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Abstract—Recent progress in the quest for CMOS-

integrable GeSn light sources comprises the optically-pumped 

laser operating at room temperature and the first 

demonstrations of electrically pumped lasers. In this work, the 

performance of electrically-pumped double heterostructure 

GeSn ring laser diodes are evaluated as a function of their 

geometry and pumping pulse time. In particular, the trade-off 

between the band structure, i.e. the directness of the GeSn 

band gap, and the device heat dissipation is discussed in terms 

of their impact on the emission intensity and threshold current 

density. 
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I. INTRODUCTION 

For a long time, laser structures on silicon fabricated 

solely from elements of group IV were considered as the 

Holy Grail for Si Photonics [1], [2], [3], [4], [5], [6], [7]. 

With the breakthrough in epitaxial growth of GeSn and 

SiGeSn group IV semiconductors, the development of laser 

diodes on Si got a totally new perspective [7], [8], [9], [10], 

[11]. The Sn incorporation into the Ge lattice reduces the 

energy level of Γ-valley was faster reduced then the indirect 

L-valley of conduction band transforming the indirect 

bandgap  Ge into a direct band gap alloy. In contrast, adding 

Si into the GeSn alloys has the opposite effect increasing 

the direct bandgap energy, even transforming the alloy back 

into a indirect semiconductor. This band structure tuning of 

SiGeSn ternary alloy offers a large flexibility for active 

optical gain media from simple bulk GeSn layers to 

complex quantum well GeSn/SiGeSn heterostructures [10], 

[12], [13], [14]. In addition to the Si and Sn alloying, the 

electronic band structure can be further manipulated via 

lattice strain engineering, a technology well developed in 

the Si nano-electronics field.  

The strain and the alloy stoichiometry defines the 

energy separation between the Γ- and L-valley quantity 

termed as “directness”. A large directness decreases the 

electron intraband scattering rate from the low density of 

states (DOS) Γ- valley into the larger DOS L-valleys and 
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increases the radiative recombination efficiency in the 

active optical layer [13], [14], [15], [16], [17]. 

Different optical pumped GeSn laser designs have been 

reported lately including uniaxial strained micro-bridges 

[18], [19], [20], biaxially compressive and tensile strained 

micro-disks [8], [9], [10], [11], [21], [22], [23], [24], 

photonic crystals [25], [26], [27] and Fabry-Pérot (FP) 

waveguide cavities [10], [28], [29], [30]. Within few years, 

the lasing operating temperature was increased from 90 K 

to 300 K and the laser threshold, at cryogenic temperature, 

decreased from 300 kW/cm2 to 0.8 kW/cm2 [8], [9], [10], 

[11], [15], [20], [22], [23], [25], [30], [31], [32], [33], [34], 

[35]. The learning from these studies together with 

knowledge gained from GeSn electronics [36], [37], [38] 

forms a solid base for addressing the next challenge: the 

electrical pumped laser. Indeed, achieving an electrically 

pumped GeSn laser is a much more challenging task, as it 

requires more elaborated layer stacking for carrier injection 

as well as suitable solutions for low-resistance electrical 

contacts and heat dissipation management [39]. 

Recently, electrical pumped lasers were demonstrated in 

SiGeSn/GeSn/SiGeSn double heterostructure (DHS) [40], 

[41], [42], [43]. However, the lasing effect, observed only 

for below μs electrical pulse length and large injection 

currents, requires additional studies to understand the 

influence of the material and cavity losses on key parameters 

like lasing threshold, output power or maximum operating 

temperature. This paper compares the laser characteristics of 

electrically-pumped ring laser diodes featuring different 

cavity designs and dimensions and discussed the role of the 

active layer lattice strain and heating on the laser 

performance.  
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II. MAIN 

The p-i-n SiGeSn/GeSn/SiGeSn/Ge heterostructure was 

grown in an industry-compatible reduced-pressure 

chemical vapor deposition reactor on 200 mm Si wafers, as 

shown in Fig. 1a. A 200 nm Ge0.92Sn0.08 buffer layer was 

deposited on a 1018 cm-3 boron doped 2 μm thick Ge-Virtual 

Substrate (Ge-VS). The plastically-relaxed Ge-VS reduces 

the large crystal lattice difference between the Si and the 

GeSn layers, enabling the incorporation of higher Sn 

contents in the GeSn epilayer with a high crystalline quality. 

The role of an intermediate, strain-relaxed Ge0.9Sn0.10 layer 

is to offer a larger lattice constant, thus reducing the 

epitaxial compressive strain build-up in the subsequently 

grown GeSn layers. The optical active Ge0.86Sn0.14 layer 

features a compressive biaxial strain of -0.35% , as 

determined by X-ray diffraction, and is sandwiched 

between two SiGeSn layers with a larger bandgap to assure 

carrier confinement in the optical active region. For 

efficient electron injection into in the GeSn active layer the 

top SiGeSn layer consist of a low doped,< 1018 cm-3 region 

of 150 nm thickness and a top 50 nm highly doped, 

5 × 1019 cm-3, layer (see Fig. 1a). Based on k·p modeling 

the band diagram of the undoped DHS is shown in Fig. 1b 

[14], [44], indicating an band offset energy confinement of 

~ 60 meV.  

For the characterization of the optical-active material, 

non-undercut circular shaped LEDs were fabricated as 

described in the Methods section. Electroluminescence (EL) 

measurements of the LEDs were performed in the 

temperature range from 5K to 295K and current density 

 

Figure 2: (a) LED emission spectrum using a current density of 0.5 kA/cm2 at different temperatures. The inset is 0.1 

kA/cm2 at RT. (b) Emission spectrum at 5K under different current densities. (c) Log scale maximum intensity of the 

LED emission of the p-i-n DHS at different current densities. (d) Peak energy of the GeSn LED measured at different 

temperatures.  
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Figure 1: (a) Sketch of a epitaxialy grow p-i-n 

SiGeSn/GeSn/SiGeSn/Ge-VS/Si(100) DHS as used for 

laser diode fabrication. (b) Electronic band structure 

simulation of the heterostructure from (a) for the as-

grown and fully strain relaxed cases.  
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range from 0.1 kA/cm2 to 0.5 kA/cm2 at 2 kHz and 50% duty 

cycle pumping condition (Figs. 2a, b). The diodes emit in 

mid-infrared with a peak wavelength of 2.7 µm at 5K and 

different current densities, in agreement with the k · p 

modeling (Fig. 1b). At room temperature (RT) the EL 

intensity drops to 5% of the emission at 5K under the same 

pumping condition (Fig. 2c). The peak energy decreases by 

30 meV from 5K to RT, following the Varshni equation 

behavior, as shown in Fig. 2d [45]. The temperature 

dependence of the LED emission indicates a typical direct 

bandgap semiconductor behavior: the emission intensity 

strongly increases with decreasing temperature [10]. 

The non-undercutted LEDs (Fig.3a) exhibit measurable 

RT spontaneous emissions down to a pumping current 

density of 100 A/cm2, due to the limit of our electronic set-

up. Their emission can be further improved by strain 

engineering. As discussed in the introduction section, the 

compressive strain has a negative impact on “directness”, 

leading to a lower energy separation between the G- and L- 

valley. To promote the strain relaxation of the GeSn layer 

in the rim region, where the Whispering Gallery Modes 

(WGMs) develop, the Ge virtual substrate was selectively 

etched to a variable lateral width, wu. As recently 

demonstrated in similar GeSn disk diodes, the under-

etching of the Ge-VS buffer, allows nearly-full relaxation 

of the residual compressive strain in the GeSn layer [46], In 

addition to the resulting increased directness and reduced 

bandgap, the presence of an undercut also improves the 

optical mode confinement in the rim region. According to 

previous published study of GeSn refractive index [47], the 

undercut also creates a much larger refractive index contrast 

nGeSn/nair: 4.39/1, comparing to refractive index contrast in 

non-undercut GeSn/Ge structure nGeSn/nGe: 4.39/4, which 

achieved an excellent value of the mode overlap of 0.98 

from simulation. With the improvement of band structure 

and optical cavities, laser emission was obtained from the 

vertical GeSn diodes. 

A sketch of laser diode cavity is presented in Fig. 3a, 

describing the main geometric parameters including 

undercut widths (wu), inner radii (ri), and outer radii (Ro). 

The WGMs are formed at the outer rim of the micro-ring, 

and the removal of the center part of a disk was reported to 

increase the laser emission intensity, reduce the threshold 

current density as well as the background emission when 

compared to a micro-disk geometry with the same outer 

radius [42]. For small devices up to Ro = 10 m, the inner 

hole radius was chosen to be ri = 1 or 2 µm, while for 

devices with larger Ro, the center hole radius was increased 

(ri = 9 µm for Ro = 20 µm and ri = 18 µm for Ro = 40 µm 

devices, respectively). 

The L-I laser characteristics, and 3D plots of the 

emission spectra versus current density for two laser diodes 

with different undercut widths of wu = 0.9 µm and 

wu = 1.5 μm are presented in Figs. 3b, c, d. Both diodes 

have an outer radius of Ro = 7 µm. The measurements were 

taken under 100 ns electrical pump pulses at a repetition 

rate of 50 kHz.  

For all laser diodes, a clear transition from spontaneous 

emission to amplified emission that defines the laser 

threshold is observed. The laser diode with a smaller GeSn 

undercut shows a much larger threshold current density of 

Jth = 48 kA/cm2 and the emission spectrum is restricted to 

only one laser mode at 0.459 eV. The diode with the larger 

undercut of 1.5 m shows almost 50% lower threshold, and 

multimode emission: a main mode at 0.457 eV and a second 

one at 0.463 eV that appears at a current density > 

40 kA/cm2. For both laser diodes, at the threshold, the 

 
Figure 3: (a) Schematic of an undercut GeSn ring laser diode. (b) The L-I characteristics of both laser diodes. (c,d) Current 

density dependent spectra of 7 µm outer radius micro disk laser diode with (b) 0.9 µm and (c) 1.5 µm undercut width. For 1.5 µm 

undercut, a second lasing mode appears at 40 kA/cm2.  
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linewidth collapses from a FWHM of 40 meV to 0.5 meV, 

which is close to the limit of the measurement set-up. Note 

that no apparent device degradation was observed after 

more than 20 hrs of cumulative measurements.  

The large difference in the laser threshold for different 

undertect length is mainly attributed to two factors: (i) the 

slightly higher GeSn strain relaxation for the larger 

undercut, which leads to an increased directness in the GeSn 

region where the WGMs are formed; (ii) the increase of 

optical losses for lower undercut diodes due to the optical 

mode proximity to the Ge pillar (small refractive index 

difference). A larger directness and a slightly smaller 

bandgap will not be automatically seen in the laser emission, 

since the laser mode is also defined by the cavity Ro, which 

is similar for both diodes. 

 Supporting information is obtain by simple optical 

mode modeling in two undercut GeSn/Ge pillar cavities, as 

shown in Figs. 4a, b. The simulation was performed using 

the RSOFT FEMSim software at a wavelength of 2.7 m. 

Both device designs are identical except for the undercut 

depth. Due to the lack of experimental data and only a low 

Si content, the refractive index of the SiGeSn layers was 

chosen to be the same as the GeSn layer. For the 1.5 m 

undercut cavity, the optical mode is fully confined in the 

GeSn free standing region, while for the 0.9 m undercut 

cavity, clear extension of the mode in the Ge pillar region is 

observed. This may increase the optical losses and 

decreasing the net gain that leads to higher threshold as well 

as the vanishing of the second lasing mode for the shorter 

under-etch case. 

For small diode radius below Ro < 10 µm, larger 

undercut cavities shows better laser performances 

compared to shorter undercut cavities. However, 

above 10 µm outer radius the diodes show only 

spontaneous emission and do not reach the lasing threshold, 

regardless of the pumping conditions, e.g. lower duty cycles 

or short pulse lengths. In contrast, for the low undercut 

depth wu = 0.9 µm, even for very large outer radius 

geometries, laser emission is observed. As an example, Fig. 

4c shows the emission spectra acquired from a diode with 

wu = 0.9 µm, ri = 9 µm and Ro = 20 µm under pumping 

with a 75 ns pulse length. The laser threshold is in this case 

Jth = 24 kA/cm2. This behaviour is attributed to the heat 

generated during the pumping at high current injection and 

its dissipation path away from the GeSn WGM mode region, 

that includes heat transfer through the GeSn layer and 

through the Ge pedestal. The assumption is in agreement 

with recently reported experiments of the lattice thermal 

conductivity of GeSn layers, where the lattice thermal 

conductivity of a GeSn layer with 14 at.% of Sn was found 

to be as low as 5 W/m.K, one magnitude lower than pure 

Ge at 300 K [48].  

To offer a quantitatively estimation of this assumption, 

the laser emission was investigated versus the pulse length 

(heating time) at constant pulse repetition rate. Fig. 5 shows 

the duty cycle-corrected emission of a diode (wu = 1.5 µm, 

Ro = 7 µm) pumped above the threshold, with a constant 

80 kA/cm2 current density, 50 kHz repetition rate and pulse 

lengths of 100 ns, 150 ns, and 200 ns. A steady emission 

decrease with pulse length increment is observed, indicating 

quantum efficiency drop. This is attributed to the lattice 

heating and is in agreement with the LED intensity decrease 

with increasing temperature showed in Figs. 2a, c. Further 

reduction of the pulse length was also tested. Unfortunately, 

the current pulse shape suffers severe deformation below 

75 ns due to parasitic capacitances of the cryostat circuits 

and pulse generator. 

 
Figure 4: (a, b) Simulation of the mode confinement in the GeSn/Ge heterostructure for the 0.9 µm and 1.5 µm undercut 

micro-ring structures, wavelength of 2.7 µm. (c) Laser spectrum of a diode with 20 µm of outer radius, 9 µm of inner radius, 

and 0.9 µm of undercut diode. 
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Due to a reduced thermal effect, the laser emission of 

low underetch micro-rings, wu = 0.9 µm, was extended to 

larger outer radius up to 40 µm, as shown in Fig. 6a. 

Increasing the diode outer radius from 6.5 µm to 40 µm, the 

threshold current density is significantly reduced from 

60 kA/cm2 to 10 kA/cm2 (see Fig. 6b) . These laser diodes 

possess an increased GeSn to Ge pillar area ratio, which 

leads to a better heat distribution away from the GeSn active 

layer. As shown in Fig. 6c, for 0.9 µm undercut samples, 

this ratio positively correlates with the threshold current 

density.  

The results presented in this work on small footprint 

DHS disk lasers, occupying an area of the order of 102 µm2, 

can be compared with those reported by the group of Prof. 

Yu on edge-emitter FP lasers [40], [41], [43], whose length 

is in the mm range and the diode area is of 104-5 µm2. Both 

diodes successfully demonstrated laser emission under 

pulsed pumping condition (< 1 µs). The large edge emitters 

show lower one order lower laser threshold, 

Jth = 1 kA/cm2 but one magnitude higher total current 

(>1 A). These values, taken at 5K, are however, similar to 

the early stage values obtained for III-V lasers hetero-

integrated on Si photonic chips, although the III-V devices 

operate in CW and at RT [49], [50], [51], [52], [53], [54], 

[55]. Both results demonstrate the potential and feasibility 

to monolithically integrate Si-based laser diodes on silicon 

chip with CMOS compatible group-IV material epitaxy 

technologies. 

III. CONCLUSIONS 

Electrical pumped micro-rings lasers using GeSn alloys 

of 14 at.% Sn content as gain medium and SiGeSn injection 

layers have been fabricated and characterized. The laser 

threshold strongly varies with the cavity undercut, 

geometrical dimensions and pumping pulse length. The 

heating effect was found to play an important role in the 

optical emission and leading to a lack of laser effect in large 

radius devices with with large undercut region. A reduced 

under-etching, that maintains a larger Ge pillar, allows 

lasing in large radius devices up to 40 µm radius and at a 

~10-fold drop of threshold current density compared to 

7 µm radius diodes. The work adds new information on 

cavity design role in laser emission and form the base for 

future design optimization for monolithically integrated 

laser diodes on Si. 

 

Figure 6: (a) 3D plot of EL spectra at 5K from a 40 µm radius diode for different current densities under 75 ns pulse pumping 

and 50 kHz repetition rate. (b) L-I characteristics of different outer radius diodes with an undercuting depth of 0.9 um and same 

operation mode as in (a). The intensity is normalized for a better comparison of the laser threshold. (c) Threshold current density 

as funcion of the GeSn cavitiy/Ge pillar area ratio indicating a strong correlation.  
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Figure 5: Duty cycle corrected intensity of 1.5 µm undercut 

diode at different pulse lengths and high current density of 

80 kA/cm2.  
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METHODS 

The GeSn/SiGeSn epitaxial heterostructure was grown 

in an AIXTRON reduced-pressure chemical-vapor-

deposition reactor on a 200-mm Si (100) wafer buffered 

with a 1.7 µm-thick Ge layer in-situ boron-doped to 1018 

cm-3. N-type doping was achieved with in-situ phosphorus 

doping during the CVD epitaxy using PH3 as gas precursor. 

Structures were then characterized by XRD confirming the 

as-grown compressive strain. 

LED and laser cavities mesa were defined by HBr/Ar 

RIE process down to the germanium layer, followed by 600 

nm SiO2 passivation layer and metal contact process. To 

avoid possible Sn segregation, a low-temperature PECVD 

process (200 oC) was deployed for the SiO2 layer deposition. 

Undercut of germanium below GeSn cavities was achieved 

by a CF4 RIE selective undercut process added after mesa 

definition [56], which anisotropic etched germanium with 

selectivity above 20:1.  

Light emission spectrums were measured with a 

Bruker’s Vertex 80v FTIR spectrometer using a step-scan 

mode to achieve higher signal to noise ratio. Resolution was 

set to 4 cm-1 or 1 cm-1 for the laser spectrum measurement, 

and 32 cm-1 for broad band LED spectrum measurements. 
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