(g,—£,)+9b, (g, ~£,)",(6)
AE" =a (26, +£,), (7)

where ¢, is the in-plane strain, ¢ is the normal strain, A, is the spin-orbit split-off energy, a,
and a, are the hydrostatic deformation potential for valence and conduction band respectively,
and b, is the shear deformation potential. The ¢,and ¢ in the GeSn well are defined as

a—a

EH — bulk , (8)
[
C

e =25, ©

where « is the in-plane lattice constant of the strained GeSn, and ayy is the lattice constant of
GeSn without strain. C}; and C}, are the stiffness matrix elements. The band alignment was
addressed by model-solid theory [31]. All the parameters used in this calculation are obtained
by linear interpolation between that of Ge and a-Sn as summarized in Table 1, except the
bandgap. Figure 3 shows the band alignment of the GeSn/Ge quantum well. The energy zero
position is set at the average energy level of unstrained Ge valence bands. Theoretical
calculation reveals that the compressively strained Gegg,Sng g well is still an indirect bandgap
material and type I band alignment is obtained for both conduction and valence bands. The
barrier offsets for electrons (AE" and 4E") and holes (4E™ and AE*) are 0.089, 0.027, 0.116,
and 0.022 eV, respectively.

The confined sub-band states in the quantum well are modeled by solving one
dimensional time independent Schrodinger’s equation

s

2m’(z) 9z°

+V(2)¢, =E,9,, (10)

where 7 is the reduced Planck constant, m*(z) is the carrier effective mass along the direction
of interest (z-direction), V(z) is the potential energy offset at the GeSn/Ge heterostructure
interface, and E, and ¢, are the eigenenergy and eigenfunction associated with the n” solution
to this equation. For simplicity, the effective masses of electron at /-valley and heavy hole in
[100] direction were taken from [13] with the value of 0.0316 and 0.223 m,, without
considering the effect of strain. The ground state energy for /-valley electron and heavy hole
are calculated to be 0.0113 and 0.0022 eV with respect to the conduction and valence band
edges of strained GeSn, respectively, as indicated with the dashed lines. Therefore, the
designed photodiode has an effective photo absorption cut-off wavelength of ~2.05 um,
covering the working wavelength range of HC-PBGFs and TDFAs for 2 um wavelength band
data communication.
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Fig. 3. Calculated band diagram for the GeSn well sandwiched by Ge barriers. Ground state
energy was solved for /™-valley electron and heavy hole as indicated with dashed lines. The
wavefunctions for first quantized energy level of electrons and holes are also shown for
reference.

Table 1. Parameters of Ge and a-Sn for Electronic Band Structure Calculation

Ge o-Sn
Ay (A) 5.6573" 6.4892°
Eyave (€V) 0° 0.69"
A9 (eV) 0.29° 0.8
Egr(eV) 0.7985" -0.413°
E,. (eV) 0.664" 0.092°
C1; (GPa) 128.53° 69*
C)> (GPa) 48.26" 29.3¢
a, (eV) 1.24° 47
b, (eV) 2.9 2.7
al (eV) —-8.24° -6
at (eV) —1.54° —2.14°

2 Ref [32], "Ref [33], “Ref [34].

RMS Roughness = 0.636 nm

Fig. 4. (a) Photograph image of the as-grown GeSn/Ge MQW on 300 mm Si substrate. High
quality film with mirror-like surface was achieved across the whole wafer. (b) AFM image of
the as-grown sample reveals a smooth surface with root-mean-square roughness of 0.636 nm
for a scanning area of 10 x 10 pum’.

The epitaxial growth of the device layers was performed as designed. Figure 4(a) shows
the photograph image of the 300 mm as-grown GeSn/Ge MQW on Si substrate. Uniform film
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with mirror-like surface was achieved across the entire 300 mm wafer. Figure 4(b) shows
three-dimensional surface morphology of the as-grown sample obtained by atomic force
microscopy (AFM). A smooth surface with root-mean-square (RMS) roughness of 0.636 nm
was obtained for a scanning area of 10 x 10 um®. Transmission electron microscopy (TEM)
was further performed to investigate the material quality. Figure 5(a) shows the cross-
sectional TEM (XTEM) across the complete epitaxial layer stack. High-resolution TEM
(HRTEM) image at the MQW region shown in Fig. 5(b) confirms the uniform periodicity of
the GeSn wells and sharp transition between GeSn well and Ge barrier. No obvious threading
dislocations were observed. Figure 5(c) shows a HRTEM image of the Ge/Si interface, where
defects can be found to be effectively confined near the Ge/Si interface. A typical symmetric
high-resolution X-ray diffraction (XRD) curve of the as-grown sample at (004) orientation is
shown in Fig. 6(a). A series of satellite peaks from the periodic GeSn/Ge MQW can be
clearly identified from the curve at lower 2 theta angles. The well-defined satellite peaks
indicate the high crystalline quality of the GeSn/Ge MQW stack with good uniformity in
epilayer thicknesses. Figure 6(b) shows the asymmetric (115) reciprocal space mapping
(RSM) of the as-grown sample. The diffraction peak positions of the GeSn/Ge MQW and the
relaxed Ge buffer are located at the same reciprocal lattice vector Oy, revealing a coherent
heterostructure and a fully compressively strained GeSn/Ge MQW on Ge virtual substrate.

Ge buffer

Defects confined at
Ge/Si interface

500 nm

Fig. 5. (a) Cross-sectional TEM image of the entire epitaxial layer stack. (b) High resolution
TEM clearly shows the quantum wells with sharp interface between GeSn and Ge. (¢) Zoom-in
view of the XTEM at the Ge/Si interface, where the defects are effectively confined.

Si
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Fig. 6. (a) High resolution x-ray diffraction rocking curve of as-grown GeSn/Ge MQW sample
at (004) orientation. MQW structure was revealed from the satellite peaks at lower 2 theta
angles. (b) (115) reciprocal space mapping (RSM) of the as-grown sample. The GeSn/Ge
MQW is fully strained to the strain-relaxed Ge buffer as indicated from the same in-plane
lattice.

Standard GSG Electrode for
RF Measprement

mFirst Mesa

(a) ) o (©)

Fig. 7. (a) Cross-sectional SEM image of the GeSn/Ge MQW after first mesa patterning and
dry etch. (b) Tilted-view SEM image of the GeSn/Ge MQW photodiode after forming the
second mesa. (c) Top-view SEM image of one completed photodiode with standard GSG
electrode.

3. Device fabrication and characterization

The GeSn/Ge MQW photodiode was realized using a double-mesa structure. The circular
photodiode mesa was first patterned and formed by chlorine-based (Cl-based) inductive
coupled plasma (ICP) etching. Mixed gases of Cl, and N, with gas flow rates of 10 and 3
sccm, respectively, were used for the ICP etching at a temperature of 150 °C and a pressure of
5 mTorr. Figure 7(a) shows the cross-sectional scanning electron microscopy (XSEM) image
of the GeSn/Ge MQW mesa. The plasma etching was precisely time-controlled to stop on the
p'-Ge layer. Smooth mesa sidewall is observed. After that, the second mesa was formed using
a fluorine-based (F-based) reactive ion etching (RIE) that exposed the Si substrate. This
second mesa etch is critical for the realization of high speed photodiodes as it allows the
electrode pads to be formed on the intrinsic Si substrate rather than the heavily-doped p'-Ge
so as to reduce the parasitic capacitance C, [35,36]. Tilted-view SEM of the photodiode after
the second mesa formation is shown in Fig. 7(b). After surface cleaning in hydrogen chloride
(HCI) acid, a ~350 nm thick SiO, was then deposited as a passivation and isolation layer by
plasma enhanced CVD (PECVD) at a temperature 7 of 250 °C. The contact region was then
patterned and opened by dry etching followed by wet etching using diluted hydrogen fluoride
(DHF) solution. Finally, aluminum (Al) electrodes were formed by sputtering and Cl-based
ICP etch. The electrodes were designed in standard ground-signal-ground (GSG)
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configuration with a pitch of 150 um. Figure 7(c) shows the top-view SEM image of the
finished photodiode with a diameter D of 20 pm.

Dark current is one of the key performance metrics for evaluating p-i-n photodiodes. The
dark current determines the shot noise of the photodiode to a great extent as given by

i, =\2q(1,,+1,)B, (11)

where i; is the total shot root-mean-square current, g is the electron charge, /,, is the
photocurrent, 7, is the dark current, and B is the bandwidth. Shot noise usually dominates the
minimum detectable signal of a photodetector over thermal noise and 1/fnoise [37]. The dark
current-bias voltage (1,4~ Vpias) Characteristics of the GeSn/Ge MQW photodiodes are shown
in Fig. 8 with mesa diameters (D) ranging from 20 to 100 um. The measurement was carried
out at room temperature. Excellent rectifying behavior with high on/off ratio of ~1 x 10*-1 x
10° was achieved for all photodiodes. The deviation in forward (Vj,, = 1 V) current may be
attributed to the variations in series resistance of each diode. A low dark current of 0.17 pA
(~1 order lower than the typical 1 pA limit acceptable for high speed receiver design) was
achieved for the photodiode with D of 20 um at V., =—1 V.

Material defects and surface leakage are two causes for dark current. Their separate
contribution is investigated here. The total dark current density J,, can be formulated using

4J
S iark = S + D (12)

where Jj, and Jy,r are the bulk and surface leakage current density, respectively. Figure 9(a)
shows the Jy, as a function of 1/D for the GeSn/Ge MQW photodiodes at reverse bias of 1
V. Both Jyu and Jy,,r are extracted from the linear fitting with a value of 42 mA/cm?® and 5.7
pA/cm, respectively. Percentage of each leakage is then calculated and shown in Fig. 9(b).
The slight increase of the surface leakage percentage for smaller dimension photodiodes is
due to the increasing perimeter-to-area ratio. The low surface leakage density indicated good
surface passivation in this work achieved by using HCI acid treatment and low-temperature
PECVD SiO,. It should be emphasized here that although the bulk leakage dominates the
total leakage for all photodiodes, the total leakage density achieved in this work is among the
lowest reported values for all GeSn on Si substrate p-i-n photodiodes as benchmarked in Fig.
10 [15,17,19,38-50]. It should also be noted that larger dark current density is generally
expected for higher Sn concentration due to the reduced bandgap, which results in higher
intrinsic carrier concentration and a higher tunnelling current.
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Fig. 9. (a) Dark current density Jy.« versus 1/D of the photodiodes at a reverse bias of 1 V.
Bulk leakage density J. and surface leakage density J,,, can be extracted from a linear fit to
the data. (b) Surface and bulk leakage percentage of the GeSn/Ge MQW photodiodes.
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Fig. 10. Benchmarking of the dark current density Jy.« for all GeSn on Si p-i-n photodiodes at
reverse bias Vi, of 1 V. A Jygc among the lowest reported values was achieved for a relative
high Sn concentration of 8%.

The steady-state photo response characteristics of the GeSn/Ge MQW photodiode was
measured in the wavelength range of 1550 - 2000 nm. Figure 11(a) presents the dark and
illuminated current-bias voltage (/-V},,) characteristics of the fabricated device with a mesa
diameter of 40 um at a wavelength of 1550 nm. The arrow indicates the direction of
increasing incident light power P;. The photocurrent increases linearly with P; and no
current saturation is observed. Flat photo response is also achieved even at zero bias,
indicating good collection efficiency of photo-generated carriers. Photo response beyond the
traditional communication band was investigated as shown in Fig. 11(b). Three distributed
feedback laser diodes (DFB-LDs) with emission wavelengths of 1742, 1877, and 2000 nm
were used for the optical measurement. P;, is fixed at 3.6 dBm. The photocurrent is reduced at
higher wavelengths. Obvious photo sensitivity was observed to wavelengths up to 2 um.
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Fig. 11. (a) Current-bias voltage (I-V4i,s) characteristics of the GeSn/Ge MQW photodiode at
illumination wavelength of 1550 nm with incident power (P;,) of 0, 2, and 5 decibel milliwatts
or dBm, respectively. (b) I-V4is characteristics of the photodiode at illumination wavelength of
1742, 1877, and 2000 nm with a fixed incident power of 3.6 dBm, respectively. The
photodiode under test has a mesa diameter (D) of 40 um for facilitating the fiber alignment
with the photodiode surface window.
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Figure 12 shows the optical responsivity spectrum of the GeSn/Ge MQW photodiode at a
reverse bias of 1 V from 1550 to 2000 nm. Conventional telecommunication bands (O to U-
band) and the new 2 pum spectral band are indicated, showing the extended detection
capabilities of our GeSn/Ge MQW photodiodes. Responsivity of 0.214, 0.047, 0.029, and
0.015 A/W were achieved for illumination wavelength of 1550, 1742, 1877, and 2000 nm,
respectively. The decrease of responsivity at longer wavelengths is due to the decrease of
absorption coefficients of GeSn and Ge. In addition, GeSn is considered as the only
absorption material at 2 pm and the total absorption film thickness (Geg,Sngog wells) is 150
nm in this work as designed within critical thickness to avoid strain relaxation. The
photodiode responsivity could be further improved by introducing resonant cavities [51] or
photon-trapping microstructures [52—-54].
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Fig. 12. Optical responsivity as a function of wavelength for the GeSn/Ge MQW photodiode
ranging from 1550 to 2000 nm at a reverse bias (V) of 1 V. A detection cut-off beyond 2 pm
can be clearly observed.

Radio frequency (RF) response of the GeSn/Ge MQW photodiode was investigated to
explore its high speed operation potential for targeted communication applications. Figure 13
illustrates the optical testing setup of the RF measurement system at two-micron-wavelength.
The light source used in this measurement was a fiber-coupled Fabry-Pérot laser diode
(Thorlabs FPL2000S) at wavelength of 2000 nm. A polarization controller was implemented
before the connection of the 10 GHz LiNbOj; electro-optical (EO) Mach-Zehnder intensity
modulator (Photline model MX2000-LN-10). The modulator was driven by the direct current
(DC) and RF signal generated from a DC source meter and a vector networking analyzer
(VNA, Agilent N5244A), respectively. The DC signal provided a stable bias voltage for
intensity modulation at a certain operation point. The modulated light was guided to the
surface window of the photodiode through a single-mode fiber (SMF). The coplanar GSG
electrical input and output were connected to the second port of the VNA through a coaxial
cable. A built-in bias tee was utilized to provide the DC supply to the photodiode. The
measurements were calibrated to a commercial 2 pm InGaAs detector (ET5000) with a
bandwidth larger than 12.5 GHz to de-couple the effect from modulator, cables, and other
system components. Microscope image of one device under test (DUT) is shown in the inset
of Fig. 13. The SMF is blurred as the image was taken with focus on the sample surface.
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Fig. 13. Schematic of the experimental optical setup for the RF measurement of the GeSn/Ge
MQW photodiode at two-micron-wavelength. The red and black lines indicate the optical and
electrical connections, respectively. Inset shows the top-view microscopy image (with focus on
sample surface) of the photodiode device under test (DUT), which has a mesa diameter of 20
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Fig. 14. Normalized small signal frequency response of the 20-m-diameter GeSn/Ge MQW
photodiode at two-micron-wavelength. The bias voltage (V4i.s) ranges from 0 to =7 V. At
reverse bias larger than 5 V, the photodiode exhibits a 3-dB bandwidth beyond 10 GHz.

The small signal frequency response of the GeSn/Ge MQW photodiode with D =20 pm is
shown in Fig. 14, where the normalized response is plotted as a function of frequency. The 3-
dB bandwidth f; ;3 increases with increasing the reverse bias. This could be due to the
relatively high background doping of the epitaxial GeSn [41]. At low reverse bias, the
intrinsic active region (GeSn/Ge MQW) is not fully depleted. This slows down the transit
process of the photo generated carriers. Meanwhile, large junction capacitance (C)) is
expected, resulting in lower bandwidth at lower reverse bias. At a reverse bias of 7 V, photo
detection beyond 10 GHz is achieved. The small signal frequency response here is an initial
validation of the high speed operation. Due to the frequency limitation of the modulator used
in the setup, it was not possible to measure the frequency response at higher speeds. The eye
diagram is also not measured as limited by system capabilities. It should be noted that this is
the first high speed (beyond 10 GHz bandwidth) photo detection directly characterized at A =
2 pum. Future optimization in GeSn material growth to reduce the background doping will
further enhance the device performance of GeSn-based photodiode.
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4. Conclusion

For the first time, we demonstrated high speed photo detection beyond the conventional
telecommunication bands and reaching the new promising two-micron-wavelength window
realized by GeSn/Ge MQW photodiode monolithically integrated on Si substrate. Low
leakage density of 44 mA/cm?’ is obtained at ¥, = —1 V, which is among the lowest reported
values for all GeSn-on-Si photodiodes and is comparable to that of Ge-on-Si photodiodes.
The photodiode shows capability to cover the new 2 um spectral window. We expect
significant improvement in responsivity by introducing resonant cavity or photon-trapping
microstructures. 3-dB bandwidth higher than 10 GHz is experimentally demonstrated at two-
micron-wavelength. This work paves way for using GeSn to extend the Ge-based Si
photonics for high speed photo detection at 2 pm wavelength, which could be applied for the
new telecommunication band.
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