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Abstract: The creation of CMOS compatible light sources is an important step for the realization

of electronic-photonic integrated circuits. An e�cient CMOS-compatible light source is

considered the final missing component towards achieving this goal. In this work, we present

a novel crossbeam structure with an embedded optical cavity that allows both a relatively

high and fairly uniform biaxial strain of ∼0.9% in addition to a high-quality factor of >4,000

simultaneously. The induced biaxial strain in the crossbeam structure can be conveniently tuned

by varying geometrical factors that can be defined by conventional lithography. Comprehensive

photoluminescence measurements and analyses confirmed that optical gain can be significantly

improved via the combined e�ect of low temperature and high strain, which is supported by

a three-fold reduction of the full width at half maximum of a cavity resonance at ∼1,940 nm.

Our demonstration opens up the possibility of further improving the performance of germanium

lasers by harnessing geometrically amplified biaxial strain.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

During the last few years, there have been relentless e�orts to transform germanium (Ge) into a

direct bandgap material for high-performance on-chip laser applications, and ultimately for the

realization of photonic-integrated circuits [1–24]. The leading forms of band engineering for

achieving on-chip lasing from Ge include uniaxial [4,5,11,12,25] and biaxial strain [8,16,21,22,26]

engineering, both of which lower the direct conduction Γ valley faster than the indirect L valleys.

Among a large variety of strain engineering platforms (including the use of external stressor

layers [3,8,22]), the geometrical strain amplification technique [4,5,27] has been widely used

particularly for uniaxial strain engineering. The formation of a substantially large uniaxial

strain of up to a few percent enabled by the geometrical amplification technique has led to the

successful development of Ge lasers [28,29]. Notably, a direct bandgap has been achieved in

Ref. [29] by inducing a 5.9% uniaxial strain. Such a large uniaxial strain narrows the bandgap

severely and shifts the emission wavelength beyond >3.5 µm. Despite new possibilities towards

free-space mid-infrared sensing applications [28], the mid-infrared emission renders it impossible

for the uniaxially strained Ge lasers to be employed for optical board-to-board communication

applications owing to the opaque nature of silica-based optical fibers [30].

Biaxial strain has a unique advantage in that the bandgap narrowing by biaxial strain is

substantially smaller compared to the uniaxial case. In fact, the direct bandgap that can be

achieved by >1.67% biaxial strain allows the emission wavelength to be located ∼2 µm [31],

thus enabling biaxially strained Ge lasers to be employed for fiber-based optical communications.

Recently, by using the external stressor layer technique, biaxially strained Ge microdisk lasers
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in a direct bandgap configuration have been demonstrated with an emission wavelength of ∼2

µm [32]. However, the use of an external stressor layer requires precise control of the stressor

layer thickness, which otherwise could lead to a significant gain broadening owing to strain

inhomogeneity within the active gain medium. In addition, the strain level is purely determined

by the thickness and the residual stress of the stressor layer, both of which are predetermined at

the stage of the wafer bonding [8,24,33]. A few research groups have reported lithographically

tunable biaxial strain enabled by the geometrical strain amplification technique [10,17]. Although

this technique poses distinctive advantages towards creating biaxially strained Ge lasers in terms

of strain homogeneity and tunability, the understanding of the optical gain in such structures

remains missing largely owing to the challenges in embedding high-quality optical cavities

without disturbing the homogeneous strain distribution.

In this article, we propose a novel crossbeam structure that can achieve a lithographically

tunable biaxial strain with embedded distributed Bragg reflector (DBR) mirrors. By employing

the geometrical strain amplification technique along two orthogonal axes, we obtain a fairly

uniform strain distribution within the gain medium. The DBR mirrors are carefully designed to

have a high-quality factor of >4,000 without disturbing the strain homogeneity, allowing for the

first demonstration of a high-quality factor optical cavity for geometrically enhanced biaxial strain.

Finite-element method (FEM) mechanical simulations along with 2D Raman mapping provides

the evidence for the uniformity of the induced biaxial strain. We perform a comprehensive

photoluminescence (PL) study to investigate the e�ect of strain, temperature, and pump power

on the optical gain in biaxially strained Ge. Notably, the biaxial strain is further enhanced by

lowering the sample temperature because of the thermal expansion coe�cient mismatch between

Si and Ge [34,35]. The combined e�ect of temperature and strain is found to have a profound

impact on the optical gain, which is evidenced by a three-fold reduction of the full width at

half maximum (FWHM) of a cavity resonance at ∼1,940 nm. Our work paves the way towards

creating biaxially strained Ge lasers for fiber-based optical communication applications.

2. Device fabrication and optical simulation

Figure 1(a) shows a schematic illustration of the detailed fabrication procedure. The device

was fabricated using a Ge-on-insulator (GOI) substrate, which was created by using epitaxial

growth and a direct wafer bonding technique [28]. An epitaxially grown Ge layer on Si having

a 20-nm-thick aluminum oxide (Al2O3) layer on top was bonded to a handle Si wafer having

a 1-µm-thick thermally grown silicon dioxide (SiO2) layer. By using wafer backgrinding and

tetramethylammonium hydroxide (TMAH) wet etching, the Si carrier wafer was removed,

allowing the formation of a GOI wafer. The desired Ge thickness of 300 nm was achieved by

a chemical mechanical polishing (CMP) step, which enabled a smooth surface with a surface

roughness of <0.3 nm. The threading dislocation density of the as-grown Ge on Si was around

1× 107 cm−2 and after the bonding procedure and removal of defect rich Ge/Si interface it was

around 5× 106 cm−2. The crossbeam structure was defined by electron-beam lithography (EBL)

using a positive tone resist ZEP 520A. The pattern was then subsequently transferred using

Cl2- and BCl3-based inductively coupled plasma (ICP) dry etching. Isotropic wet etching by

hydrofluoric (HF) acid was performed to undercut the underlying Al2O3 and SiO2 layers, thus

releasing the crossbeam structure. Finally, critical point drying (CPD) [36] allowed for the entire

structure to remain suspended by preventing it from adhering to the underlying Si substrate.

Figures 1(b) and 1(c) show top- and tilted-view scanning electron microscopy (SEM) images

of a fabricated biaxially strained Ge crossbeam structure. A clear shadow under the central

region of the structure is shown due to the suspended nature of the crossbeam structure, which

is crucial in amplifying biaxial strain at low temperatures, and thereby enhancing optical gain.

This feature will be discussed in section 4 (Fig. 6) of this paper. Upon releasing the patterned

crossbeam structure in the HF-based wet etching step, the residual biaxial strain in the entire Ge
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Fig. 1. (a) Schematic illustration of the crossbeam structure fabrication process. (b)

Top-view SEM image. Scale bar, 20 µm. (c) Tilted-view SEM image. Scale bar, 20 µm.

layer redistributes and amplifies the strain around the center of the crossbeam structure [27]. The

DBR mirrors are integrated at all four sides of the central structure.

Figure 2 shows the simulated electric field distributions for the top and cross-sectional views

of our biaxially strained Ge crossbeam structure, which were obtained using 3D finite-domain

time-di�erence (FDTD) simulations. Each DBR mirror consists of 10 air trenches with width and

period of 285 nm and 452 nm, respectively. The curvature of circular arcs was carefully designed

to achieve a high optical quality factor of >4,000. The crossbeam structure was designed to allow

optical fields to overlap with the highly strained gain medium around the center of the crossbeam

structure.

Fig. 2. (a) and (b) Top- and cross-sectional views of simulated electric field distributions in

the crossbeam structure that achieves a high-quality factor of >4,000. Scale bar, 10 µm.

3. Structural analysis

To investigate the strain distribution in the crossbeam structure, we employed the FEM simulations

using COMSOL Multiphysics. Figures 2(a) and 2(b) show the simulated and measured biaxial
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tensile strain distribution in a typical crossbeam structure, respectively, showing excellent

agreement between the two results. The diameter of the central area was 2.42 µm and the

minimum width of the neck was 1 µm. For the measured biaxial strain, 2D Raman mapping

was conducted by using a 532-nm laser with low power to avoid any heating e�ects. By using a

strain-shift coe�cient for biaxial strain [3], we obtained a relatively homogeneous biaxial strain

with a maximum value of ∼0.86%. The lateral strain variation over a 10-µm length around the

center of the gain medium is only ∼20% (Fig. 3(c)), verifying a fairly uniform strain distribution

in the gain medium that holds the key towards achieving a homogeneous optical gain. The strain

homogeneity can be further improved by reducing the central gain medium diameter. The biaxial

strain can be further increased by improving the strain homogeneity and by reducing the defect

density during the material growth and bonding processes.

Fig. 3. (a) Simulated biaxial strain distribution in the crossbeam structure. Scale bar, 10

µm. (b) Measured biaxial strain distribution via Raman mapping in the crossbeam structure.

Scale bar, 1 µm. (c) Lateral strain variation over a 10-µm length around the center of the

gain medium.

4. Optical characterization

To investigate the e�ect of strain, pump power and temperature on the optical gain in the biaxially

strained Ge crossbeam structures, we performed comprehensive PL measurements and analyses.

We employed a 1,550-nm-pulsed laser with pulse width and repetition rate of 50 ns and 3 MHz,

respectively. The sample was mounted in a cryostat operating at a wide temperature range

between 4 K and 300 K. The pump laser was focused onto the sample using a 15x objective lens

producing a spot size of around 10 µm, and the signal was collected by the same objective lens

and subsequently coupled into a grating which di�racted the spectrum onto a 1D-array extended

InGaAs detector with a detection range between 1.4 and 2.1 µm.

Figure 4(a) shows the PL spectra from the crossbeam structures with di�erent strains on a

single chip. For comparison, we also present the PL spectrum from an unstrained Ge bulk area,

which shows an emission peak at ∼1,420 nm. This peak position is consistent with the calculated

emission peak at a cryogenic temperature according to the empirical Varshni model [37]. By

increasing the biaxial tensile strain from 0.34% (red) to 0.86% (blue), the PL intensity is clearly

increased while the peak wavelength position is shifted by ∼500 nm. Tensile strain is expected to

reduce the energy di�erence between the direct Γ valley and the indirect L valleys, thus increasing

the electron population in the direct Γ valley that contributes to the radiative recombination [38].

The energy gap for the direct radiative optical transition is also reduced at higher tensile strain

[22], which is the main reason for such a large peak wavelength shift. The integrated intensity

was calculated from the area underneath the whole curve. The FWHM was extracted by utilizing

Lorentzian fitting functions. The FWHM of the broad spontaneous emission is also significantly

increased at higher strain, and this can be attributed to the strain-induced valence band splitting
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and strain non-homogeneity [39]. The quantitative analysis of the integrated PL intensity as

a function of strain shows a three-fold increase of the PL intensity as strain is increased from

0.34% to 0.86% (Fig. 4(b)). Tensile strain is also expected to increase the optical gain because of

the increased electron population fraction in the direct Γ valley with respect to the indirect L

valleys [35]. The increased optical gain (i.e., reduced optical loss) is also clearly evidenced by

the reduced FWHM of the cavity mode at higher strain as shown in Fig. 4(b).

Fig. 4. (a) PL from crossbeam structures with applied biaxial strains of 0.34%, 0.62%,

and 0.86%. The measurement temperature was kept at 4 K. (b) The linewidth of the cavity

modes and the integrated PL intensity as a function biaxial strain.

Figure 5(a) shows the power dependent PL spectra of the 0.86%-strained Ge crossbeam

structure. The measurement temperature was kept at 4 K. At a low pump power of 0.4 kW/cm2,

the PL spectrum shows broad spontaneous emission without any clear, sharp cavity peaks. The

peak position of the broad spontaneous emission is at the cut-o� of our InGaAs detector (∼2,100

nm). At an increased pump power of 2.0 kW/cm2, sharp cavity modes are clearly observed as the

optical loss is compensated by the material gain. It is noteworthy that the peak position of the

broad emission is also shifted to a shorter wavelength at ∼1,900 nm, and this can be ascribed

to the band filling e�ect. At higher pump power, the excited holes start filling up the second

valence band while at low pump power, the pumped holes only occupy the highest valence band

[28]. Figure 5(b) presents the linewidth of the cavity mode at ∼1,940 nm and the integrated PL

intensity as a function of pump power. The FWHM value of the investigated cavity mode is

reduced to ∼5.2 nm at a pump power of 2.0 kW/cm2, manifesting the reduced loss at an increased

pump power. However, the cavity mode starts broadening as the pump power is further increased.

This is in contrast to the previously reported lasing results in uniaxially [28,29] and biaxially [32]

strained Ge structures. Also, we did not observe any threshold behavior in the integrated PL

intensity as a function of pump power. We believe that the absence of the lasing behavior in our

structure is mainly because the induced biaxial strain is not large enough to allow the material

gain to overcome the loss in the material and the optical cavity.

Furthermore, temperature-dependent PL measurements were performed at temperatures

between 4 K and 300 K (Fig. 6). At 300 K, the PL spectrum only shows a broad spontaneous

emission without any cavity modes owing to a large material loss at an elevated temperature. As

the temperature is decreased, the cavity modes become sharper and bigger in intensity as shown

in Figs. 6(a) and 6(b). The FWHM of the cavity mode at ∼1,940 nm is significantly reduced from

15.8 nm to 5.2 nm as the temperature is reduced from 275 K to 4 K, suggesting substantially

improved optical gain at lower temperatures. The main factors for this optical gain enhancement

at a low temperature include reduced inter-valence band absorption (IVBA) [28] and increased

strain at a low temperature [35]. The increase of the induced biaxial strain at a low temperature
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Fig. 5. (a) Pump-power dependence of PL spectra of the 0.86%-strained structure measured

at 4 K. (b) The linewidth of the cavity mode at ∼1,940 nm and the integrated PL intensity as

a function pump power.

is possible in our unique structural geometry where the entire Ge crossbeam structure is fully

suspended on air. The weakly distributed residual strain in the Ge layer arises from the thermal

expansion coe�cient mismatch between Si and Ge [34], and this residual strain is concentrated

around the central area of the crossbeam structure [27], thus allowing the accumulation of a large

biaxial strain. Since the strength of the strain is temperature-dependent and becomes higher at a

low temperature [35], the decrease of the operating temperature increases the strain, which in

turn further increases the localized biaxial strain in the central area of the crossbeam structure.

This combined e�ect of temperature and strain has a significant impact on the optical gain, which

is evidenced by the three-fold reduction of the FWHM value of a cavity resonance at ∼1,940 nm

when the temperature is reduced from 275 K to 4 K.

Fig. 6. (a) Temperature dependence of PL spectra of the 0.86%-strained structure measured

between 4 K and 300 K. (b) The linewidth of the cavity mode at ∼1,940 nm as a function of

temperature.

5. Conclusion

We have presented a novel crossbeam structure embedded with DBR mirrors that can simulta-

neously achieve large biaxial strains and high-quality factors. The geometrical amplification

technique employed in this study allowed the creation of multiple structures with distinct strain
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levels on a single chip. Structural analyses via a combination of simulations and experiments

confirmed a fairly uniform strain. Comprehensive PL studies were performed to investigate the

evolution of cavity modes under di�erent experimental conditions with strain, pump power, and

temperature as key variables. Particularly, we observed a three-fold reduction of the FWHM

value of the cavity mode by harnessing both lowered material losses and increased biaxial strain

at lower operating temperatures. We believe that our new biaxially strained Ge crossbeam design

can enable achieving a low-threshold on-chip laser for fiber-based optical communications.
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