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Abstract

We report a novel vertical p-i-n photodiode with a
Geg g75n¢ 13/Geg 925N og multiple-quantum-well (MQW)
with an additional i — GeSn(Sn = 9%) layer on a strain-free
Ge virtual substrate on Si-substrate. i — GeSn is considered
to elongate the photon-absorption path (PAP). Thereby, a
high spectral responsivity (SR) of 0.27A/W at -3V was
achieved at 3050 nm. With the incorporation of
Geg 575N, 13 as the well and Gejo,Sng o5 as barrier leads
the cut-off wavelength up to 3370 nm.

Keywords: GeSn, MQW, p-i-n, photodiodes, Si photonics,
high responsivity.

1. Introduction

Group-IV alloys have enormous potentials for designing
the future electronic and photonic devices owing to their
extraordinary electronic and optical properties. In addition,
they are also compatible with the current complementary
metal-oxide-semiconductors (CMOS) technology. In
particular, narrow bandgap semiconductors can enable
photodetection from ultraviolet to mid-infrared (MIR)
region[1]. Light detection in the MIR region of particular
scientific interest and technological importance. MIR
detection has a wide range of applications in chemical
sensing, air quality and health monitoring, heat scavenging,
security surveillance, industrial process monitoring, and
thermal imaging [2], [3]. Till now, II-VI (e.g.HgCdTe) and
III-V (e.g. extended InGaAs)-based photodiodes have been
reported for these applications [4]-[6]. Despite their
excellent performance and matured fabrication technology,
the large lattice mismatch and advanced fabrication process
requirements pose limits on the development of their
applications. Therefore, investigating novel material with a
high absorption coefficient in 2-5 um bands, high carrier
mobility, and CMOS compatibility is desired for MIR
photonics.

Very recently, a novel group-1V alloy: GeSn shows a
great potential candidate for MIR photonics. During the
last five years, a few research works on GeSn-based
photodetectors (PDs) have been studied for MIR
applications [7]-[12]. However, they have inherently low

responsivity due to the poor quantum efficiency and low-
absorption path.

In this work, we report a novel high-responsivity MIR
GeSn-based multi-quantum-wells (MQWs) PDs on Si
substrate. We have considered an additional i-GeSn layer
to extend the photo-absorption path (PAP). The proposed
device exhibited a wide spectral range from short-wave
infrared (SWIR) to MIR wavelengths. Under a milliwatt
illumination, a peak responsivity of 1.29 A/W, 1.35 A/W,
and 0.27 A/W are achieved at 1810 nm, 2230 nm, and 3050
nm, respectively for N = 2 (number of quantum well
periods). The remarkable photoresponse at MIR
wavelength enables novel photonic devices for detection
applications such as atmospheric gas sensing.

2. Device Design and Modeling

The 2-D schematic structure of Geg g7Sng 13/Gey.91Sng g9
MQW p-i-n PDs is shown in Fig. 1a. The structural details
such as layer thickness, material, type of doping, and
doping concentrations are given in Table I. The intrinsic
(active) layer consists of 2 periods of 10 nm thick
Geyg7Sng 13 as the well and 15 nm thick Geyg1Sng g9 as
the barrier and an additional i — Geyg1Sng g9 layer of
thickness 350 mm to elongate the optical path. The
thickness of the Geg;Sng 13/Geg925n9 03 MQW and i —
Gepo1Sng 99 were kept below the effective critical
thickness of the epitaxial pseudomorphic GeSn to ensure
that the entire active layer is fully strained to the strain-
relaxed Ge buffer layer [13]. Fig. 1b shows the simulated
optical absorption coefficient () at different operating
wavelengths (1) for N=2. The simulated results show that
@ is high for the active layer (~7 x 10* cm™1). At 1 =
2030 nm, Geyg7Sng13/Geg9,Sn0,05 QWs exhibit a higher
value of a as compared to the other layers. However, with
an increased A (3050 nm), a is ~6.5 X 10* cm™?! for QWs
and zero for other layers.

Table I: Structural details of the proposed photodetectors
at 300 K



Doping
Layer Material Thickness t (nm) concentrations
(em™2)
p* —contact Ge 100 10%°
p —layer Ge 100 1018
Barrier Gep.92Sng 08 15 Intrinsic
Well Geg.g7Sng 13 10 Intrinsic
Additional Geg.91SNg 09 350 Intrinsic
absorber layer
n —buffer Ge 400 1018
layer
p* —substrate Si 2500 102°

a@A = 1810 nm
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Fig. 1: (a) 2-D schematic structure of Gegg;Sng 3/
Geg92Sng 0g MQW p-i-n photodetectors on Si substrate. (b)
Simulated absorption coefficient distribution at different
wavelength in the p-i-n layers of our designed GeSn
photodetectors for two periods of quantum wells.

3. Results and Discussion

Fig. 2a shows the distribution of the squared normalized
optical field of our designed normal-incidence GeSn MQW
p-i-n PDs on the Si substrate for different operating
wavelengths. The confirms that the maximum incident
light is mainly confined in the active region. A strong
standing-wave pattern is developed at A = 3050 nm due
to the resonance effect. As a result, light intensity is
enhanced in the GeSn active layer, and thus the
responsivity of the device increases. Fig. 2b shows the
spectral responsivities of the GeSn MQW p-i-n PDs
realized in this work. The spectral responsivity can be
calculated by using R = I,,/Py,, where, I, and P;, are
the photogenerated current and incident optical power,
respectively. The result shows that for bulk structure (N
=0), the photodetection range was limited to 2.5 um.
However, with the insertion of Geyg,Sng13/Geg.92Sn00g
QWs in the active layer, the photodetection range extends
to the 3.37 um due to the Sn alloying. Furthermore, the
carrier confinement in the active layer increases with the
number of QWs periods, and thus the responsivity. The
peak spectral responsivities of 1.29 A/W, 1.35 A/W, and
0.27 A/W were achieved at A = 1810 nm, 2230 nm, and
3050 nm, respectively for N =2. The absorption coefficient
for GeSn active layer increases first from 4 = 1810 to

2230 nm and then it decreases from A = 2230 to 3050 nm
is the major reason for the increase and decrease of spectral
responsivity. Compared with the recently published work,
the enhancement in the spectral responsivity is as high as 7
times at A = 1877 nm and 10 times at A = 2004 nm [7]
because of the elongated optical path in the vertical
direction, showing the remarkable benefit of using an
additional i — Ge( 91Sn o9 layer. To our best knowledge,
the first time, the spectral responsivity at A = 3050 nm
has been reported in this work.

1.0
] A=1810 nm

s
é 0.54
=
2 0.0-
= 101 % =2230 nm
= 1
g‘ 0.5-/\’\'
T 0.0
= 104 %= 3050 nm
E \/\/\/
s 0.54
4 ]

0.0 T T T T T T

0 500 1000 1500 2000 2500 3000 3500
Depth (from top to bottom), nm
1.4 ~
1.2- —N =
d —N =2

% 1.0
S’ 413 @
_.E 0.s-§ 3
- 1: E.
2 0.64 MR
S = =
2 0.4
~ 1 :

0.2 i

4 R;:s
0.0

1500 2000 2500 3000 3500 4000
Wavelength (nm)
(b)

Fig. 2 (a) Simulated squared normalized optical field distribution
at different wavelength of our proposed vertical GeSn MQW p-i-
n photodetector. (b) Spectral responsivities as a function of
operating wavelength for the designed GeSn MQW
photodetector.

4. Conclusion

In conclusion, a GeygySng3/GegorSNgeg MQW
photodetector operating at the MIR wavelength was
demonstrated. Benefiting from the quantum confinement
and elongated optical path in the vertical direction, the peak
spectral responsivities of 1.29 A/W, 1.35 A/W, and 0.27
A/W were achieved at 1810 nm, 2230 nm, 3050 nm,
respectively. The spectral responsivity was improved ~7
times at 1877 nm and ~10 times at 2004 nm. This result
paves the path in realizing a new type of GeSn p-i-n
photodiode for MIR applications.
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