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A literature survey revealed that GeSn materials have numerous potential applications, including Si-based,
integrated high-efficiency light sources; high-mobility electronic devices; low-cost Si-based high-performance
shortwave infrared (SWIR) imaging sensors; Si-based photovoltaics; optical signal encoding in the mid-infrared
range; high-performance logic applications; Si-based integrated thermoelectrics as wearable devices; Si-based
spintronics; Si-based integrated reconfigurable dipoles; and Si-based quantum computing. GeSn-related

fundamental research and development applications have also been extensively investigated.

GeSn CVD lasers detectors transistors

| 1. Introduction

Si-based integrated circuits (ICs), which are dominated by Si CMOS technology, have reached their physics limit.
The influences of quantum effects, parasitic parameters, and process parameters on data transmission
applications are also reaching their limits, as the rapid development of microelectronics has led to higher
requirements for data transmission technology. For these reasons, scientists have proposed schemes to integrate
optoelectronic devices with microelectronic devices LIZIBIAIBIE However, Si-based on-chip integrated light source
was lacking, and the light sources for existing optoelectronic integrated circuits (OEICs) were all externally coupled;
though the coupling efficiency between the edge of the light source and grating coupler was high enough, the lack
of an on-chip light source restricted OEICs’ applications [EIE). As such, many research programs started to pay
more attention to Si-based monolithic OEIC technology LAUILLIL2MLSIL4] \which has the following advantages over
the baseline technology: (i) it is compatible with mature Si CMOS technology; (ii) has low costs; (iii) has larger
wafer sizes and larger scale production; (iv) its partial electrical interconnection can be replaced by optical
interconnection, which can realize high-efficiency, high-speed, and low loss data transmission. Si-based monolithic
OEIC technology uses Si-compatible semiconductor technology to integrate optoelectronic devices into Si chips in
order to improve chip performance, extend chip function, and reduce costs. Though Si-based photonic devices,
such as optical waveguides (22181 photodetectors 28I gptical modulators 2921221 and optical switches 23]
(241 have been successfully developed, it is difficult to achieve high-efficiency emission due to the facts that Si is an
indirect bandgap semiconductor and its light emission efficiency is about five orders of magnitude lower than that of
direct band gap IlI-V compound semiconductors. Thus, the need for an Si-based high-efficiency light source
represents an important technical bottleneck in the development of Si-based monolithic OEICs. Therefore, looking
for a direct bandgap semiconductor material that is compatible with the Si CMOS process is of great significance in

the creation of large scale Si-based monolithic OEICs [221[28]127],
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Group IV materials are compatible with the traditional Si CMOS process, and Si, SiGe, and Ge are commonly used
as indirect band gap semiconductors despite not being suitable for light emission. Fortunately, tensile strain
engineering and Sn-alloying engineering have enabled Ge to become a quasi-direct bandgap or direct bandgap
material due to the small bandgap difference between its two minima in conduction bands (only 136 meV).
Experimental research has shown an optical gain of 0.24% for tensile-strained n + -type Ge (the n-type doping
level is 1 x 10 19 cm -3 ), which led to the creation of optically injected and electrically injected Ge lasers 28129130
81 However, the threshold for a Ge laser is too high, which means that weak tensile-strained n + -type Ge is not

able to supply enough optical gain to achieve low-threshold lasing.

Alongside the significant breakthroughs in GeSn growth and detectors, GeSn lasing had also developed to an
advanced stage. Recently reported GeSn laser structures have all been grown via the CVD technique. Following
the observation of a PL peak with narrowed line widths, a true direct bandgap GeSn material with an Sn content of
up to 10% was experimentally demonstrated in 2014 32, Encouraged by this major technical breakthrough,
researchers used the injection methods such as optical injection with a Ge laser to check the GeSn waveguide,
and lasing behavior was clearly observed at a low temperature in 2015 331, Following this breakthrough, several
types of GeSn lasers [34I[351[36](37][38][39][40][41][42][43][44][45] \yere demonstrated, though they still suffer from the
problems of low-temperature operation and high lasing thresholds. To overcome these difficulties, several methods
have been proposed to improve performance, such as greater Sn incorporation into Ge [B8I38I39 the use of
SiGeSn/GeSn/SiGeSn heterostructures or SiGeSn/GeSn/SiGeSn MQWSs as the gain medium [26l47148]49] 5
modulation doping scheme in SiGeSn/GeSn/SiGeSn MQWs [BY defect management 43, and thermal
management #4l43] Considerable efforts in GeSn lasing research have led to an increased maximum lasing
temperature of 270 K 2 due to the amazing discovery of strain relaxation growth mechanism 2. Near-room-
temperature lasing was also observed for a GeSn active medium with a 16% Sn content and high uniaxial tensile
strain 9. A breakthrough regarding the optical pumping threshold was reported in 2020, when a low-Sn-content
GeSn material with a high uniaxial tensile strain was utilized as an active medium; continuous wave (CW) lasing
was also achieved. However, the lasing temperature only reached 100 K due to the low directness of the active
medium ©3 In the same year, electrically pumped GeSn/SiGeSn heterostructure lasers with operation
temperatures of up to 100 K were demonstrated 22153l this was an essential achievement for Si-based electrically

pumped group IV interband lasing.

To the best of our knowledge, there has yet to be a review article that systematically reported on GeSn material
growth and counterpart optoelectronic devices using the CVD technique. UHVCVD B4BSIESIEY rpcyD [(B8I5A60]
(61]1621(63] peCyvD (641651861 | pcyp B7I68IEATA] gand APCVD [ gre discussed in this review, with a focus on
identifying processes that can be transferred for the commercial production of GeSn. The objective of this
comprehensive review article is to provide readers with a full understanding of the recent experimental
advancements in GeSn material growth using CVD, as well as their optoelectronic applications. However, due to
the large numbers of publications in this area, the authors of this work only selected articles with significant

scientific impacts.
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| 2. Research Progress for GeSn Detectors

Photoconductive detector, which can also be defined as metal-semiconductor—-metal (MSM) detector, is regarded
as the simplest structure to achieve detection. In this type of structure, two Schottky junctions are designed and the
total layer structure does not require any doping. Therefore, it can only work at a high bias voltage due to the
existence of high contact resistance. However, the capacitance of a photoconductive detector is quite low, which is
helpful for high-speed detection. Based on the photoconductive structure, researchers have put great effort into
GeSn photoconductive detectors ( Figure 1 ). Table 1 shows the reported performance levels of GeSn
photoconductive detectors grown by CVD technology.

Metal contact

/)

GeSn
Ge

Si

Figure 1. Cross-sectional schematic of a device structure for a GeSn photoconductive detector.

Table 1. Summary of reported GeSn photoconductive detectors in terms of Sn content, GeSn thickness, device
structure, wavelength cutoff, and responsivity.

Year Sn Composition GeSn Thickness Structure Cutoff Responsivity Ref.

2012 9% 13 or 20 nm GeSn/Ge 3QWs 2200 nm 0.1A/W at5Vv (23]
0.9% 327 nm 1800 nm —_—

2014 3.2% 76 nm Bulk 1900 nm — [r4]
7.0% 240 nm 2100 nm  0.18 A/W at 10 V
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Year Sn Composition GeSn Thickness Structure Cutoff Responsivity Ref.
2014 10% 95 nm Bulk 2400 nm 1.63 A/W at 50 V (73]
2015 10% 95 nm Bulk 2400 nm 0.26 A/\W (78]
12.5% 140 and 660 nm 2950 nm 2 AIW
15.9% 250 and 670 nm 3200 nm 0.044 A/W
15.7% 165, 585, and 254 nm 3400 nm 0.0072 A/W
2019 Bulk (7]
17.9% 310, 550, and 260 nm 3350 nm 0.0038 A/W
20% 450 and 950 nm 3650 nm 0.0067 A/W Jntents of
77
22.3% 380 and 830 nm 3650 nM  0.0032 AW ased, the

CUIOTT WavETENYUT SMIMEU [UWalU TONgEr WavETENyUT UUE U e Darugap STTKayge. FronT 77 w0 suu T, the cutoff
wavelengths were 3200-3650 nm for the GeSn photoconductor with 22.3% Sn. It is worth noting that this D* value

was superior to that of a PbSe detector at the given wavelength range and was comparable to that of a commercial
extended-InGaAs detector (4 x 10 10 cm-Hz 1/2 -W -1)) at the same wavelength range ( Figure 18 ). Even at 300
K, the passivated device showed better results D* than the PbSe detector from 1500 to 2200 nm.

To enable a comprehensive overview of the use of GeSn photoconductive materials for infrared detection
applications, Figure 19 illustrates the Sn content vs. cutoff wavelength for reported GeSn photoconductive
detectors. For GeSn with an Sn incorporation of 0.9-12.5%, the photoconductive detector wavelength coverage
was found to range from 1800 to 2950 nm, indicating that GeSn with Sn contents of up to 12.5% or 13% is very
promising for SWIR applications. For GeSn with an Sn incorporation of 15.9-22.3%, the photoconductive detector
wavelength coverage was found to range from 3200 to 3650 nm, suggesting potential mid wavelength infrared
(MWIR) applications. For wavelengths from 3650 to 5000 nm, no detectors have been reported. However, GeSn
photoconductive detector performance is limited by current growth technology and Sn distribution uniformity in total

layer structures, which causes a low responsivity (the responsivity values are listed in the table above).

Figure 2 summarize the Sn content vs. cut-off wavelength for a reported GeSn PIN detector. For GeSn with an Sn
incorporation of 2-11%, the PIN detector wavelength coverage was found to range from 1750 to 2650 nm,
indicating that a GeSn PIN detector is very promising for SWIR applications. Due to the limitations of growth

technology, PIN detectors at wavelengths from 2650 to 5000 nm have yet to be reported.
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Figure 2. Sn content vs. cut-off wavelength of the GeSn PIN detector.

| 3. Research Progress for GeSn Lasers

Since Si-based high-efficiency light sources comprise the technical bottleneck for Si-based monolithic
optoelectronic integration, researchers have conducted extensive research into Ge and GeSn lasers. Ten years
ago, the rapid development of the GeSn CVD growth technique enabled researchers from MIT to demonstrate
optically injected and electrically injected Ge lasers at room temperature. The lasing thresholds of these laser
devices were very high, which made it difficult to achieve efficient lasing. As a result, more attentions has been paid
to the GeSn material due to its direct bandgap property. In this section, we review the latest research on GeSn

lasers with different optical cavities, as well as their device performance.

The simplest optical cavity is that of Fabry—Pérot, which consists of two parallel reflecting surfaces that allow
coherent light to travel through the whole cavity. Due to the directness difference between GeSn alloys with
different contents, we summarize the reported operation temperatures for GeSn with different Sn contents in
Figure 3 . Operation temperatures were found to increase with more Sn incorporation, indicating that operation
temperature is closely related to the directness of GeSn. Different from narrow bulk devices, broad bulk devices
(with a cavity width greater than 20 pm) possess higher operation temperatures, possibly due to the following two
reasons: (1) they have higher optical gains, and (2) they are wider and thus have higher optical injection

efficiencies. However, the operation temperature for a GeSn laser with 22.3% Sn incorporation was found to be the
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same as that of a GeSn laser with 17.5% Sn incorporation, which means that there were many point defects in the

high-Sn-content GeSn layer. For clarification, we also summarize the devices performance for the published FP

cavity optically pumped GeSn laser ( Table 2).
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Figure 3. Maximum operation temperature vs. Sn content for optical pumped FP cavity GeSn laser (under pulsed
1064 nm laser) [23137][38][39]

Table 2. Summary of the reported optically pumped FP cavity GeSn lasers in terms of structure, Sn content,

thickness, cavity width, pumping laser, maximum operation temperature (Tax), and threshold.

Sn Thickness Cavity Width . Tmax Threshold

Year Structure (%) (nm) (um) Pumping (K) (KWicm?) Ref
Pulsed 1064 1000 at 90 K

[33]
2015 Bulk 12.6 560 5 o 90 395 at 20 K

68 at 10 K

2016 Hetero 11 260 and 760 5 P”'Sii]lom 110 166at90K B4
398 at 110 K

2017 Bulk 7.3 210 and 680 5 Pulsed 1064 77 300 at 77 K (6]

nm

9.9 280 and 850 140 117 at 77 K
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Sn Thickness Cavity Width L= Threshold

Year Structure (%) (nm) (um) Pumping (K) (KWicm2) Ref
11.4 180 and 660 140 160 at 77 K
14.4 250 and 670 160 138 at 77 K
15.9 210 and 450 77 267 at 77 K
G LY @l el 140 150 at 77 K
290
175 310,550, and 180 171 at 77 K
260
Pulsed 1064 o 203 at 77 K
nm 609 at 150 K
2018 Bulk— 223 380-and-830 5 [38]
R 137 at 77 K
nm
13.8 22 (4x%) — 20 -
Pulsed4956 26]
AR QR " o nm 0 25 at 10 K
' 480 at 90 K
5 120 516 at 77 K
20 260 384 at 77 K
Pulsed 1064
100 nm 260 356 at 77 K
planar 260 330 at 77 K
2019  Bulk 20 450 and 970 (291
5 140 132 at 77 K
20 270 88 at 77 K
Pulsed 1950 ament [44]
[45] 100 fm 270 47 at 77 K >ut defect
planar 270 74 at 77 K es in the

HLLTULUITL . TTHILY OV TUVUTTU U TUAL U THTUANANTTOTTT TAOTTTY (CTTITp I Utul e 1ul Lllmﬂwnvmﬁllluludisk |a.ser,
with Sn contents ranging from 7% to 10.5%, only weakly depended on Sn content. Apart from the directness of the

GeSn active region, the experimental results indicated that nonradiative recombinations and point defects are the
main obstacles for high-temperature lasing. The abovementioned GeSn microdisk laser results show that both
pulsed and CW injection have been achieved (. Especially for CW lasing, this is the most direct evidence to verify
that GeSn can withstand a CW injection test. To gain a better understanding of GeSn microdisk lasers, we
summarize the operation temperatures for GeSn lasers with different Sn contents in Figure 3. For the pulsed
injection, the operation temperature for the GeSn microdisk laser followed a similar trend to that of an FP cavity
GeSn laser (the operation temperature increased with Sn content). However, the operation temperature for the

heterostructure and quantum well GeSn laser was lower than that of bulk laser, suggesting that there is still room to
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improve the operation temperatures of heterostructure and quantum well lasers. For CW injection, it seems that

operation temperature enhancement is not that sensitive to Sn content, though it brings efficient heat dissipation.

| 4. GeSn Transistors

In addition to the rapid advancement of GeSn detectors and GeSn lasers grown by CVD technology, there have
been some achievements in the field of GeSn transistors due to their mobility properties. In the hyper-scaling era,
the quest for high-performance and low-power transistors is continuing and intensifying. One of the key technology
enablers of these goals is that of channel materials with high carrier mobility and direct band gap structures 8179,
GeSn films have emerged as the most promising candidate for next generation nano-electronic devices of
computing due to their excellent properties, including ultrahigh hole mobility, band structures with direct and low
band gaps, Si-based CMOS compatibility, and low thermal budget, all of which are of great importance for ultrahigh
density devices and 3D integration in the hyper-scaling era. Anisotropy at the top of the GeSn valence band makes
the effective mass of light hole rapidly decrease with increases of Sn content and the transport capacity rapidly
increase. GeSn is a very promising channel material for the next generation pMOSFET, and its hole mobility is
even higher than that of Ge. The hole mobility of Ge pMOSFET is increased by more than 10 times with respect to
Si devices. In addition, compressive strain can improve the mobility of a GeSn channel by decreasing the effective
mass of the hole carrier. GeSn is generally grown on Si substrates using Ge as the buffer layer, and GeSn subjects
the Ge buffer layer to compressive strain since the Sn lattice constant is greater than that of Ge. As GeSn materials
are compatible with Si-CMOS technology, a few research groups have studied GeSn-based transistors ( Table 3

lists the reported transistors with CVD-grown GeSn layers).

Table 3. Summary of reported transistors with GeSn layers grown by CVD technology in terms of institution,

transistor type, Sn content, subthreshold swing (SS), l,./lof ratio, and Vps.

Sn
Year Institution Transistor Type Composition e lon/loff Vbs Refs
(%) (mVidec) (V)
University of 9.2 x B 80]
2017 Notre Dame Ge/GeSn p-type TFETs 11and 12.5 215 103 0.5
2017 NUS GeSn FInFET on GeSnOl 8 79 >10* -05 &
National .
2017 Taiwan Vertlcally S Rl 6 and 10 84 e il [82]
. . Nanowire pGAAFETs
University
National
2017 Taiwan GeSn N-FinFETs 8 138 10° — &
University
2018 National GeSn N-Channel MOSFETs 4.5 180 e — &
Taiwan
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Sn
Year Institution Transistor Type Composition . lon/loff Vbs Refs
(%) (mV/dec) (V)
University
National .
. Vertically Stacked 3-GeSn- 5 x a [85]
2018 Taiwan Nanosheet pGAAFETs ! 03 108 95
University

Vertical heterojunction 3 x
2020 PGI 9 GeSn/Ge gate-all-around 8 130 106 -05 &
nanowire pMOSFETs

Tunnel-field-effect transistors (TFETs) features subthreshold swings (SS) below 60 mV/decade at room
temperature, which also enable a decreased power supply without discounting the off-current. Although Si-TFETs
have been reported with SS below 60 mV/decade at low current, band-to-band tunneling (BTBT) is limited by its
indirect bandgap property and low SS at high current. Therefore, researchers have investigated GeSn with high Sn
contents to create high-performance GeSn TFETs 7 A higher Sn content enhances device performance, but the
subthreshold swing is affected by the increased leakage level. For ultrasmall supply voltages, the device structure
should be optimized to improve device characteristics. Using Ge/GeSn heterostructure pTFETs led to the
improvements of the BTBT rate. Thus, higher on-current and lower off-current were achieved simultaneously.
Christian et al. reported the fabrication and characterization of Ge/GeSn pTFETs, and they recorded a low
accumulation capacitance of 3 pF/cm 2 89 Moreover, their room-temperature (RT) current—voltage characteristics
showed that the Ge/GeSn pTFETs with the 11% Sn content had the highest BTBT current. To suppress the short
channel effects (SCEs) of multi-gate transistors, Dianlei et al. investigated the p-FinFETs with a CVD-grown GeSn
channel B2, For GeSn p-FiNFETs grown on GeSnOl substrates with 8% Sn incorporation, compressive strain and
hole mobility were found to be —-0.9% and 208 cm 2 /V-s, respectively. Record low SS of 79 mV/decade for GeSn

p-FETs were also achieved.

Similar to the n—Ge material, n— GeSn suffers from a large resistance in metal-n— GeSn contacts
mainly due to a strong Fermi pinning effect. To improve the performance of GeSn n-FETs, Yen
Chuang et al. researched GeSn n-FinFETs and n-Channel MOSFETs: n + —GeSn contact; in situ
doped n + —GeSn was grown by CVD, and Ni was employed as the contact metal &3, With the
increasing Sn content and n-type doping level, contact resistivity reduced to 3.8 x 10 -8 Q/cm 2,
which may be attributed to the bandgap shrinkage of GeSn (8% Sn incorporation). With the
optimized n + —GeSn contact, the highest drive current and best SS for GeSn n-FinFETs were 108
A/m and 138 mV/dec, respectively (8% Sn incorporation) €2, To suppress the dopant diffusion for
S/D carrier activation, microwave annealing (MWA) was proposed. For GeSn with 4.5% Sn
incorporation, GeSn nMOSFETs were found to possess an electron mobility of 440 cm 2/V:s,
suggesting that CVD-grown GeSn and MWA technologies are very promising for GeSn CMOS
applications. For higher electron mobility, a 0.46% tensile strain was introduced to Ge 0.96 Sn 0.04 ;

https://encyclopedia.pub/entry/15977 9/17



Si-Based GeSn | Encyclopedia.pub

due to the introducing of tensile strain, the carrier population in the I valley was higher. Thus, the
electron mobility of GeSn nMOSFETs was further improved to 698 cm 2/V-s [84],
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