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We examined the fabrication process of uniaxial tensile-strained Ge wires in micro-bridge structures by
utilizing the internal stresses in deposited metal thin films. This method enables strain control by adjusting
film-deposition conditions, which is advantageous over previous methods that utilize internal stresses
unintentionally applied to Ge-on-insulator substrates. We evaluated the internal stresses in W films formed by
sputtering deposition methods. Tensile and compressive stresses were determined based on the Ar gas pressure
during the deposition process. We applied tensile strain to Ge wires using 100-nm-thick W films, each with a
tensile stress of 890 MPa, deposited in 1.5 Pa Ar gas. We confirmed that strains of up to 1.62% can be achieved
and controlled by tuning the structural parameters of the bridge structure with the Ge wires. Photoluminescence
peaks shifted to lower energies with increasing strain, in good agreement with theoretical predictions. We also
used strained Ge wires to fabricate light-emitting diodes that exhibited clear electroluminescence peaks

indicative of band structural modulation in the Ge wires.
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Introduction

Silicon (Si) photonic devices are optical integrated circuits on Si substrates and have been extensively studied
in recent years [1-3]. However, Si has an indirect bandgap structure and is difficult to use as a light-emitting
material; therefore, light sources made of group I11-V elements are employed despite the expensive bonding
processes involved [4]. Germanium (Ge) is in the same group 1V as Si and is drawing attention as an alternative
material [5-8]. Although Ge has an indirect bandgap structure similar to Si, the energy difference between the
conduction band bottoms at the I' and L points is only 136 meV. The transition to a direct-bandgap structure is
possible in Ge by applying tensile strain and/or incorporating Sn atoms. Therefore, developing various methods
for modulating the bandgap structure of Ge has been an active topic of study [9-24].

One promising approach to bandgap modulation involves the use of biaxial internal tensile strain in the
top Ge layers of a Ge-on-insulator (GOI) substrate [9,25-27]. In this method, Ge layers with micro-bridge
structures are fabricated, and the SiO underlayers are removed later. Tensile strain is concentrated at the narrow
Ge bridge, which generates a uniaxial tensile strain in the bridge. Theoretical calculations show that a uniaxial
tensile strain of more than 4.6% in the <100> direction enables the transition into a direct-bandgap
structure [28]. A GOI substrate with a biaxial tensile strain of 0.2% enables a maximum uniaxial tensile strain
of 5.7%, with significant bandgap modulation and emission efficiency enhancements achieved as a result [25].
This method utilizes the internal stress unintentionally applied to the GOI substrate, which causes the strain
applied to the Ge bridge to fluctuate in response to the initial internal stress, which is a disadvantage. Therefore,
in this study, we propose using internal stresses in metal thin films controlled by the sputtering deposition
conditions [29]. We show that tensile strain can be controlled by changing the film deposition conditions and
the shape of the Ge bridge. We also evaluated the optical characteristics of the strained Ge wires and their band

structure modulation.

Control of internal stress in a tungsten film

In general, thin films formed by sputtering deposition methods have internal tensile or compressive
stresses that originate from structural changes related to the pressure and temperature conditions of the
deposition process [30]. Because stress is proportional to the elastic energy of the material, tungsten (W) was
selected as the deposition material to leverage its high internal stress. Moreover, W does not dissolve in
hydrofluoric acid. We first evaluated the internal stresses in W films by measuring the warpage of 60-pum-thick
Si substrates coated with 100-mm-thick W films. Warpage was measured using a scanning white light

interferometer, with stress determined using Stoney's equation: S = Eh?/{(1 — v)6Rt}, where E/(1 —v) is
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the biaxial elastic constant of Si, h is the thickness of the Si, R is the radius of curvature, and ¢t is the
thickness of the W film [31]. W sputtering was carried out under the conditions listed in Table I. Tensile and
compressive stresses were determined based on the Ar gas pressure during the deposition process (Figure 1).
We applied tensile strain to Ge bridges using 100-nm-thick W films, each with a tensile stress of 890 MPa,

deposited in 1.5 Pa Ar gas.

Fabrication and optical properties of Ge bridge structures

The Ge layer of a p-type GOI (100) substrate (Ge layer thickness = 200 nm; buried oxide layer thickness
=150 nm; initial strain <0.08%) was employed. Ge bridge structures consisting of wide pads and narrow wires
were fabricated by photolithography and reactive ion etching (RIE) (Figure 2). W films, each with a tensile
stress of 890 MPa, were deposited on the Ge layers using the previously described sputtering method. The
amount of strain applied to each narrow wire was controlled by changing the pad length from 20 to 400 pm.
The SiO; layer under the bridge was etched off with HF vapor. As a result, the W metal film attempted to shrink
and uniaxial tensile strain was applied to the narrow Ge wire. The optical microscopy images of Ge bridge
structures (Figure 3) show narrow Ge wires connecting the W pad and the Ge layer. The holes in the pad were
introduced during the fabrication process to promote HF-vapor etching of the SiO; layers under the pads.

Micro-Raman spectroscopy was used to evaluate the uniaxial lattice strains in the Ge wires, which were
determined from the Ge—Ge peak shift [9]. Figure 4a shows spectra of narrow Ge wires in which the Raman
peak shifts to lower wavenumbers as the pad length was increased from 20 to 160 um, indicative of increasing
tensile strain. A maximum tensile strain of 1.62% was measured when the pad length was 160 um; Ge wires
with pad lengths greater than 160 um broke during fabrication. Figure 4b shows that a linear relationship exists
between Ge-wire strain and pad length, highlighting excellent Ge-wire lattice-strain controllability. Uniaxial
tensile strains as high as 5.7% were achieved in previous work using internal stresses unintentionally applied
to GOI substrates. While wires approximately 4.5 um x 200 nm were used in previous studies [25], 2-um-wide
Ge wire was used in this study; therefore, we conclude that narrower wires facilitate higher strains even by our
process without breakage.

Figure 5a shows the photoluminescence (PL) spectra of narrow Ge wires obtained using a micro-PL
system at room temperature. Samples were photoexcited by a 647 nm laser beam focused on a sampling spot
with a diameter of approximately 1 pum. Light emission was detected from 1.1 to 2.2 um using a cooled,
wavelength-extended InGaAs 1024-pixel linear photodiode array (Princeton Instruments, PyLon-IR-2.2)
optically coupled to a spectrograph. We carefully varied the PL measurement conditions, including the

3
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excitation laser power and the exposure time. We observed that the PL peak redshifted and became more intense
with increasing lattice strain, confirming that Ge-wire bandgap shrinkage is caused by the induced tensile strain.
Moreover, the intensity of the PL peak associated with a Ge wire with a 1.62% lattice stain was 30-times higher
than that of the Ge substrate.

We next compared the PL peak position with the bandgap energy determined using deformation potential
theory, as shown in Figure 5b [28]. While the light- and heavy-hole bands are degenerate in the unstrained Ge
crystal, uniaxial tensile strain splits the two bands and positions the light-hole band at a higher energy level
than the heavy-hole band. The PL peak position is in good agreement with the bandgap between the heavy-
hole band and the conduction band at the I point (I'-HH). The PL spectrum of the Ge wire with a 1.62% tensile
strain clearly shows a second peak on the low-energy side, the position of which is consistent with the bandgap
between the light-hole band and the conduction band at the T point (I'-LH). The higher PL peak intensity
observed for the I'-HH band gap is ascribable to a higher density of states in the heavy-hole band than in the
light-hole band. These results are in good agreement with those obtained for Ge wires fabricated using internal

stresses unintentionally applied to GOI substrates [32].

Light-emitting diodes using Ge bridge structures

We fabricated light-emitting diodes (LEDs) using Ge bridge structures bearing uniaxial tensile strains to
examine their luminescence properties under current injection. After sputtering W films, phosphorus ion
implantation at 2x10* cm™ and activation annealing at 500 °C for 5 min were carried out, followed by wire-
and-pad structure patterning, with p-n junctions located at the centers of the narrow Ge wires. Finally, Al
electrodes were formed on the W and Ge layers. Figure 6a shows the room-temperature voltage-current
characteristics of the p—n diode with 0.8% tensile strain. We observed good rectifying properties with a 10*
on/off ratio. Figure 6b shows the electroluminescence (EL) spectra of Ge p-n diodes with uniaxial tensile
strains of 0, 0.4%, and 0.8%. The clearly evident PL peak was observed to shift to lower energy with increasing
tensile strain. The 0.8% strained wire exhibited a peak that was 1.5-times more intense than that of the

unstrained wire, confirming that tensile strain enhances optical properties.

Conclusions

We fabricated narrow Ge wires with uniaxial tensile strains by utilizing the internal tensile strains in deposited
metal thin films. We found that the strain can be controlled by adjusting the pad length. A maximum strain of
1.62% was recorded for a pad length of 160 um. The PL peak became more intense and its position shifted to

4
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lower energy with increasing tensile strain; the observed peak shifts are in good agreement with theoretical
predictions. We also fabricated LEDs using narrow Ge wires and observed clear EL peaks, which demonstrates

that the Ge wires exhibit enhanced optical properties.
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Table I. Sputter deposition conditions of W films with 100 nm thickness.

Base pressure (Pa) 5.0x10™*
Process pressure (Pa) 0.5~45
Gas Ar
Gas flow rate (sccm) 20
Input power (W) 100
Target-sample distance (mm) 80
Deposition time (min) 10
8
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Figure Captions
Fig. 1. Internal stress in W films of 100 nm thickness as a function of Ar gas pressure during

deposition.

Fig. 2. Process flow for the fabrication of the Ge bridge with tensile stress induced by W deposition films.

Fig. 3. Schematic drawing and optical images of the Ge bridge structures.

Fig. 4. (a) Raman spectra of narrow Ge wires with pad lengths of 20, 40, 80, 120, and 160 um. (b) The tensile
strain of narrow Ge wires as a function of pad length. The dashed line is a linear fitting result. The strain was

estimated using the parameters in ref. [9], showing the relation between Raman shift (Aw) and strain (¢).

Fig. 5. (a) PL spectra of narrow Ge wires with pad lengths of 80, 120, and 160 um. (b) PL peak positions as a
function of uniaxial tensile strain. Solid lines show bandgap energy theoretically estimated using deformation

potential energy. Data of the solid lines from reference [32].

Fig. 6. (a) Current-voltage characteristic of the uniaxially tensile-strained Ge p-n diode. The inset shows the
side view of the p-n diode. (b) Electroluminescence spectra of Ge p-n diodes with uniaxial tensile strains of 0,

0.4, and 0.8%.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 6.
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