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A horizontal p−i−n ridge waveguide emitter on a silicon (100) substrate with a Ge0.91Sn0.09∕Ge multi-quantum-well
(MQW) active layer was fabricated by molecular beam epitaxy. The device structure was designed to reduce light
absorption of metal electrodes and improve injection efficiency. Electroluminescence (EL) at a wavelength of 2160 nm
was observed at room temperature. Theoretical calculations indicate that the emission peak corresponds well to the
direct bandgap transition (n1Γ − n1HH ). The light output power was about 2.0 μWwith an injection current density
of 200 kA∕cm2. These results show that the horizontal GeSn/Ge MQW ridge waveguide emitters have great pros-
pects for group-IV light sources. © 2020 Chinese Laser Press
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1. INTRODUCTION

In order to promote the development of integrated photonics,
tremendous efforts have been made to broaden the reach of
current silicon (Si)-based technology over the past few decades
[1–3]. Thanks to the compatibility of full group-IV materials
with complementary metal oxide semiconductor (CMOS)
technologies, monolithic integration of group-IV materials and
devices has attracted great interest [4]. Despite the development
of many devices including waveguides, high-speed modulators,
and detectors [5–8], an efficient light source monolithically in-
tegrated on Si remains a challenge due to the indirect bandgap
nature of Si and germanium (Ge) [9]. One solution that has
received renewed interest is the incorporation of the group-IV
element tin (α−Sn) into a Ge lattice. Researchers have found
that Ge1−xSnx alloys can transform into a fundamental direct
bandgap material with Sn content greater than about 8%
[10–13]. Some LEDs based on GeSn bulk materials have been
reported [14,15], and even some optically pumped GeSn-based
lasers on Si have been demonstrated at low temperatures
[16,17]. It is generally known that multi-quantum-well (MQW)
structures can be used for LEDs or lasers to improve lumi-
nescence performance, and some group-IV MQW structure
emitters have also been reported [18,19]. Unfortunately, most
group-IV light-emitting devices are vertical p−i−n structures.
There is no suitable cover layer, and the problem of optical loss
by the metal electrode cannot be avoided, which seriously re-
duces the emission efficiency [20]. In addition, to meet the
requirements for monolithic integration in Si-based photonics,

planar waveguide-type devices are highly desirable. In order to
solve the problem of light absorption by metal contacts and con-
sidering that the waveguide is an important structure supporting
light propagation and lasing, the horizontal p−i−n ridge wave-
guide emitters were designed.

In this work, we present the epitaxial growth and structure of
high-Sn-content Ge1−xSnx∕Ge MQWs on Si (100) substrates.
In addition, the ridge waveguide LEDs with a horizontal p−i−n
injection structure were fabricated using a standard CMOS com-
patible process. The electro-optical characterization of GeSn/Ge
MQW LEDs was studied. Electroluminescence (EL) from
MQWs was observed at room temperature. Also, light output
power with different current injection was further investigated.
Based on the EL data and temperature-dependent photolumines-
cence (PL) spectra, the band structure of this device was dis-
cussed. Theoretical calculations by effective mass and the six-
band k · p method reveal that the band alignment can confine
carriers effectively at low temperatures, and the EL is dominated
by direct bandgap transition (n1Γ − n1HH ).

2. MATERIAL GROWTH AND
CHARACTERIZATION

The Ge1−xSnx∕Ge MQW samples were grown on Si (100)
substrates with resistivity greater than 104 Ω · cm by solid
source molecular beam epitaxy (MBE). The complete layer
sequence of nominally designed MQW structures includes:
(i) a 500 nm thick Ge-buffer layer grown by a two-step growth
process, in which a 70 nm thick low temperature Ge (LT-Ge)
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buffer layer was grown at 300°C, followed by a 430 nm thick
high temperature Ge (HT-Ge) grown at 600°C; (ii) five period
quantum wells grown at 190°C, Ge0.91Sn0.09 well layers with a
thickness of 10 nm separated by 20 nm Ge barrier layers; and
(iii) a 150 nm thick Ge-cap layer deposited on the MQWs at
the same temperature to avoid segregation of Sn atoms in the
GeSn layer. In order to decrease the lattice mismatch disloca-
tions, before growing the MQW structure, in situ cyclic
annealing from 800°C to 600°C for five times was performed,
and the duration of each cycle of annealing was 5 minutes.

The cross-sectional transmission electron microscopy
(TEM) of the Ge0.91Sn0.09∕Ge MQW heterostructure is
shown in Fig. 1(a). A high crystalline quality interface is evident
between the GeSn and Ge-buffer layer, and the defects in the
Ge-buffer layer are limited in the LT-Ge layer. In addition,
smooth and abrupt interfaces between GeSn well layers and
Ge barrier layers are observed, which play an important role
in the highly-effective quantum confinement effect. The inset
below in Fig. 1(a) is a selected electron diffraction of the
Ge0.91Sn0.09 well layer, which evidences the single-crystalline
nature of this layer. The inset above in Fig. 1(a) shows the en-
ergy-dispersive X-ray spectroscopy (EDX) linear scanning of
elemental contents. It can be seen that the composition of
Sn in the GeSn well layer is about ∼9%. The high-resolution
TEM image in Fig. 1(b) further reveals that the MQW inter-
face is clear, and the thickness of the well layer is about
∼10 nm, indicating that the thickness is well-controlled during
growth. In order to verify the concentration of Sn in the GeSn
well layer and obtain the strain to calculate the band diagram,
the X-ray diffraction reciprocal space mapping (XRD-RSM)
around the asymmetric (−2–24) reflection was obtained, as
shown in Fig. 1(c). It reveals that the Ge-buffer contains a ten-
sile strain of roughly 0.18%, which is due to cyclic annealing
and the difference in the thermal expansion coefficient of Ge
and Si-substrate [21]. The GeSn/Ge MQWs have the same

in-plane lattice constant as the Ge-buffer. This means that
the GeSn/Ge MQWs were grown on the Ge buffer pseudo-
morphically. The compressive strain is about 1.2%. In addi-
tion, the composition of Sn in the GeSn well obtained by
RSM is ∼9.3%, which is in good agreement with the result
of the EDX linear scanning.

3. DEVICE FABRICATION AND
CHARACTERIZATION

Before the lithography process, a 300 nm thick SiO2 layer was
deposited on the film by plasma-enhanced chemical vapor dep-
osition (PECVD). The GeSn/Ge MQWs films covered with a
SiO2 hard mask were patterned into a ridge waveguide with a
size of 2 μm �width� × 400 nm �height� × 4 mm (length) along
the (110) crystal orientation. Subsequently, both sides of the
GeSn/Ge MQW ridge waveguide were implanted into boron
and phosphorous ions with an energy of 30 keV and a dose of
4 × 1015 cm−2. After ion implantation, in order to activate the
implanted ions and repair the lattice damage caused by the ion
implantation, the film was thermally annealed at 500°C for 10 s
in the N2 atmosphere. A micro-region Raman test shows that
the lattice was recovered successfully. The 300 nm thick SiO2

on the ridge waveguide was removed by wet etching, and then a
∼700 nm thick SiO2 surface passivation layer was
deposited. Metal contacts were formed with a 100 nm thick
nickel (Ni) layer to form a low-resistance metallic NiGe layer
followed by an 800/50/50 nm thick aluminum (Al)/titanium
(Ti)/gold (Au) layer deposition. Finally, in order to facilitate
cleavage, the sample was thinned to 80 μm, and then the
GeSn/Ge MQW ridge waveguide LEDs with different lengths
were cleaved to expose (110) facets. The schematic diagram of
the horizontal Ge0.91Sn0.09∕Ge MQW p−i−n ridge waveguide
LEDs on the Si (100) substrate is shown in Fig. 2(a). Because
the thickness of the MQW structure is very small and difficult
to understand, a clearer cross-sectional schematic of this hori-
zontal device is shown in Fig. 2(b). In addition, Fig. 2(c) is an
oblique scanning electron microscope (SEM) image of the de-
vice. It can be seen that the cleaved facet is very neat and
smooth.

Figure 2(d) shows the typical I-V characteristics of the
device measured by the Agilent B1500A semiconductor param-
eter analyzer. The room temperature I-V curve shows well-
defined rectifying behavior. The ideal factor η can be
obtained by the p−n junction current-voltage formula [22]:
I � I 0�exp�qV ∕ηkBT � − 1�, where I 0 is reverse saturated cur-
rent, q is elementary charge, kB is the Boltzmann constant, and
T is the absolute temperature. It can be seen from the inset in
Fig. 2(d) that when the voltage is less than 0.5 V, the slope of
the ln I−V fitted line is about 17.97, and the ideal factor η can
be calculated to be about 2.1, which indicates that the main
current of the p−n junction is recombination current [23], and
our device has an excellent carrier-injecting efficiency. Unlike
vertical structure LEDs with the electrode on a Si substrate,
the injection current of this horizontal device does not have
to pass through the more defective Si/Ge interface. It means
that the non-radiative recombination caused by the defects
is greatly reduced.

Fig. 1. (a) Cross-sectional transmission electron microscopy (TEM)
image of the Ge0.91Sn0.09∕Ge MQW structure grown on the Si sub-
strate with a Ge cap layer; the inset below is the selected-area diffrac-
tion pattern of the Ge0.91Sn0.09 well layer; the inset above shows EDX
linear scanning of elemental contents in the GeSn/Ge quantum well
structure. The red and blue lines represent Sn and Ge concentrations,
respectively. (b) HR-TEM image of the Ge0.91Sn0.09∕Ge QW inter-
face. (c) XRD-RSM from the (−2–24) plane of the MQW structure.
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EL measurements were performed using a standard off-axis
configuration with a lock-in technique (optically chopped at
210 Hz) at room temperature. The light output power was col-
lected by a Princeton Instruments SP-2300 spectrometer in
step scan mode and a liquid nitrogen-cooled InGaAs detector
with a cut-off wavelength of 2.4 μm. The EL spectra of the
Ge0.91Sn0.09∕Ge MQW p−i−n ridge waveguide LED with a
length of 1 mm are shown in Fig. 3(a). A strong emission peak
located at 2160 nm (0.574 eV) with a full-width-at-half-
maximum (FWHM) of ∼210 nm is observed under a differ-
ent power density. Since some of the injected carriers are
recombined in a tensile strained Ge-buffer and Ge cap layer,
a weaker emission peak can be seen at a wavelength of
∼1900 nm. The EL peak positions and intensity of these
two peaks (main peaks and emission peaks of Ge) are displayed
in Fig. 3(b) as a function of the power density. It can be seen
from Fig. 2(b) that the intensity of both the emission peaks of
Ge and the main peaks increases as the power density increases,
and the intensity of the MQW structure is enhanced more

significantly. In addition, both peaks gradually shift to longer
wavelengths with increasing power density. This is because the
Joule heat generated inside the device under a large injection
current causes the device temperature to rise, resulting in
bandgap shrinkage [24,25]. The PL of the as-grown sample
and the EL of the device are compared, as shown in Fig. 3(c).
The EL peak position (Peak 2) is consistent with the PL peak,
indicating that the GeSn/Ge MQWs can remain stable for 10 s
at an activation temperature of 500°C and do not deteriorate
the quality of the material.

In order to investigate the confinement properties of MQW
structures and analyze the mechanism of bandgap transition,
the room-temperature band structure of the Ge0.91Sn0.09∕Ge
MQWs was theoretically calculated using the effective mass
and six-band k · p model [26], and the deformation potential
theory is also used to calculate the effect of strain on the
bandgap [27], as shown in Fig. 4(a). Table 1 shows the relevant

Fig. 2. (a) Schematic of horizontal GeSn/Ge MQW p−i−n ridge
waveguide LEDs on a Si (100) substrate. (b) Cross-sectional schematic
of this horizontal device. (c) Scanning electron microscope (SEM) im-
age of the ridge waveguide LEDs device. (d) Typical I-V characteristics
of the device; inset: the relationship between ln I and V and the fitted
curve of ideal factor η.

Fig. 3. (a) EL spectra of horizontal Ge0.91Sn0.09∕Ge MQW p−i−n
ridge waveguide LEDs at room temperature with different power
density. (b) EL spectral peak wavelength as a function of power density.
(c) PL spectrum of the as-grown sample and the EL spectrum of the
device.

Fig. 4. (a) Band diagram for one period of the Ge0.91Sn0.09∕Ge
quantum well by theoretical calculation. (b) Temperature-dependent
PL spectra of the as-grown sample at the temperature range 80 K to
290 K.
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parameters for the calculation of the energy bandgap of the
GeSn alloy. As the composition of Sn in the Ge1−xSnx alloy
increases, it gradually transforms toward the direct bandgap
material [11], and the compressive strain has an opposite effect
[31]. It is known from Fig. 1 that the composition of Sn is
approximately 9%, and the Ge0.91Sn0.09 well layer is subjected
to a compressive strain of 1.2%. Therefore, even the GeSn layer
composition reaches ∼9%, and it is still an indirect bandgap
material. The calculation results show that the bandgap be-
tween Γ-valley and L-valley is only 5.2 meV. In the Γ-valley
(EΓ) and heavy hole band (EHH ), their barrier heights are
142 meV and 111.5 meV, respectively. Therefore, these two
barrier heights have sufficient confinement on the carriers.
Using the finite-square potential well model, the first quantized
energy level (n1Γ) and ground state (n1HH ) are calculated
as 7 meV and 14 meV, respectively. At room temperature,
carriers will transit from L-valley to Γ-valley due to a filling
effect and fill the n1Γ energy level [32]. Because the bandgap
transition from n1Γ to n1HH has a high recombination rate,
the EL emission is dominated by the direct bandgap transi-
tion (n1Γ − n1HH ). The bandgap between n1Γ and n1HH is
0.573 eV, which is consistent with the EL peak position of
2160 nm (0.574 eV) in Fig. 3(a).

To further study the band-to-band transition in the
Ge0.91Sn0.09∕GeMQWs, temperature-dependent PL measure-
ments were performed, as shown in Fig. 4(b). Two peaks can
be clearly observed within the temperature range of 110 K to
230 K, and both peaks shift toward shorter wavelengths as the
temperature decreases. At 260 K and 290 K, only the high-
energy peaks are visible. As the temperature decreases, two
peaks can gradually be observed. For the high-energy peaks,
the peak intensity decreases with decreasing temperature.
On the contrary, the intensity of low-energy peaks increases
instead. Because the thermal energy of the electrons decreases
as the temperature decreases, the electrons do not have enough
energy to occupy the n1Γ energy level, so the emission of the
indirect bandgap is more and more obvious. In addition, it can
be seen that as the temperature decreases, the intensity of the
low-energy peaks gradually increases, which is also because
non-radiative recombination caused by defects is suppressed
at low temperature [33,34]. And furthermore, the peak posi-
tions can be well matched with the band structure calculation
in Fig. 4(a). The high-energy peak is mainly attributed to the
n1Γ − n1HH transition, and the direct bandgap transition
(n1L − n1HH ) also corresponds well to a low-energy peak.
These results further illustrate the reliability of the band struc-
ture calculation in Fig. 4(a).

Figure 5 shows the current-output power of this device at
room temperature measured by Thorlabs PM100D. As ex-
pected, the EL intensity monotonically increases with the
injection current density from 5 kA∕cm2 to 200 kA∕cm2.
The dependence can be characterized by L ∼ Jm, where L is

EL intensity and J is injection current density. The exponent
m can be used to characterize the emission mechanism. It can
be seen that when the current density is less than 150 kA∕cm2,
the exponent m � 1. This linear relationship indicates that the
radiation recombination of the injected unbalanced carriers is
dominant [35,36]. When J > 150 kA∕cm2, EL intensity is
gradually saturated, which implies that the device has lower
radiation recombination efficiency with very high injection
current. Perhaps Auger recombination and light absorption by
free carriers become stronger [37].

4. CONCLUSIONS

In summary, the horizontal GeSn/Ge MQW ridge waveguide
LEDs were fabricated on Si (100) substrates to reduce the light
absorption by metal electrodes and improve injection efficiency.
The current-dependent EL spectra at room temperature exhibit
a strong EL peak at a wavelength of ∼2160 nm (0.574 eV).
The emission peaks remain stable at small injection currents
without significant red-shift due to thermal effects. The device
maintains high radiant recombination efficiency at low current
densities (<150 kA∕cm2), and the light output power ob-
tained was about 2.0 μW. Bandgap calculation results indi-
cate that the MQWs form a type-I band alignment. The EL
peak is in good agreement with the direct-bandgap transition
(n1Γ − n1HH ), and it can be verified by temperature-dependent
PL spectra. These results indicate that GeSn/Ge MQWs are
a potential candidate material for group-IV light sources,
and such a horizontal p−i−n structure experimentally proves
that it has great potential as a Si-based light emitter. In addition,
if the composition of Sn in the GeSn alloy is further increased,
this material can be transformed into a direct-bandgap material.

Table 1. Constants Used for Calculation of GeSn/Ge MQWs Energy Bandgap [27–30]

Material Ev,av (eV) av (eV) aΓc (eV) aLc (eV) Δ0 (eV) b (eV) EgΓ (eV) EgL (eV) C 11 (GPa) C 12 (GPa) bΓGeSn (eV) bLGeSn (eV)

Ge 0 1.24 −8.24 −1.54 0.3 −2.9 0.80 0.664 12.853 4.826 2.55 0.89
Sn 0.69 1.55 −6 −2.14 0.8 −2.7 −0.413 0.092 6.9 2.9

Fig. 5. Output power of this device plotted as a function of J at
room temperature.
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The EL performance of the device can be greatly improved and
even achieve lasing.
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