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Lateral S1j 15Geq 55/Ge/S1p 15Geg g5
Double-Heterojunction Laser

With SiN Stressor

Xinyang Sun

Abstract—Integrated circuit technology has undergone signi-
ficant advancements and progress over the past few decades.
However, as the demand to further shrink circuit sizes increases,
traditional IC interconnections face challenges such as RC
delay, energy loss, and interconnect interference, which become
increasingly prominent. Optical interconnection emerges as a
promising solution to mitigate these issues by enabling reductions
in circuit size, power consumption, and signal delay. In this article,
we propose a novel lateral Sig.15Geq.s5/Ge/Sig.15Geq.g5 p-i-n
double-heterojunction laser array, leveraging SiN stress as a key
component. Our study focuses on the EL emission properties of
individual lasers within the array, the distribution of SiN stress
within the device, and the impact of stress on the laser properties.
Additionally, we design a Sip.15Geg.g5/Si05 distributed Bragg
reflector (DBR) tailored for the laser array. Simulation results
demonstrate a peak luminescence wavelength of 1849 nm and a
threshold current density of 190 kA/cm? at 300 K.

Index Terms—Photoelectric integration, double-heterojunction
laser, SiN stressor, Germanium, DBR.

I. INTRODUCTION

ILICON-BASED photoelectric integration technology is an
S emerging research field that has gained traction in recent
years. The primary objective is to achieve the integration of
various electronic devices, such as lasers, optical modulators,
optical waveguides, optical detectors, and MOSFETsS, onto a sin-
gle chip. Currently, optoelectronic devices based on Group III-V
materials are relatively mature. While Group III-V optoelec-
tronic devices offer superior photoelectric properties due to their
direct bandgap characteristics, their compatibility with existing
Si-based CMOS technology is challenging due to significant
lattice mismatch and large thermal expansion coefficient dispar-
ities between Group III-V and Si materials. These issues have
presented substantial obstacles to the further advancement of
photoelectric integration technology.
Although Germanium (Ge) is an indirect bandgap semicon-
ductor material, it exhibits a relatively small energy difference of
only 136 meV between the I" energy valley at the direct bandgap
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Fig. 1. Band structure of Ge at 300 K (a) unstrained (b) 1.8% tensile strain.

and the L energy valley at the indirect bandgap, as illustrated in
Fig. 1(a). The application of strain to Germanium can induce
structural changes, leading to modifications in its energy band
structure and subsequent effects on its luminescence properties.
Specifically, when tensile strain is applied to Germanium, the lat-
tice undergoes changes that result in a narrowing of the bandgap
width. Notably, the I' energy valley experiences a greater nar-
rowing rate compared to the L energy valley [3]. Consequently,
when approximately 1.8% biaxial strain is applied, both the
I" energy valley and L energy valley of Germanium become
nearly flat. This transformation allows Germanium to transition
into a direct bandgap semiconductor, enabling direct bandgap
luminescence and significantly improving luminous efficiency
[11, [2], as depicted in Fig. 1.

The band structure diagram of the double-heterojunction is
shown in Fig. 2(a). In this structure, the band gap width of the
material located in the intrinsic region i is narrower compared
to the band gap widths of the p and n regions on both sides.
As a result, electrons and holes entering the potential well of
region i need to overcome a barrier to escape. This characteristic
enables the double heterojunction to confine carriers effectively.
Fig. 2(b) illustrates the refractive index distribution within the
double heterojunction. The refractive index of photons in the n
and p regions is lower than that in the i region. Consequently,
photons generated through carrier recombination remain con-
fined to the region i. The combined effects of carrier and photon
confinement in the double heterojunction facilitate stimulated
radiation within region i. As a large number of photons are
produced through the recombination of electrons and holes,
the photons remain restricted to participating in the process
of stimulated radiation within region i. This confinement leads
to enhanced stimulated radiation and efficient luminescence. In
this study, a double heterojunction structure comprising Ge and
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Fig. 2. (a) Schematic diagram of the double heterojunction band structure
(b) diagram of the refractive index distribution of the double heterojunction.

the alloy material Siy 15Geq g5 is employed. The Ge-like crystal
structure of Sig 15Ge g5, along with the smaller lattice mismatch
between Sig.15Geg g5 and Ge compared to Si and Ge, allows for
the preparation of high-quality Ge on Sig 15Geg. g5 with minimal
defects.

II. DEVICE STRUCTURE

The 3D schematic diagram and profile structure diagram of
the device are presented in Figs. 3 and 4, respectively. The
device comprises an SOI substrate, a Sip 5Geg 5 buffer layer,
a Sig.15Gey g5 layer, a p-i-n structure, and a DBR resonator. The
SOI substrate is employed to minimize device leakage and power
consumption. The Sip 5Geg 5 buffer layer serves as an interme-
diate layer between the Si and Ge materials, reducing lattice
mismatch between the layers. The Sig 15Geg g5 layer functions
as the P and N regions of the laser. By using the Sip.15Geg g5
alloy as a template, high-quality Ge can be grown, resulting in
reduced material defects and improved Ge layer quality. The
p-i-n structure of the laser adopts a lateral configuration where
the p region, n region, and i region are in the same plane. Ge
is etched into a grid structure perpendicular to the substrate,
forming the active region between N-type doped Sig.15Geg g5
and P-type Sig.15Ge g5 layers. To introduce biaxial tensile strain
into the Ge material, a high-stress SizNy layer is filled into the
groove between two Ge layers.

The distributed Bragg reflector (DBR) is a periodic structure
which consists of alternating layers of two materials with dif-
ferent refractive indexes. The optical thickness of each layer is
precisely designed to be one-fourth of the Bragg wavelength.
When light traverses the DBR, it undergoes resonance within
multiple sub-resonators, leading to enhanced laser light in-
tensity. In comparison to Fabry-Perot (FP) lasers, distributed
feedback (DFB) lasers employing DBR as the resonator of-
fer several advantages, including single-mode output, excellent
monochromatic behavior, and high emission power. Therefore,
in this article, a lateral DBR reflector is introduced to enhance
the performance of the designed laser. The fabrication process
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Fig. 3. 3D diagram of lateral Sigp.15Geq.85/Ge/Sig.15Gep.g5 double-
heterojunction laser (a) the active region without SiN (b) the p-i-n structure
without SiN (c) the p-i-n structure with SizNy (d) the overall structure.
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of the lateral DBR involves etching grooves on the Sig.15Geg g5
layer and subsequently filling them with SiOs. This process
is compatible with the CMOS process. Through calculations,
the optimal dimensions for the DBR structure are determined.
Specifically, the width of the etched groove, which corresponds
to the thickness of the SiOs layer, is found to be 308 nm, while
the spacing between each groove, representing the thickness of
the Sig.15Geg g5 layer, is determined to be 132 nm. The structure
diagram of the DBR is illustrated in Fig. 5.

The laser design proposed in this article offers several no-
table advantages: 1) The adoption of a lateral laser structure
enables multiple laser groups to share the same set of P and N
regions. This design approach effectively minimizes the required
chip area, leading to space savings and improved integration
efficiency. 2) By etching the Ge layer into a thin longitudinal
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Fig. 4. (a) Profile in XOY of the lateral Sig 15Geq.s5/Ge/ Sip.15Geo.s5
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Light

Si02 Si0.5Geo.s

sk

Si0.15Geo.85

Fig. 5. Profile of the DBR.

structure, the high-stress SigN,4 layer can introduce uniform
and significant tensile stress into the Ge material. This con-
trolled strain enhances the performance of the laser and con-
tributes to improved optical properties. 3) The incorporation
of a distributed Bragg reflector (DBR) into the laser design
brings about several benefits. The DBR structure enhances the
monochromatic behavior of the lasers, resulting in a more pre-
cise and focused emission wavelength. Additionally, the DBR
contributes to improved emission power, amplifying the overall
performance of the lasers. 4) The laser fabrication process
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described in this article is compatible with CMOS technology.
This compatibility ensures a streamlined manufacturing process
by leveraging existing CMOS infrastructure, reducing process
complexity, and lowering the overall cost of laser production.
These advantages collectively make the proposed laser design
highly promising for practical applications, as it addresses key
challenges such as chip area utilization, strain engineering,
optical performance, and process compatibility, paving the way
for cost-effective and efficient laser preparation.

III. RESULTS AND DISCUSSION

Through simulation experiments, the relationship between
the thickness of the Ge layer and the distribution of tensile
stress is obtained, as shown in Fig. 6. The figures labeled (a)
to (f) in Fig. 6 display the distribution of tensile stress exerted
by the SiN stress layer on the Ge layer for different Ge layer
thicknesses, specifically 100 nm, 200 nm, 300 nm, 400 nm,
500 nm, and 600 nm. It is evident from the results that when
the thickness of the Ge layer exceeds 500 nm, a significant
non-uniform stress distribution occurs. On the other hand, when
the thickness of the Ge layer is less than 300 nm, the SiN stressor
induces a substantial and uniform stress in the Ge layer. Notably,
when the Ge layer is as thin as 100 nm, the SiN stress layer
introduces approximately 0.8% biaxial tensile strain into the
Ge layer, and this strain is uniformly distributed throughout the
Ge layer. These findings demonstrate the crucial role of the SiN
stressor in introducing controlled tensile strain into the Ge layer.
Moreover, they provide insights into the optimal thickness of the
Ge layer for achieving a uniform stress distribution, with a no-
table strain of 0.8% being achieved when the Ge layer thickness
is 100 nm.

The simulation results evaluating the laser properties under
different Ge layer thicknesses are presented in Fig. 7. As the
Ge layer thickness increases, the stress within the Ge material
gradually decreases, while the threshold current of the laser
increases. For instance, when the Ge layer thickness is 100
nm, the threshold current density of the laser is approximately
190 kA/cm?. However, when the Ge layer thickness is ex-
tended to 500 nm, the threshold current density exceeds 600
kA/cm?2.Furthermore, a reduction in the Ge layer thickness is
accompanied by an increase in the luminous power output and a
red shift in the laser emission wavelength. Taking into account
both the device properties and the associated technological
challenges, the design choice for the laser is to utilize a Ge
layer thickness of 100 nm. By selecting a thinner Ge layer, the
threshold current density can be minimized while maintaining
desirable luminous power and laser emission properties. This
decision balances the performance requirements of the laser
device with practical considerations related to the fabrication
process.

Sip.15Geq.g5 alloy forms a double-heterojunction structure
with Ge as a barrier. Fig. 8 shows the comparison of the
properties between the double-heterojunction devices and the
homojunction devices during the period. The barrier formed
by the double-heterojunction structure plays an effective role
in restrict the carrier. As shown in Fig. 8(a), the laser with
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Fig. 6. The stress distribution with Ge thickness of (a) 100 nm (b) 200 nm (c) 300 nm (d) 400 nm (e) 500 nm (f) 600 nm.
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P-region doping concentration on P-J property (d) influence of P-region doping concentration on emission spectra.

double-heterojunction structure has a smaller threshold current
density, because the restriction effect of double-heterojunction
makes laser excitation easier. At the same time, the double-
heterojunction laser has better light emission property, not only
the emission power is greater than that of the homojunction laser,
but also because of the light limitation of the heterogeneous
materials, the double-heterojunction laser has better monochro-
matic behavior, and red shift of the laser is smaller.

In the process of device optimization, we conducted a study
on the influence of doping concentration in the N and P regions
on the device properties. The simulation results are presented
in Fig. 9. Fig. 9(a) illustrates the influence of N-region doping
concentration on the P-J characteristics of the device, while
Fig. 9(b) shows its impact on the light emission properties.
Surprisingly, the doping concentration in the N-region does
not have a significant effect on either the threshold property



1501708

0.0 ; e
L ——
-0.2 1 Electron QFL
— Hole QFL
E -0.4 1 —— Valence band 7
o — Conduct band
% -0.6 1 g
—
-08 T 1
-1.01
(a)

02 04 06 08 1.0 12 14 1.6 18
Location (um)

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 4, AUGUST 2023

- : Electron
1074 Hole
e I B et
T 10— —
5 I ]
81085 »
g
21074 ]
@)
10+ \\
10]5 I(b)'

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Location (um)

Fig. 10.  (a) The energy band and QFL (b) the concentration distribution of electrons an holes.
25 1.2 T T T T
$
; 20 1.0 = [-V - ]
Z
3 0.8+ .
215 2 o
6 2 0.6
St (3] [ ]
2104 E Vi
<3 © 0.4+ 7
=
& 021 e 1
-
0+t s 0.0 demmmparmmrmcaarmnanpunzeer®” (D)
0 100 200 300 400 500 600 7007 800 9001000 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
Current density (kA/cm?) Voltage(V)
25 T T T T 25 T T T T
‘ 2
- —=— 1000kA/cm’ _ kS
=20+ § = 20+ +—400kA/cm~ B
S S —— 600kA/cm? | |
i o E ~ 800kA/cm?
E 154 128 . E 154 cm B .
g (126 g 1000kA/cm~ h
o} 124 5 i
z 104 . z 104 M .
o . 122 ] |
—Q.- | \ 12.0 _Q- ‘ “‘
s 18486 18488  1849.0 8 | 2
S 54 / | . S 54 ‘/- i E
\ A
/ c A& d
0 /AT NN N A .. 0 sz (D)
1846 1848 1850 1852 1854 1856 1858 1860 1840 1842 1844 1846 1848 1850 1852 1854
Wavelength (nm) Wavelength (nm)
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or the emission property of the device. In contrast, the doping
concentration in the P-region plays a crucial role in shaping
the device characteristics, as demonstrated in Fig. 9(c) and (d).
As the P doping concentration increases, there is a noticeable
downward trend in the threshold current of the laser, accompa-
nied by an increase in emission intensity. This behavior can be
attributed to the band structure of Ge, where the heterojunction
formed by Sig.15Geg.g5 and Ge imposes a stronger confinement

on holes compared to electrons. Consequently, changes in the
hole concentration have a more pronounced impact on the laser
properties. Considering the potential effects on the absorption
coefficient and the introduction of crystal defects, we have
determined the final design parameters for the doping concen-
trations. The N-region doping concentration is set at 1x10"
cm ™3, while the P-region doping concentration is 1x 10! cm=3,
These choices take into account the desired device performance
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while minimizing potential detrimental effects associated with
excessive doping concentrations and crystal defects. Through
extensive simulation of the device structure, we have obtained
the band structure diagram of the transverse structure, which
is depicted in Fig. 10. The introduction of heterojunction and
heavy doping in the N-region has significant effects on the band
structure of the active region. As a result, the electron Fermi
level appears in the conduction band, while the hole Fermi level
appears in the valence band. This configuration enables efficient
carrier transport and recombination within the active region,
facilitating the generation of photons and achieving desirable
laser performance. According to the formula:

Epn—Epq>Eqg

The number of electrons present at the bottom of the high
energy conduction band is significantly higher than the number
of holes at the top of the low energy valence band. This pop-
ulation inversion is crucial for achieving laser emission in the
device. According to the laser emission condition, the rate of
excited radiation should exceed the rate of excited absorption.
This condition ensures that the device emits coherent light
and functions as a laser. The population inversion between the
conduction band electrons and valence band holes facilitates
the stimulated emission process and allows for the efficient
generation of photons.

The laser emission power as a function of current density is de-
picted in Fig. 11(a). It can be observed that when the current den-
sity surpasses 190 kA/cm?, there is a noticeable surge in the op-
tical emission power. This indicates the onset of laser operation
in the device. Furthermore, the emission spectrum of the laser is
illustrated in Fig. 11(c). Notably, there is a prominent laser emis-
sion peak at the wavelength of 1848.8 nm. Additionally, the half-
peak width of the laser emission is confined to approximately
0.4 nm, demonstrating excellent monochromatic behavior.

IV. CONCLUSION

A lateral Sig 15Geg s/Ge/Sip.15Gep.g5 p-i-n double-hetero-
junction laser is proposed in this article. By utilizing a palisade
structure in the Ge layer with a high-stress SigNy film, biaxial
strain of 0.8% is introduced, which is significantly higher than
the strain introduced by directly coating the laser on the surface
of SizNy. This approach enables the achievement of an EL
emission peak at approximately 1849nm, effectively enhancing
the photoelectric conversion efficiency of Ge and reducing the
threshold current density of the laser. Moreover, the influence of
the Sig.15Geq.g5/Ge/ Sig.15Geg.g5 double heterojunction struc-
ture on the laser is investigated. The presence of Sig.15Geq g5
not only reduces defects and improves the quality of the Ge
layer but also effectively lowers the threshold current density
of the laser. This results in improved monochromatic behavior
and increased luminous power of the laser output. The proposed
Sip.15Geo.85/Ge/Sip.15Geg.g5 p-i-n double heterojunction laser
demonstrates a photoelectric conversion efficiency of 3.95%,
which is significantly higher than the typical Ge lasers with an
efficiency of less than 1%. Additionally, the threshold current
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is reduced compared to general Ge lasers. This work provides a
feasible solution for realizing Si-based light sources and is com-
patible with CMOS technology, thereby reducing the production
cost of silicon-based photonic integrated chips.

V. PROCESS FLOw

1) A Sig 5Gey 5 buffer layer was grown on an SOI substrate
using the PECVD process to facilitate a smooth transition be-
tween Siand Ge, reducing lattice defects during material growth.
2) The Sip.15Geq.g5 layer was deposited onto the Sip5Geg 5
buffer layer using super vacuum chemical vapor deposition at
350 °C. 3) N and P regions were formed in the Sip.15Geg.s5
layer. Ion implantation was employed to create a P-type doping
zone with a concentration of 1 x 10'cm~3 and an N-type doping
zone with a concentration of 1 x 10"cm 3. 4) Reactive ion
etching technology was utilized to create a 1 ym wide and 1 pm
deep groove in the contact region between the P and N zones
of the Sip.15Geg g5 layer. 5) The Ge layer was epitaxially grown
on the surface of the Sip 15Geg g5 layer and the grooves using
molecular beam epitaxy at a growth temperature of 90 °C. This
technique enables low-temperature growth of high-quality Ge
material. 6) Reactive ion etching was employed to remove the
excess Ge material outside the groove. Additionally, grooves
with a width of 500 nm and an interval of 100 nm were etched
into the Ge layer to form a grid Ge structure. 7) A SiN stress
layer was deposited onto the Ge surface using PECVD at 400 °C.
The grooves were filled, and the SizN, layer extending beyond
the Ge layer was subsequently etched. 8) Ion implantation was
used to create heavily doped ohmic contact regions with a
doping concentration of 1x10?*°cm~ on the N and P regions,
respectively. 9) Reactive ion etching technology was employed
to create grooves perpendicular to the direction of light on the
Sig.15Geo.g5 layer at the front and rear ends of the active region
structure. These grooves had a width of 308 nm and a spacing
of 132 nm. 10) PECVD was used to fill the grooves created in
step (8) with SiO., forming a distributed Bragg reflector. 11)
Metal electrodes were deposited on the P and N regions through
sputtering etching and deposition to establish the strip metal
electrodes.
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