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Motivation

Moore’s law comes to an end …  
 
 
 
 
 
 
 
… which is why we want More than Moore, i.e., provide added 
value functionalities on Si-chip. 
 
Our goal: Monolithically integrated photonics  
Problem: Bulk Si and Ge do not emit light! 

#transistors doubles every 2 years
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Abstract: Electrically pumped lasing from Germanium-on-Silicon pnn 

heterojunction diode structures is demonstrated. Room temperature 

multimode laser with 1mW output power is measured. Phosphorous doping 

in Germanium at a concentration over 4x10
19cm

−3 is achieved. A 

Germanium gain spectrum of nearly 200nm is observed. 
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1. Introduction 

It has been long acknowledged that a monolithically integrated laser for silicon (Si) based 

photonic circuits would be an enabling technology that could accelerate the implementation of 

silicon photonics significantly [1]. Early attempts to integrate III-V semiconductor lasers on a 

silicon platform had only limited success [2, 3]. More recently, germanium (Ge) has been 

suggested as a gain medium for lasing on Si [4]. Using a combination of tensile strain and n-

type doping, efficient direct bandgap emission of Ge can be achieved [5]. Optically pumped 
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Fig. 1. Schematic of the measurement set-up. 

The waveguide emission was measured using a Horiba Micro PL system equipped with a 

cooled InGaAs detector with lock-in detection. The emission power measurement was 

calibrated using light from a commercial 1550nm laser that was coupled into a single mode 

optical fiber with the fiber end at the sample location. In the calibration we verified that the 

detection was linear with input power. The electrical pumping was supplied by a pulse 

generator with current pulse widths in the range of 20 µs to 100 ms. The duty cycle was 

varied between 2 and 50%, typically 4% to reduce electrical current heating effects. The laser 

was contacted with metal probes and the current was measured using an inductive sensor 

placed directly in the biasing circuit. The experimental set-up is shown in Fig. 1. 

 

Fig. 2. Ge laser emission spectrum before (a) and after (b) threshold. The cavity length of the 

waveguide is 333µm and the waveguide height about 100nm. Current injection employed pulse 

widths of 50µs at 800Hz and 15°C. The detector spectral resolution was 1.2nm. 

Figure 2 shows the spectrum of an electrically pumped Ge laser below and above 

threshold. The broad, direct band gap related electroluminescence spectrum, observed for 

highly –doped n-type Ge LEDs, has been reported earlier [14]. The spectra in Fig. 2 employed 

short integration times to assure wide spectrum analyses. Measurement time for these large 

laser devices is ultimately limited by metal contact breakdown due to the high current flow. 

Figure 2(a) shows no spectral features above the noise floor. When the injection current 

density is increased above threshold, sharp laser lines appear, as shown in Fig. 2(b). The 

observed linewidth of the individual lines is below 1.2nm, the spectral resolution of the 

measurement set-up. All measurements were performed with the samples mounted on a 

thermo-electric cooler at 15°C. Local device temperatures, however, are likely higher due to 

the high current injection but could not be reliably determined. 
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Fig. 1. (a) Scanning electron microscope image of a fabricated tensile-strained germanium
wire. (b) Calculated strain field (εxx) in the layer plane perpendicular to the wire direction.
The top of the Ge wire is tensile-strained (0.6%). The bottom of the wire close to GaAs is
compressively-strained. The color bar indicates the magnitude of the strain. (c) Calculated
two-dimensional mode profile in TM polarization.

as high as 1.3 GPa can be achieved by this technique. The nanowire patterns were defined by
electronic lithography. The typical sizes of the wires that were optically investigated are 50
µm length, 1 µm width and 500 nm thickness. The nitride layer was then etched by reactive
ion etching followed by the etching of germanium down to the GaAs interface by inductively
coupled plasma etching. As the nitride layer is free to move once its flanks have been etched,
a uniaxial tensile strain perpendicular to the wire long axis is transferred into the germanium
film. In order to enhance the transferred strain, the GaAs substrate below the wire was then
underetched by inductively plasma etching using a rather isotropic etching recipe. The Si3N4
layer is used as a hard mask for this step. The whole process can obviously be down-scaled in
order to obtain smaller wires. Figure 1(a) shows a scanning electron microscope image of the
fabricated structure. Figure 1(b) shows the strain profile εxx in the wire calculated using a finite
element method. The transferred strain is inhomogeneous, going from a tensile strain on top
of the wire to a compressive strain at the bottom of the wire close to GaAs. A uniaxial strain
of 0.6% along [110] is calculated at the top of the wire. More than half of the wire thickness
is tensily strained. Since the Ge wire edges are free to bend while it is clamped at the center
to the GaAs, the elongation in the vertical direction is different from the one encountered for
a biaxial deformation. Figure 1(c) shows the calculated two-dimensional mode profile in TM
polarization.

3. Optical Measurements

All optical experiments were carried out at room temperature. The germanium wires were op-
tically pumped using a cw 532 nm laser and the luminescence was collected from the sur-
face [15]. The advantage of a 532 nm optical pump is that it is absorbed in the upper part of
germanium with an absorption coefficient of 5 x 105 cm−1 where the tensile strain is maximum.
The Si3N4 straining layer acts as an antireflection coating for the optical pump. It also limits
the surface recombination by passivation but its main role is to transfer a tensile stress in the
germanium wire. A combination of cylindrical lens and microscope objective was used in order
to homogeneously illuminate the wires. The emitted light was detected with a liquid-nitrogen
cooled germanium photodetector or a PbS detector with a lower sensitvity but a broader spec-
tral range for detection. Figure 2(a) shows a far-field image of a luminescent wire obtained with
a room temperature InGaAs camera. The photoluminescence signal is collected from the entire
wire length. The luminescence radiates from all parts of the wire but with a clear enhanced
scattering at the ends of the wire. This enhancement suggests that a significant part of the lumi-
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Ge wires with SiN stressor  
(de Kersauson et al. Opt. Express ’11)

CMOS fabricated Ge microstrip  
(from Capellini et al. Opt. Express  ’14)
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was performed using e-beam lithography followed by dry
etching in an ICP reactor with Cl2, N2, and O2 gas. The
under-etching was carried out in a dedicated etching reactor
combining anhydrous HF vapor and alcohol vapors. Etching
speed could be modified by varying the gas flows. Low speed
under-etching yielded Ge membranes suspended in the air,
as illustrated by SEM imaging in Figure 4(b).

Tensile strain was quantified using micro-Raman spec-
troscopy with an input laser at 785 nm wavelength (giving a
light penetration depth of 220 nm). The light was focused
onto the sample surface with a 100! (0.9 numerical aperture)
short working distance objective. The resulting spot diameter
was around 1 lm. Power dependence measurements were per-
formed in order to quantify the heating effect.17 From this cal-
ibration, the laser intensity was fixed to 11 lW focused on the
sample which gives a heating effect lower than the indicated
uncertainty of 0.1 cm"1. The Raman shift is measured by fit-
ting spectra with Lorentzian functions in order to increase ac-
curacy. A bulk Ge (001) substrate was systematically used as
a reference for 0% of deformation. The strain shift coefficient
used to linearly link the applied strain and the detected Raman
shift was 424 cm"1.18–20 Figure 5(a) presents the Raman spec-
tra associated with an optical GeOI wafer and a bulk Ge (001)
substrate. The tensile strain in the former is around 0.16%.
The Raman spot size is well suited to measure the strain in the
center of Ge membranes given the strain homogeneity pre-
sented in Figure 3 (as illustrated in the inset of Figure 5(b)).
Parameters a, b, d, and e presented in Figure 1 are 250, 9, 17,
and 116 lm, respectively. The under-etching is evaluated to

be around 70 lm by optical microscopy measurements. When
the dimension c of the strained regions shrinks (for the same
traction arms) from 4 down to 3 and finally 2 lm, the meas-
ured tensile strain increases from 1.1% up to 1.4% and finally
a record breaking 1.9%. Such data are in line with values pre-
dicted by modelling (Fig. 3). The maximum detected Raman
spectral shift is 8.1 6 0.1 cm"1, which corresponds to a strain
value of 1.91 6 0.02%.

FIG. 3. (a) Schematics representation of the etched regions in the germanium membrane showing the various parameters used to optimize strain in the central
region; Finite Element Method simulation of a bi-axially stressed membrane for the dimensions indicated in the figure with an under etching of 70 lm for (b)
c¼ 3.7 lm; (c) c¼ 2.7 lm; and (d) c¼ 2 lm.

FIG. 4. (a) Schematics representation of the process flow used for membrane
fabrication and (b) inclined SEM imaging of a studied Ge membrane.

FIG. 5. Raman spectroscopy measurement: (a) for Ge bulk substrate and
blanket optical GeOI substrate; and (b) for different Ge membranes meas-
ured in the center and a Ge bulk substrate.

191904-3 Gassenq et al. Appl. Phys. Lett. 107, 191904 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  62.141.176.1 On: Tue, 01 Mar 2016 13:01:44

suspended Ge structures 
(from Gassenq et al. APL ’15 )
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Heuristic Improvement
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What has been learned? 

 
P, Thomas, Koprucki, Glitzky, Capellini, Guha, Schröder, Virgilio, Gärtner, Nürnberg; IEEE Photonics Journal 2015 
——; IEEE Proceedings Int. Conf. Opt. Devices (NUSOD) 2015 
——; Optical and Quantum Electronics 2016 
——; Proceedings of „Advanced Solid State Lasers 2015“ 
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Doping Optimization

Existence of sol. of (vR) 
 
Existence of min. of DO

Rotundo, Thomas, P.  
work in progress
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Numerics 
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Doping optimization

maximize gain regularize doping
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4. Topology Optimization  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Topology optimization

div (C : (e(u)� e0) + �0) = 0

F (e) =

Z

D

�
�1exx + �2eyy

�
dx

Effect on band-edges:

Elasticity:

C(x) =
X

↵2{Ge,SiN,SiO2,air}

C↵ '↵(x)

e0(x) = e

Ge
0 'Ge(x)

�0(x) = �

SiN
0 'SiN(x)

Design encoded in '
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Topology optimization

Goals

Properties
F (e) =

Z

D

�
�1exx + �2eyy

�
dx

Topology optimization

min
'

F

�
e(u)

�
+

↵

2

Z

⌦

✏

2
|r'|2 + 1

2✏
W (') dx

s.t. r ·
⇥
C(') :

�
e(u)� e0(')

�
+ �0(')

⇤
= 0

' 2 G = {' : ' � 0,
X

i

' = 1 a.e.}s.t.

• maximize bi- and uniaxial strain 
in optical cavity D  

• strain affects band edges via

• non-convex & nonlinear  

Method
• phase field [Blank,Garcke,Farshbaf-Shaker,Styles]  

• Why? Flexible for modelling/optimization  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Topology optimization

Algorithms
• First-order methods: gradient flow, projected gradients  
• Second-order methods: full Newton method, interior point

Theoretical results

projected gradients interior points
• fast prototype development 
• transfer to IHP

• fast second order method 
• tuning mesh/reg./pen. parameter

• Sensitivity of ' 7! u (cont. Fréchet di↵. (H1
)

N ! (H1
0 )

2
)

• Existence of optimal topology '̄

• First-order optimality conditions (p solves adjoint equation):

↵

Z
✏r' : r('̂� ') +

1

2✏
(1� 2') : ('̂� ') dx

+

Z ⇥
C0

(')('̂� ')
⇤
e(u) : e(p) dx� l0'(', p)('̂� ') � 0 for all '̂ 2 G
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Topology optimization

Topology optimization FEM
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phase fields strain field Helmholtz 1.7µm Helmholtz 4µm
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• heuristic optimization >>> overlap engineering
• doping optimization >>> dependence on regularization
• topology optimization >>> uniaxial vs biaxial

Summary

Outlook

• doping optimization (2D FEM/FVM on heterostructure with optics)

• topology optimization and optics (EVP+elasticity+phase fields)

• topology optimization and doping optimization in the loop



Thank you


