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Abstract—In this work, the metal-semiconductor-metal pho-
todetectors were demonstrated on the Geg.g;Sng gg-on-insulator
(GeSnOl) platform. The responsivity was 0.24 and 0.06 A/W at
wavelengths of 1,600 and 2,003 nm, respectively. Through a sys-
tematic study, it is revealed that the photodetectors can potentially
detect wavelength beyond 2,200 nm. The dark current density was
measured to be 4.6 A/cm? for GeSnOI waveguide-shaped photode-
tectors. The 3 dB bandwidth was observed to be 1.26 and 0.81 GHz
at 1,550 and 2,000 nm wavelengths, respectively. This work opens
up an opportunity for low-cost 2 um wavelength photodetection on
the GeSn/Ge interface-free GeSnOI platform.

Index Terms—Germanium-tin alloys, germanium-tin on
insulator, metal-semiconductor-metal photodetector.

1. INTRODUCTION

ERMANIUM-tin (GeSn) alloys have been promising
G for silicon (Si)-based photonic-integrated circuits (PICs),
leading to the technological advances in 5G, Internet of Things,
fiber-optic telecommunication, and Light Detection and Rang-
ing operating in the near- and mid-infrared (MIR) range. Ge
itself is a quasi-direct bandgap material with the direct bandgap
at the wavelength of 1550 nm. Alloying of Ge with Sn allows
a shrinkage of the Ge bandgap, extending the photodetection
range beyond 2000 nm wavelength [1]. Especially including
hollow-core fiber optics, sensing, and imaging applications, the
2000 nm photodetection is desirable, but III-V material sys-
tems have received much attention for that wavelength [2], [3].
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However, Si-based photonic components are needed due to the
compatibility of the complementary metal-oxide-semiconductor
(CMOS) process, aiming for high volume and cost-effective
integration [4].

Since GeSn photodetectors with the Sn content of 3% ex-
tended the cut-off wavelength up to 1800 nm [5], numerous
efforts have been made for high-performance GeSn photode-
tectors. The main interests of the 2000 nm photodetection were
realized for GeSn photodetectors with the Sn content of 6% [6].
After that, the optical responsivity was enhanced by employing
the photon-trapping hole structures [7], on-insulator platforms
[8], and lateral light injection using waveguide photodetectors
[9]. A photodetector integrated on waveguides are promising
to vanish the trade-off between optical responsivity and 3dB-
bandwidth by separating the paths of photon absorption and
carrier transmission [10].

Although the theoretical calculation expects that the defect-
free GeSn photodetectors are comparable with the existing
commercial III-V photodetectors [11], the reported GeSn pho-
todetectors have suffered from the high leakage current and low
optical responsivity. The prominent leakage current is origi-
nated from the high density of dislocations/defects generated
during the GeSn growth due to low solubility of Sn in Ge,
low-temperature growth, and large lattice mismatch [12]. In par-
ticular, many dislocations are formed at the GeSn/Ge interface
[13], degrading the dark current density and external quantum
efficiency for photodetectors [14], [15]. Therefore, recent GeSn
photonic components have been developed in managing the de-
fective GeSn layers, achieving excellent performances of optical
devices [16], [17].

Recently, GeSn-on-insulator (GeSnOI) platforms via direct
wafer bonding (DWB) and layer transfer techniques have been
reported [18]. The demonstrated GeSnOlI platform is a promis-
ing pathway for monolithic integration on Si. In addition, the
platform benefits from the removal of the defective GeSn/Ge
interface that can potentially reduce the dark leakage current
for photodetectors. In this work, metal-semiconductor-metal
(MSM) photodetectors have been demonstrated on the GeSnOI
platform. Systematic characterization demonstrates the advan-
tage of the GeSnOl substrate without GeSn/Ge and GeSn/Si
interfaces. The waveguide-shaped MSM photodetectors on the
GeSnOl platform display the dark current density of 4.6 A/cm?.
Based on the photoluminescence (PL) measurement, the cut-
off wavelength for photodetectors is estimated to be beyond
2200 nm. The optical response measurement was performed at
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Fig. 1. (a) The cross-view TEM image for the GeSnOlI substrate. (b) PL
measurements as a function of wavelength in temperature ranging from 5 to
300 K. (c) SIMS content profiles for GeSnOI substrate. (d) Raman spectra for
the GeSnOl platform and Ge bulk. (¢) HRXRD curves in (004) direction for the
GeSnOI platform. (f) RSM image of the GeSnOI platform in (224) direction.

wavelengths from 1600 to ~2000 nm under normal incidence
illumination. The responsivity was obtained to be 0.24 and 0.06
A/W at the wavelength of 1600 and 2003 nm, respectively.
This work provides the great potential of MSM photodetec-
tors on the GeSnOlI platform with the GeSn/Ge or GeSn/Si
interface-free, aiming for high sensitivity and high-speed optical
communication.

II. FABRICATION AND CHARACTERIZATION OF GESNOI
MSM PHOTODETECTORS

GeSn/Ge layers were grown on a 200-mm Si substrate through
areduced pressure chemical vapor deposition (RPCVD) reactor.
The silicon nitride (SiN) and silicon dioxide (SiO2) layers were
adopted for the insulator substrate. The SiN insulator allows for
the optical-transparent window beyond 3.8 um [19]. DWB and
layer transfer techniques were implemented to form the GeSnOI
stack at the maximum temperature of 300°C. The overall process
sequence is shown in Ref [18]. It should be noted that the Si and
Ge layers can be etched selectively by tetramethylammonium
hydroxide solution [18] and dry etching in a CF4 RF plasma,
respectively [19].

A transmission electron microscopy (TEM) image of the
bonded GeSnOl is illustrated in Fig. 1(a). The GeSn thickness
is 133 nm. The SiN and SiO; layers with thicknesses of 120 and
400 nm, respectively, were formed underneath the GeSn layer
after the DWB and layer transfer processes. The PL experiment
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Fig.2. (a) The A 3D schematic image of the GeSnOI MSM photodetector. (b)
the planar view of the SEM image of GeSnOI MSM photodetector. The inset in
Fig. 2(b) displays the zoom-in image of the GeSn photodetector.

was conducted to verify the interband emission via band-edges
in the temperature range of 5 to 300 K in Fig. 2(b). At 5 K, the PL
peak appears at 2242 nm wavelength, and the broad emission
was observed at 2400 nm wavelength at 300 K [20]. The PL
peak at the wavelength of 2242 nm at 5 K is attributed to the
direct bandgap emission, implying that the cut-off wavelength
is beyond 2000 nm at 5 K, and it extends further when the
temperature increases. Fig. 1(c) represents the element profiles
via Secondary-ion mass spectrometry (SIMS) analysis. The Sn
content of 8.9% was uniformly distributed in the GeSn layer
in the wafer scale. Raman spectroscopy was conducted using
the laser with 532 nm of wavelength in Fig. 1(d). The Raman
peak shifts from 300.7 to 294.0 cm™! for GeSnOI. The peak shift
dependence can be explained by the changes in Sn content and
strain information as follows [21],

Aw = —88x + 521€Straina (1)

where Aw , x, and eggai, are the Raman spectral shift, Sn
composition, and strain, respectively. Given Sn content in SIMS
analysis, the strain was extracted to be -0.22%. This value is
relaxed in comparison with as-grown GeSn layers, meaning that
the GeSnOl platform is beneficial to the strain-relaxation of epi-
taxial GeSn layers. High-resolution X-ray diffraction (HRXRD)
and reciprocal space map (RSM) for the GeSnOl platform are
performed in Fig. 1(e) and (f), respectively. Fig. 1(e) shows Si
and the GeSn layer peaks, indicating the successful realization
of the GeSn/Ge interface-free GeSnOI platform. The Sn content
and its strain value can be estimated based on RSM images in
Fig. 1(f) [22], [23]. The estimated Sn content and strain are 9.2%
and -0.22%, respectively, matching the ones obtained via SIMS
analysis and Raman spectroscopy, respectively.

The MSM photodetectors were then demonstrated using the
intrinsic GeSn on the insulator platform. The chlorine (Cls)-
based reactive ion etching (RIE) process defined the waveguide
shape with 1 pm width and the lengths of 12, 36, 72, and
108 um. After that, the 1 nm thick Al,O3 layer was deposited
via the atomic layer deposition (ALD) technique to allevi-
ate the Fermi pinning effect and produce the etch stop layer
for the metal-contact holes [24]. Subsequently, the SiN layer
was covered via Plasma Enhanced Chemical Vapor Deposition
(PECVD). The sulfur hexafluoride (SF¢)-based RIE process was
implemented to open the metal-contact holes. The sputtering of
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Fig. 3. (@) Jaark-V characteristics for the MSM GeSnOI photodetector. (b)
I4ark for photodetectors as a function of the waveguide lengths at 1 V. (c)
Temperature-dependent /4,1 -V characteristic for the GeSn MSM photodetector
from 293 to 353 K. The arrow represents the temperature increasing from 293
to 353 K. (d) Arrhenius plot for the GeSnOI MSM photodetector as a function
of 1/kT. (e) SBH versus temperature plots for the GeSnOI MSM photodetector.
(f) Iqark for the photodetector as a function of //kT. The inset in Fig. 3(f)
represents the band diagram for the two-step TAT process. (g) the conductivity
of the photodetectors as a function of /000/T"?. The inset in Fig. 3(g) represents
the band diagram for the 1D-VRH process.

20 nm Ti /50 nm TiN / 300 nm Al was performed for the metal
deposition, followed by the lift-off process. The spacing distance
between adjacent electrodes is 1.5 pm. The three-dimensional
(3D) schematic image of the completed MSM photodetector
is shown in Fig. 2(a). The top view of the scanning electron
microscope (SEM) image for the GeSnOI photodetector and its
zoom-in image was shown in Fig. 2(b) and the inset in Fig. 2(b),
respectively. It should be noted that 1 nm of the Al,O3 layer was
inserted between metal and the GeSn layer.

III. PHOTODETECTOR CHARACTERIZATIONS
A. Dark Current Analysis

Fig. 3(a) displays dark current density-voltage (Jqa,k-V) char-
acteristics of the GeSn photodetector with the length of 72 pm.
The symmetric J4,,k characteristics at forward and reverse bias
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are attributed to the equivalent conditions on both electrodes.
The Jgark for the photodetector was measured to be 4.6 Alcm?
at-1 V. Fig. 3(b) displays the dark currents at 1 V for the photode-
tectors as a function of photodetector lengths. It should be noted
that the dark current increases with the length proportionally,
indicating Jq,,x is consistent regardless of the photodetector
lengths. In order to investigate the leakage current generation
mechanism, the temperature-dependent /4,,1.-V characteristics
were performed in the temperature range from 293 to 353 K in
Fig. 3(c). The Schottky Barrier Height (SBH) can be obtained
by the following equations [25],

1% Vv
Lgark = Ipexp (&T) [1 — exp (_ZTH ; (2)

* 2 q¢b
Iy = AA™T exp(kT), 3)
where [ is saturation current, and ¢, n, k, and T are the electron
charge, ideal factor, the Boltzmann constant, and temperature,
respectively. A, A*, and ¢}, are the photodetector area, the
Richardson constant for GeSn, and SBH, respectively. The satu-
ration current can be obtained by extracting the intercept of In/
[26]. The estimated SBH between metal and GeSn is ~77 meV,
as shown in Fig. 3(d). The SBH, in general, is explained by the
thermionic emission mechanism. However, the extracted SBH
for the photodetector increases with temperature in Fig. 3(e),
which is different from the SBH dependence on temperature
caused by the thermionic emission. Such SBH change in tem-
perature can be attributed to other leakage current mechanisms.
SBH is attributed to the bandgap narrowing for GeSn. As the Sn
content increases, the Ge bandgap shrinks, deforming on SBH.
Also, the unintended p-type doping concentration increases with
Sn contents, reducing SBH for the GeSn/metal Schottky contact
[27]. The metal/n-GeSn contacts showed the presence of strong
Fermi-level pinning effects with increasing Sn contents [28]. The
high density of dislocations/defects in GeSn enhances two-step
trap-assisted tunneling (TAT) or variable-range-hopping (VRG)
conduction mechanisms [29]. Two-step TAT is the process where
the carriers in the metal are excited thermally and tunnel via the
trap states in the Schottky barrier to reach the conduction/valence
bands. This tunneling mechanism is described with the equation
of exp(-E,/kT), where E, is the activation energy, which is
the energy gap between the Fermi level and trap states in the
Schottky barrier. Fig. 3(f) displays the .- 1/kT characteristic
for the photodetectors. Estimated E, is obtained to be 8 meV.
The VRH mechanism is the process where the carriers in the
metal fall into trap states associated with a dislocation, and they
are transferred via GeSn by hopping conduction. Based on the
one-dimensional (1D)-VRH model, the conductivity (o) can be
expressed by [30],

o = oy e><p[—(T1/T)1/2]7 4)

where o and 73 are a fitting parameter of the conductance at
temperature > 77 and the characteristic temperature, respec-
tively. Fig. 3(g) displays the conductivity characteristic for the
photodetector as a function of 1000/7"2. It should be noted
that Fig. 3(f) and (g) show good linear fittings, indicating that



6824406

10° 0.3
(a) (b) —1600nm
—_ 104 [~ m——1963nm
$ 10 E =——2003nm
<021 5033
E 107 = o
5 >
E £
& 10 Z 0.1
=
107 Photo )
Dark 2
¥ 0
00 05 10 15 20 25 ~ '8.0 0.5 1.0 1.5 2.0
Voltage (V) Voltage (V)
03
(C) 10 = GeSn (on-insulator) (d) ~
——Ge Bulk ~ =
~ 10 = 8
< o2 >
E 10t 5 =
o S 2z
3 g :
10° 50.1 5
- g
10 < =7
500 1000 1500 2000 60 Te00 1800 2000 2200
Wavelength (nm) Wavelength (nm)
Fig. 4. (a) Iphoto-V characteristic of the MSM GeSnOI photodetector at

1933 nm wavelength in comparison with the /q,rk-V curve. (b) the measured
responsivity for the photodetector at different wavelengths as a function of
forward bias voltage. (c) the extracted absorption coefficient («) for GeSn
(on-insulator) via ellipsometry in comparison with Ge bulk from [Ref. 34].
(d) the calculated absorption spectra (black line) for MSM photodetectors along
with the measured responsivity (blue dots).

it is difficult to tell which mechanism governs the leakage
current generation. In order to reduce the leakage current for the
GeSnOlI photodetector, low Sn content on insulator platforms
is potentially attractive due to the high-crystallinity of GeSn
films [14], [31]. In addition, the advanced surface passivation
can reduce the surface leakage current for the photodetectors
[32], [33].

B. Optical Characterization

The optical response was measured under normal incidence
illumination. The single-mode fiber with the diameter of 10 pm
was used to couple the optical power into the photodetectors.
The output optical power was calibrated by using an optical
power meter. The amount of the optical power arriving at the
device area was obtained via the finite-difference time-domain
(FDTD) method. As shown in Fig. 4(a), photocurrent (/pnot0)
is generated under normal incidence illumination, meaning that
the photoexcited electron-hole pairs (EHPs) are generated, and
they are collected by electrodes. The responsivity (R) can be
calculated by

R = (Iphoto - Idark)/Rn’ ®)

where Pj, is the output power shined on the absorption GeSn
layer, excluding the shadowing of the metal contacts. In order
to verify the photodetection coverage of GeSn photodetectors,
various wavelength points, e.g., 1600, 1934, 2003, and 2033
nm, were selected for the optical response measurements. It is
worth noting that the cut-off wavelength is beyond the 2000 nm
wavelength. Fig. 4(b) represents the responsivity for the GeSnOI
photodetector as a function of applied voltage. It should be noted
that the responsivity increases with voltage due to the improved
carrier velocity. The responsivity decreases with the increase in
wavelength. The responsivity at 1600 and 2003 nm was obtained
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Fig.5. Benchmarking of the dark current densities for the reported waveguide-
shape GeSn photodetectors on the different platforms [10], [35]-[37]. Dark
current density for each photodetector is benchmarked with respect to Sn content.
Photodetectors in [10], [36] contain the GeSn MQW on Ge on Si substrate,
and the photodetectors in [35], [37] contain GeSn on Ge/Si substrate. The
photodetectors were cleaved for the optical measurement in [35]-[37]. The
responsivities were obtained under facet illumination for [10], [35]-[37] and
under surface illumination for this work.

to be 0.24 and 0.06 A/W at 2 V, respectively. The responsivity
can potentially be improved by increasing the GeSn thickness
or by employing the photon-trapping hole structures. Based on
PL experiments, it is potentially suitable for photodetection up
to the 2242 nm wavelength. In order to investigate the optical
properties of the GeSnOI platform, the » and k values were
extracted via Ellipsometry. Fig. 4(c) represents the absorption
coefficient for GeSn as a function of wavelength. Compared to
the absorption coefficient of Ge bulk [34], the GeSn absorption
coefficient is extended beyond 2 pm. Fig. 4(d) displays the
absorption spectra for the designed GeSnOI photodetectors as a
function of wavelength via the FDTD method and the measured
responsivity is displayed. The absorption spectra decrease with
increasing wavelength, which is consistent with the responsivity.

Fig. 5 represents the benchmarking of the dark current den-
sities for the reported GeSn waveguide-shape photodetectors
[10], [35]-[37]. The bulk GeSn photodetectors on Ge/Si sub-
strates were introduced, suffering from the high dark current
densities [35], [37]. The GeSn/Ge multi-quantum-well (MQW)
structures were proposed for low dark current densities due to the
suppressed strain relaxation [10], [36]. In this work, the GeSnOI
photodetector displays 4.6 A/cm?, which is comparable to the
ones for the bulk GeSn photodetectors. The responsivities with
the measured wavelength are displayed in Fig. 5. The cut-off
wavelength increases with the Sn contents. The GeSn/Ge MQW
photodetector with the Sn content of 8% was demonstrated with
the optical responsivity of ~15 and 119 mA/W at 2004 nm
under surface and facet illuminations, respectively [10]. In this
work, the GeSnOI photodetectors display the responsivity of
60 mA/W at 2003 nm under the surface illumination. The SiN
or amorphous Si waveguides would enable the efficient photon
collection for the photodetectors via the light propagation in
the waveguide [38], [39]. Based on the estimated absorption
coefficient of GeSn, the length of 12 pm enables the optical
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Fig. 6.  Frequency response for the MSM GeSnOlI photodetectors (a) at 1550

nm and (b) at 2000 nm at 0.5V.

absorption of ~100% when the light is coupled into the facet of
the GeSn photodetector.

C. Frequency Response (3 dB Bandwidth)

Fig. 6(a) and (b) displays the frequency response experiments
for MSM GeSnOI photodetectors at 1550 and 2000 nm wave-
length, respectively. The 3 dB bandwidth (f34p) is measured
to be 1.26 and 0.81 GHz at 1550 and 2000 nm wavelength
at 0.5 V, respectively. The trap filling effect could affect the
different f54p for the photodetector at 1550 and 2000 nm [40].
It should be noted that f3qp at 2000 nm is comparable with the
one for the reported MQW GeSn waveguide photodetector at
-1 V [10]. The frequency response is mainly determined by RC
delay and carrier transit time [41]. The RC delay does not play
a role in the photodetector with the small mesa area [35]. The
capacitance for the photodetectors was obtained to be 0.5 pF.
Thus, considering the load resistance of 50 €2, f3qp is restricted
by the carrier transit-time bandwidth (fr) [42]. ft is determined
by the lifetime and the transit time of photoexcited carriers.
Under illumination, the photo-excited carriers are generated in
the GeSn layer, and they are swept to the lateral electrodes
under applied electric fields [43]. The as-grown GeSn layer is
unintentionally p-doped due to the defects/dislocations. Thus,
the GeSn layer is not fully depleted at low bias voltage range.
The high fr can be observed when the saturation carrier velocity
is achieved. Also, the electrode space affects the f3qp for pho-
todetectors. The narrow electrode space results in high fr due
to the fast carrier collection path. Lastly, the f3qp for the GeSn
photodetector can be degraded due to the surface recombination
at GeSn/Al,O3 [42], [44], [45]. Thus, to achieve the improved
f3ap for the photodetectors, the optimized photodetector design
and advanced surface passivation are required.

IV. CONCLUSION

In this work, MSM GeSn photodetectors were demonstrated
on the GeSnOlI platform. The responsivity was measured to be
0.24t0 0.06 A/W at 1600 and 2003 nm wavelength, respectively.
The photodetection beyond 2200 nm wavelength potentially can
be measured based on the PL spectra and the extracted absorp-
tion coefficient. J4a,k for the photodetector was 4.6 A/cm?. The
frequency response was 1.26 and 0.81 GHz at 1550 and 2000 nm
wavelengths, respectively. This GeSn/Ge interface-free GeSnOI
photodetector is promising for CMOS-compatible and Si-based
photonic-integrated circuits aiming to the 2 pm photodetection.
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