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Control of direct band gap emission of bulk germanium by mechanical

tensile strain
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We show that the recombination energy of the direct band gap photoluminescence (PL) of
germanium can be controlled by an external mechanical stress. The stress is provided by an
apparatus commonly used for bulge or blister test. An energy redshift up to 60 meV is demonstrated
for the room temperature PL of a thin germanium membrane (125 nm wavelength shift from 1535
to 1660 nm). This PL shift is correlated with the in-plane tensile strain generated in the film. A
biaxial tensile strain larger than 0.6% is achieved by this method. This mechanical strain allows to
approach the direct band gap condition for germanium which is of tremendous importance to
achieve lasing with this material. © 2010 American Institute of Physics. [doi:10.1063/1.3297883]

Germanium is attracting a considerable interest due to
the possibility to achieve laser emission with this material on
a silicon platform. Optical gain has been recently reported in
a thin germanium film deposited on a silicon wafer.! Two
main ingredients are at the origin of the enhancement of the
optical recombination properties of germanium: n-type dop-
ing and tensile strain. n-type doping allows to fill with car-
riers the indirect L valley and increase the number of carriers
transferred into the I' valley where they can recombine effi-
ciently. The enhancement by n-doping of the direct band gap
room temperature photoluminescence (PL) of germanium
has been demonstrated for germanium on silicon” and for
germanium-on-insulator layers.3 The second main ingredient
to tailor the germanium optical properties is the in-plane ten-
sile strain. Due to the difference of deformation potential
parameters between the I' and L valleys, a biaxial tensile
strain leads to a stronger dependence with strain of the en-
ergy position of the I' valley as compared to the L valley. It
has been theoretically shown that germanium can even be-
come a direct band gap material for a 2% tensile strain.*’
Strong optical gain in tensilely strained germanium has been
theoretically predicted either using effective mass
approachesﬁ_8 or 30 band k-p formalism.’ The application of
a tensile strain can be obtained by several techniques. A
small tensile strain of 0.25% can be obtained by directly
depositing relaxed germanium on silicon and taking advan-
tage of the difference of thermal mismatch coefficients be-
tween germanium and silicon.'® Tensilely-strained germa-
nium can also be obtained by growing germanium on
materials with a larger lattice parameter like InGaAs
buffers."" A third option is to apply a mechanical external
tensile stress to generate the required strain. This approach
offers the advantage to control the amplitude of the deforma-
tion and consequently the possibility to tailor the optical
properties ex situ. Micromechanical strain engineering has
been theoretically considered in Ref. 8. In order to present an
interest in the framework of optical gain studies on germa-
nium, the applied tensile strain needs to be large enough, i.e.,
a fraction of percent, in order to have a significant impact on
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the L-T" valley splitting and on the degeneracy lifting of the
valence band.

In this letter, we report on the external control of the
optical properties of germanium through a mechanical defor-
mation. The mechanical deformation is provided by a bulge/
blister test apparatus normally used to characterize mechani-
cal properties and adhesion of thin films. A biaxial tensile
strain larger than 0.6% has been achieved in a thin germa-
nium membrane. The strain is measured through the vertical
displacement of the germanium membrane combined with
the modeling of the strain profile. This strain leads to a sig-
nificant change of the room temperature direct band gap re-
combination of germanium. A spectral shift as large as 60
meV (125 nm) is observed at room temperature on the PL
spectra. We show that in this regime the PL is still dominated
by the recombination with the heavy holes. The wavelength
shift is correlated with the predicted band gap shift as ob-
tained from a 30 band k-p formalism.">™" An excellent
agreement is obtained between the experimental band gap
shift and the theoretical one.

The principle of operation of the bulge test is shown in
Fig. 1. A germanium membrane is glued on a metal piece
with a drilled circular aperture. The germanium membrane
was obtained after chemical etching of a bulk Ge substrate
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FIG. 1. (Color online) Top: schematic view of the bulge test. The radius a of
the membrane and the thickness 4 of the sample are indicated. The liquid is
illustrated by the gray area. Bottom: calculated deformed shape of a 28 um

thick germanium membrane strained by a 2.5 MPa load pressure. The ver-
tical scale varies from O to 38 um. The diameter of the blister is 1.45 mm.
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FIG. 2. (Color online) Vertical displacement at the center (left scale) as a
function of the load pressure. The squares correspond to the experimental
points. The dashed lines correspond to the modeling assuming a purely
elastic membrane (linear solver). The full lines correspond to the modeling
accounting for the geometry and using a nonlinear stress-strain behavior
(nonlinear solver). The right scale corresponds to the calculated in-plane
biaxial strain (g,,=¢,,) in the top of the membrane using the linear and the
nonlinear models.

using a HF—-H,0,-H,0 (1-1-1) solution. A uniform water
pressure can be applied through the hole of the sample
holder to the back side of the Ge membrane by a manual
piston or a syringe pump.lﬁ’17 The pressure is measured by a
diaphragm pressure sensor. The applied pressure is eventu-
ally limited by the debonding of the sample from the metallic
support or by sample breaking. The vertical displacement at
the center is measured in sifu by focus deflection with a
micro-PL set-up by using the reflection of the optical pump.
While the pressure is applied, the PL of the germanium film
is measured at room temperature using an argon ion laser as
the excitation source. The PL is detected with a liquid-
nitrogen cooled germanium photodetector and the spectra
have been normalized by the photodetector response. Figure
1 also shows the calculated deformed shape of a germanium
membrane by applying a 2.5 MPa pressure. The calculation
was performed by using a finite element solver. The displace-
ment is maximum at the center of the pressurized membrane.
Knowing the thickness of the membrane, its radius, its center
deflection, we can deduce the in-plane strain imposed on the
material as a function of the external pressure. The calcula-
tion indicates that the strain in the membrane is nonuniform
with a biaxial in-plane tensile strain in the top center area
and a uniaxial compressive strain at the clamped edges of the
membrane. The latter can be significantly larger than the one
at the center.

Figure 2 shows the measured vertical displacement at the
center of the membrane as a function of the load pressure.
The film has a thickness of 28 um and the vertical displace-
ment can be larger than its thickness. This measurement is
compared with the calculated displacement versus load pres-
sure as obtained with a finite element solver. The diameter of
the membrane is 1.45 mm. The bulk germanium parameters
have been used in the calculation: average Young’s modulus
E=116 GPa, Poisson ration 1=0.26."% For weak strains, a
standard deformation calculation shows that the vertical dis-
placement y is equal to 3(1-1?)Pa*/16Eh® where a is the
radius of the free surface, & the thickness of the film, and P
the applied pressure while the in-plane biaxial strain at the
center of the membrane is equal to 3(1-—1?)h*P/ 8Ea."
These formula indicate that the deformation and the dis-
placement are very sensitive to the radius and to the thick-
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FIG. 3. (Color online) Room temperature PL spectra of the germanium
membrane for different load pressures indicated on the right hand side of the
figure. The curves have been offset for clarity. The inset shows the calcu-
lated recombination spectrum under a 0.7% strain, highlighting the contri-
bution of heavy holes and light holes. The signal-to-noise ratio is smaller at
large load pressures because of the detector cutoff.

ness of the membrane. For large strains, the calculation of
the vertical displacement as obtained from the finite element
solver accounts for the cap geometry, leading to a nonlinear
dependence of the vertical displacement as a function of load
pressure. The nonlinearities of the stress-strain behavior of
the material are also taken into account through the elasto-
plastic deformation. The accounting of these nonlinearities is
justified by the fact that the high pressure measurements are
close to the sample fracture. The dashed lines in Fig. 2 cor-
respond to the calculation with a linear dependence versus
pressure while the full lines correspond to the results ob-
tained by simulation with the nonlinear solver. A good agree-
ment is obtained between the measurement of the vertical
displacement and the calculation using the nonlinear model.
As mentioned above, one can also deduce from the calcula-
tion the in-plane tensile strain in the top region of the mem-
brane. The calculated in-plane tensile strain is shown in Fig.
2 (right scale) as a function of the load pressure. As seen, a
biaxial tensile strain larger than 0.6% is reached for a load
pressure of 3.5 MPa.

Figure 3 shows the room temperature PL spectra of ger-
manium for different load pressures. The PL significantly
shifts toward long wavelength as the pressure is increased.
The redshift reaches the value of 60 meV (125 nm) for a load
pressure of 3.5 MPa. In-plane tensile strain has two main
effects on the germanium band structure. It decreases the
energy of the I' valley and lifts the degeneracy between
heavy holes and light holes in the valence band. The extre-
mum of the valence band is thus theoretically given by the
light hole band. However, heavy hole and light hole bands
have different effective masses of density of states and dif-
ferent dipole matrix elements. Even if the extremum is given
by the light hole band, the calculation of the recombination
spectrum shows that the PL is dominated by the recombina-
tion with heavy holes for moderate tensile strains. The inset
of Fig. 3 shows a calculated recombination spectrum for a

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



041909-3 El Kurdi et al.

0.80

0.76

0.72

0.68

Photoluminescence maximum (eV)

1 L ! L L 1 1

0.0 01 02 03 04 05 06 07 038
Sxx (%)

FIG. 4. (Color online) Dependence of the PL peak maximum as a function
of the in-plane biaxial tensile strain (squares). The PL peak maximum is
obtained from measurements as shown in Fig. 3. The in-plane strain is
obtained by the calculation shown in Fig. 2 based on the measurement of the
vertical displacement. The full lines correspond to the dependence of the PL
maximum between the I' valley and the heavy holes (E ;) and light hole
bands (E,,) as obtained from a 30 band k-p formalism.

tensile strain of 0.7% where the contribution of light hole
bands and heavy hole bands are distinguished. As seen, the
PL is still dominated by the recombination with the heavy
holes. It implies that the wavelength shift observed in Fig. 3
is related to the recombination between the I" valley and the
heavy hole band. This point is of importance since the de-
pendence of the band gap implying heavy holes and light
holes is significantly different. We have also checked that the
wavelength shift is nonuniform along a diameter of the mem-
brane as predicted by the calculation presented in Fig. 1. The
wavelength shift decreases as we move away from the center
of the hole and even changes its sign at the edge where a
blueshift of the PL is observed.

Figure 4 shows the dependence of the PL maximum as a
function of the in-plane biaxial strain. A quasi-linear depen-
dence is reported. This dependence is compared with the
calculated dependence of the PL maximum involving the I’
band and the heavy or light hole bands as deduced from the
calculated band structure using a 30 band k-p formalism.’
This PL energy variation results from the dependence of the
energy positions of the bands as a function of hydrostatic and
uniaxial strains. The temperature of the sample deduced from
the energy position of the PL maximum at zero applied pres-
sure and which accounts for the heating due to the optical
pump is 320 K. The PL shift for the I'-heavy hole band can
be expressed by the effective following relation obtained
from the 30 band k-p formalism AEp =—7.8¢; (eV) where
g|=&,, =&y, is the biaxial in-plane strain. As seen in Fig. 4,
the slope is much larger for the light holes. A very good
agreement is obtained between the experimental dependence
of the PL energy and the calculated one. It indicates that the
spectral shift can unambiguously be attributed to the in-plane

Appl. Phys. Lett. 96, 041909 (2010)

strain of the germanium film and to the recombination be-
tween I' and heavy hole band. It also demonstrates that an
external mechanical stress is very effective to tailor the op-
tical properties of germanium, in agreement with previous
theoretical studies. Meanwhile, the possibility to control ten-
sile strain in germanium with a large amplitude represents a
significant step to achieve large optical gains in this material
and opens promising perspectives for light-emitting devices
and high gerformance lasers using germanium on a silicon
platform.2 22 For that purpose, the resonators could be pro-

vided by standard waveguides with cleaved facets or photo-

. L2324
nic crystal cavities. >
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