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Germanium ridge waveguides can be tensilely strained using silicon nitride thin films as stressors.

We show that the strain transfer in germanium depends on the width of the waveguides. Carrier

population in the zone center C valley can also be significantly increased when the ridges are

oriented along the h100i direction. We demonstrate an uniaxial strain transfer up to 1% observed

on the room temperature direct band gap photoluminescence of germanium. The results are

supported by 30 band k � p modeling of the electronic structure and the finite element modeling of

the strain field. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4718525]

A near-infrared germanium laser under optical pumping

has been recently demonstrated.1 One of the key ingredient to

achieve lasing with this indirect band gap material is to

decrease the energy separation between the L and zone center

C valley and consequently to increase the population of the

zone center conduction valley where the carriers recombine

efficiently. This decreased energy separation can be obtained

by applying a tensile strain to germanium. It has been shown

that the larger the tensile strain, the lower the threshold to

obtain optical gain.2–6 Several strategies have thus been

implemented to apply a tensile strain to germanium. The most

direct strategy is to exploit the difference of thermal dilatation

coefficients between germanium and silicon that can lead to a

0.25% tensile strain for germanium grown on silicon.7 Growth

on buffer layers with different lattice parameters like

germanium-tin materials8,9 or InGaAs buffer layers10–12 is

also a promising approach as it can lead to large tensile strain.

The tensile strain can also be applied through mechanical

stress on membranes of various thicknesses.4,13–15 However,

not all of these approaches are compatible with a laser integra-

tion on a silicon platform. The highly tensile strained layers

might be too thin, tens of nm, as there is usually a trade-off

between the magnitude of the strain and the thickness of the

layer. The thickness of the germanium layer should be suffi-

ciently large, hundreds of nm, for optical guiding and to meet

the lasing condition with this material. The choice of the stres-

sor is also important. Silicon nitride layers are particularly

interesting as their deposition is fully compatible with comple-

mentary metal oxide semiconductor (CMOS) processing on a

silicon platform. The use of nitride layers as stressors is now

extensively used in the microelectronics industry. For pho-

tonics application, optical gain has been recently evidenced in

germanium photonic wires strained by a Si3N4 layer indicat-

ing the potential of this approach.16 Biaxial tensile strain

larger than 1% has also been reported on germanium mem-

branes with this method.17 The effective strain present in the

germanium layer is however strongly dependent on the Si3N4

deposition parameters, the geometry and the orientation of the

layers, these parameters having a critical impact on the optical

properties.18

In this Letter, we investigate the dependence of strain

transfer from silicon nitride layers to germanium ridge wave-

guides. We show that the strain transfer significantly depends

on the width of the waveguide, the strain being larger when

the width of the waveguide is decreased. We also show that

the orientation of the waveguide has a crucial importance.

For a given uniaxial strain, the carrier population in the zone

center C valley is significantly different between h100i and

h110i orientations. These findings are supported by the mod-

eling of the direct band gap room temperature photolumines-

cence of germanium waveguides studied under different

configurations. Uniaxial strain up to 1% in germanium is

experimentally demonstrated, with an enhanced carrier pop-

ulation at Brillouin zone center.

The investigated Ge films were grown on GaAs sub-

strates by metal-organic chemical vapor deposition.11,19 The

nearly lattice-matched growth of Ge on GaAs makes possible

to obtain high optical quality layers without dislocations. The

germanium precursor is iso-butyl germane (IBGe) compatible

with the III-V gas exhaust system. An AsH3 flow is also sup-

plied during Ge growth to realize highly n-doped layers. In

these conditions, a free electron density of 8� 1018 cm�3 is

measured at room temperature in germanium. The thickness

of the deposited germanium film is 500 nm. The samples

were first processed into ridge waveguides with various

widths using inductively coupled plasma etching of germa-

nium20 followed by 1.2 lm vertical etching, i.e., no under-

etching, of GaAs. 600 and 450 nm thick nitride layers were

then deposited on two different samples by plasma-enhanced

chemical vapor deposition. The parameters for nitride deposi-

tion were varied in order to obtain different hydrostatic stress

in the nitride layer. This translates into initial compressive

hydrostatic stress values used in the modeling of 3 and

4.5 GPa for the 600 nm and 450 nm thick-nitride samples,

respectively. The room temperature photoluminescence was
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measured using a microphotoluminescence set-up coupled to

a 50 cm grating spectrometer and an extended InGaAs photo-

detector.21,22 The modeling of the photoluminescence spectra

was based on a description of the band structure following a

30 band k � p formalism.6,23,24 This formalism which

accounts for the strain tensor calculated by finite elements

provides a realistic description of the band structure all over

the Brillouin zone on a multi-eV scale. The mixing between

heavy hole and light hole bands is thus properly taken into

account, and the dipole matrix elements can be calculated for

any strain configurations. We did use as input parameters for

the 30 band k � p formalism the values reported in Ref. 6, in

particular �2.55 eV for bCþ
5

and �9.75 eV for aC�2 . In Ref. 25,

slightly different experimental values have been reported for

these parameters. We have checked that these different sets

of parameters lead within a meV to the same recombination

energy for the luminescence involving the heavy hole band as

the band gap energy scales at first order with the difference

between bCþ
5

and aC�2 . A band gap narrowing of 35 meV due

to the doping of the layer was taken into account in agree-

ment with Ref. 26. A 10 meV homogeneous linewidth at

room temperature was considered for these highly doped

materials. A photo-induced carrier density of 1� 1019 cm�3

was taken into account. We did not include in the modeling

the indirect band gap luminescence. As the ratio between

direct and indirect band gap amplitudes can be dependent on

non-radiative recombinations,27 this would require to intro-

duce in the modeling an adjustable parameter. Strain profiles

as obtained from finite element modeling were considered for

the calculations.

Fig. 1(a) shows a scanning electron microscope image

of the ridge waveguides. One observes from bottom to top

the etched GaAs layer, the tensile-strained Ge layer, and the

Si3N4 stressor. The length of the waveguide is 50 lm as

defined by lithography. Fig. 1(b) shows the calculated hydro-

static component exxþ eyyþ ezz of the strain profile for a

4 lm width waveguide. In this finite element modeling, the

nitride layer is considered as hydrostatically strained, i.e.,

only diagonal elements are present in the stress tensor. The

Young modulus for the nitride is 100 GPa. Only the nitride

film on the top surface is considered as a stressor. The trans-

ferred strain is maximum at the top of the germanium layer.

At the center of the Ge film in the x direction, the strain am-

plitude decreases regularly along the vertical z direction. The

strain is rather homogeneous over the entire width of the ger-

manium. In the following, the hydrostatic stress in the nitride

layer was determined in order to obtain a good agreement for

the emission of the narrowest waveguide. Once this parame-

ter is fixed, the strain profile is calculated for each waveguide

width without adjustable parameters. This strain profile is

then used to calculate the radiative emission spectrum of the

Ge film. This recombination spectrum is integrated over the

inhomogeneously strained layer of germanium. In order to

validate independently this procedure, micro-Raman meas-

urements were performed on tensile-strained waveguides

(not shown). The locally measured Raman peak shift can be

converted into strain components under the assumption of

uniaxial or biaxial plane stress. For the sample with 4 lm

width and 3 GPa stress, the strain component exx at the center

of the waveguide is estimated at 0.62% by Raman and calcu-

lated at 0.7% by finite element. The average value of exx

deduced by Raman in a 2 lm window around the center is

0.69%.The agreement is thus very satisfying if we consider

the assumptions for the Raman measurements.

Figure 2 shows the room temperature photolumines-

cence spectra of germanium ridges with several widths and

for two distinct stress amplitudes in the nitride (3 GPa (Fig.

2(a)) and 4.5 GPa (Fig. 2(b)) equivalent hydrostatic stress).

The ridges are oriented along h100i direction. The lumines-

cence of these thin films is dominated by the direct band gap

recombination. The modeling of the direct band gap photolu-

minescence is superimposed on the figures. We observe a

very good agreement between the experimental photolumi-

nescence spectra and the modeling of their high-energy line

shape and energy maxima. As the width of the ridges is

reduced, the photoluminescence maximum is red-shifted due

to an increase of the tensile strain. This feature is a direct

consequence of the pulling effect of the nitride in the direc-

tion perpendicular to the waveguide axis. For the 3 GPa

FIG. 1. (a) Scanning electron microscope image of the tensile-strained ger-

manium waveguide. (b) Two-dimensional profile of the hydrostatic strain

component in the germanium film. The width of the waveguide is 4 lm. The

hydrostatic stress in the nitride film is 4.5 GPa. The right scale corresponds

to the amplitude of the hydrostatic strain component.

FIG. 2. (a) left: Room temperature photoluminescence spectra for variable

waveguide widths. The smooth lines correspond to the modeling. The initial

hydrostatic stress in the nitride film is 3 GPa. (b) Same as in (a), but for the

4.5 GPa nitride stressor. The curves have been offset for clarity. The differ-

ence in the thickness of the nitride layer contributes to the difference in am-

plitude. The indirect band gap recombination at low energy is not taken into

account in the modeling.
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hydrostatic stress sample, the energy shift is around 50 meV

corresponding to a strain parameter exx from 0.33% (8 lm) to

0.87% (2 lm) at the top of the germanium layer. For the

4.5 GPa hydrostatic stress sample, the shift is even larger and

an uniaxial strain of 1.07% is deduced for the 4 lm wide

ridge. There is however a limit to the strain transfer. As the

width of the waveguide is reduced, some plastic relaxation

can occur: this has been observed for the 1 lm wide wave-

guide (3 GPa sample) and for widths equal or below 2 lm

for the 4.5 GPa sample (not shown). This plastic relaxation is

evidenced by cracks observed by optical microscopy. There

is thus a trade-off between the ridge size and the effective

strain that can be applied. The effect of reabsorption, not

taken into account in the calculation, could explain the dif-

ference of broadening between experiment and modeling

that is experimentally observed on some spectra. For the

2 lm width-3 GPa stress sample, the low-energy shoulder

around 0.7 eV associated with the light-hole band is not per-

fectly reproduced by the modeling. An explanation of this

feature is an enhanced redirection perpendicularly to the sur-

face of the z-polarized photoluminescence (i.e., the compo-

nents for the light-hole band) because of waveguide

roughness. We emphasize that the applied uniaxial tensile

strain of 1.07% for the 4 lm width-4.5 GPa stress sample has

an equivalent effect on the band structure of germanium, i.e.,

a decrease of the C-L valley energy separation, as the one

obtained with a biaxial tensile strain of half its value

(0.53%). This effect is only obtained if the uniaxial strain is

applied in the proper crystal direction as discussed below.

Figure 3 shows the comparison of the photolumines-

cence spectra for two distinct orientations of the ridge wave-

guides along h100i and h110i directions. The comparison is

done for the 4.5 GPa sample, but similar results were

obtained for the 3 GPa sample. As only the orientation of the

ridge is modified, one can expect that all other parameters,

like the non-radiative recombination and surface recombina-

tion, will remain constant. The difference of amplitude

between both orientations can thus be quantitatively con-

verted into a difference of carrier population in the zone cen-

ter C valley. As seen, there is no amplitude difference for the

8 lm wide ridge. The difference becomes significant as the

width of the ridge is reduced and is as large as a factor 2 for

the 4 lm large waveguide. This feature indicates that the

strain amplitude is not the only factor that governs the popu-

lation of the zone center C valley. The orientation of the

waveguide is of crucial importance if one wants to obtain

high optical gain. This effect is a direct consequence of the

difference between the strain tensors in the germanium. For

the h110i direction, shear components appear in the stressor.

These shear components do not modify significantly the

recombination energy of the zone center conduction band.

However, they lift the degeneracy in the L valley and conse-

quently modify the carrier distribution in the L valley. We

have computed the population ratio between C and L valley

as a function of the uniaxial strain for two distinct orienta-

tions. The result is shown in Figure 4. Without strain, this ra-

tio that accounts for the density of states of C and L valleys

is equal to 1.6� 10�4 at room temperature for a carrier popu-

lation of 8� 1018 cm�3 and a photo-induced carrier density

of 1� 1019 cm�3. As the uniaxial strain increases, the ratio

increases for the h110i direction up to 1% uniaxial strain and

decreases for higher values. This effect is due to the splitting

of the L valley by the uniaxial strain and a subsequent energy

lowering of this valley, which leads to an increased L-C
energy separation. This situation is strikingly different for

the h100i orientation as the ratio continuously increases as

the strain increases. The photoluminescence amplitude dif-

ference between both orientations can be directly determined

by the ratio of the data for a given strain. The inset of Fig. 4

shows the comparison between the ratio of photolumines-

cence amplitude between h100i and h110i orientations for

both 4.5 GPa (as shown in Fig. 3) and 3 GPa stressed Si3N4

sample and the calculated ratio from the data in Fig. 4. A sat-

isfying agreement is obtained with a population increase by

a factor 2 for a 1% uniaxial strain. It indicates that laser devi-

ces processed following this approach should be preferen-

tially oriented along h100i direction.

FIG. 3. Room temperature photoluminescence spectra for samples with

variable widths and distinct orientations. The thick lines correspond to the

h100i ridge direction. The dashed lines correspond to the h110i direction.

The curves have been offset for clarity. The inset shows schematically the

effect of the orientation on the energy splitting.

FIG. 4. Calculated room temperature ratio between the electron concentra-

tion in the C valley and the total electron concentration as a function of the

uniaxial strain. The calculation is performed for two distinct orientations of

the ridge. The inset shows the comparison between the predicted photolumi-

nescence amplitude ratio between h100i and h110i orientations (full line)

and the experimental data (squares).
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In conclusion, we have shown that an efficient tensile

strain transfer into germanium waveguide can be obtained

using Si3N4 stressors. The strain transfer efficiency is de-

pendent on the width of the waveguides. For a given wave-

guide width, the waveguide orientation also plays a critical

role. Carrier population in the zone center C valley is signifi-

cantly larger for waveguides oriented along h100i direction.

These results should be considered for the design of germa-

nium lasers using silicon nitride stressors in a process flow

fully compatible with CMOS environment.
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