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We show that a relatively simple top-down fabrication can be used to locally deform germanium in

order to achieve uniaxial tensile strain of up to 4%. Such high strain values are theoretically pre-

dicted to transform germanium from an indirect to a direct gap semiconductor. These values of

strain were obtained by control of the perimetral forces exerted by epitaxial SiGe nanostructures

acting as stressors. These highly strained regions can be used to control the band structure of

silicon-integrated germanium epilayers. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4928981]

Germanium is an indirect-gap semiconductor, with the

valence band maximum at C and the conduction band mini-

mum at L. However, a local minimum exists in the conduc-

tion band at C which is only 140 meV above L at room

temperature.1 The application of 4%–5% uniaxial strain to

Ge, along the [1 0 0] direction, is predicted to transform Ge

into a direct-gap semiconductor.2–4

A direct-gap semiconductor which is fully compatible

with Si-based technology would allow full integration of

electronics and optoelectronics and represents a highly

sought goal,5,6 so various methods of inducing the required

strain in Ge micro- and nano-structures are under investiga-

tion.7–11 Ge microbridges featuring 3% uniaxial strain along

[1 0 0] have demonstrated greatly enhanced photolumines-

cence efficiency,12 and even higher strain has been observed

in smaller bridges.13 In this work, we present an alternative

method to induce strain which can be considered signifi-

cantly easier from the point of view of the fabrication.

It has been shown that patterning of compressively

strained SiGe alloys on Si(0 0 1) substrates leads to the trans-

fer of compressive strain into the substrate.14,15 Here, we

demonstrate the analogous process in which patterned tensile

SiGe alloys induce tensile strain in a Ge(0 0 1) substrate.16

The actual substrate is a thick (1 lm) Ge layer grown on Si

characterized by a complete plastic relaxation. The samples

consist of stripes of SiGe (the stressors) on top of this relaxed

Ge layer (the substrate) which are separated by gaps of a few

tens of nanometers, Fig. 1(a). Although, in principle, other

structures can be used, we chose this geometry because it is

the simplest to be fabricated and measured. The partial elas-

tic relaxation of the SiGe stressors leads to a partial compres-

sion of the Ge substrate located under the SiGe structures,

leading to a uniaxially compressed Ge region (c-Ge). On the

other hand, the conservation of the total length of the sub-

strate leads to regions of uniaxially tensile germanium (t-Ge)

in the gaps between the stressors. The geometry of the

structures together with the ratio of the lattice parameters

and elastic constants of the stressor and the substrate can be

used to define the intensity of the perimetral forces marked

by arrows on the sketch in panel (a), which are responsible

for the strain in the t-Ge. The intensity of these forces can

lead to high strain in the gaps, whose magnitude is limited

only by the plastic relaxation of elastic energy.16

In this work, the Ge content and the geometrical param-

eters of the stressors (thickness t, width w, and gap g) were

chosen to maximize the induced strain in the gap taking into

account the several compromises analyzed in detail in Ref.

16, which can be summarized as follows. For what concerns

the composition of the stressor, the growth of Ge-rich SiGe

allows thicker stressors to be obtained without plastic relaxa-

tion,17 but results in lower stress forces. For the thickness t, a

thinner SiGe layer allows a fully strained stressor without

FIG. 1. (a) Sketch of the sample and the reference system (not to scale).

SiGe stripes of thickness t and width w are patterned on top of a 1 lm thick

relaxed Ge layer directly grown on Si. The stripes are separated by a gap g.

The stripes are parallel to the y direction [1 1 0]. The forces exerted by the

stripes pull the Ge within the gaps creating a strong deformation along the x
direction, parallel to ½1�10�. The vertical direction z is oriented along the crys-

tallographic [0 0 1] direction. (b) Top-view scanning electron micrograph of

the sample with g¼ 20 nm.

0003-6951/2015/107(8)/083101/5/$30.00 VC 2015 AIP Publishing LLC107, 083101-1
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plastic relaxation, while higher thickness means higher stress

forces. Very thick stressors are not interesting because the

top regions can relax elastically without transferring more

strain to the substrate. Considering the gap g, smaller gaps

induce a higher tensile strain but decrease the volume of the

highly strained Ge, which can be a problem for its practical

exploitation in a device. For the width parameter w, the ten-

sile strain increases with the ratio w/g.14 However, when w is

significantly larger than g, the stressor can be considered

infinitely large and there is no appreciable increase of

strain.16

Following these design guidelines, we fabricated epitax-

ial SiGe stripes on top of an epitaxial Ge/Si(001) virtual sub-

strate with three values of g of 45, 30, and 20 nm, keeping an

overall pitch of 400 nm, Table I. The stripes are character-

ized by a thickness t¼ 50 nm and an extension of 25 lm

along the [110] direction, a length that can be considered in-

finite as compared to the other geometrical parameters.

Figure 1(b) shows a scanning electron micrograph of the

stripes with g¼ 20 nm.

A top-down approach has been used to realize the SiGe

nanostressors. Heterostructures consisting of 1 lm thick

relaxed Ge layers and thin tensile SiGe layers were obtained

by low-energy plasma-enhanced chemical vapor deposi-

tion.18 The threading dislocation density in the Ge layers

was reduced by annealing,17 a process that induced a small

residual thermal biaxial tensile strain between 0.1% and

0.2% in the Ge layer on cooling to room temperature. The

resulting Ge/Si(0 0 1) layer forms a virtual substrate (VS) for

the subsequent growth of a thin (50 nm) Si0.48Ge0.52 layer

(henceforth the SiGe layer). The composition and strain state

of both the Ge and SiGe layers were measured by high-

resolution x-ray diffraction (XRD) around the (0 0 4) and

grazing-incidence (2 2 4) Bragg peaks; the Ge layer was

found to be under 0.14% tensile thermal biaxial strain, and

the SiGe layer was almost fully coherent with the Ge VS,

with a degree of relaxation of only 5% corresponding to an

in-plane tensile strain of 2.08%.17 The same values of strain

for SiGe and Ge can be obtained by Raman spectroscopy19,20

with an excitation wavelength kexc¼ 532 nm (Fig. 2(a)),

which can probe simultaneously the SiGe layer and the Ge

layer. The probed depth equals half of the penetration depth

dp due to self-absorption. For this kexc, dp/2 is about 50 nm

for SiGe and 10 nm for Ge.21 This spectrum is important not

only because it allows to the XRD data to be confirmed but

also to rule out the presence of an intermixed layer at the

SiGe/Ge interface. The fabrication of the SiGe nanostressors

is based on a combination of electron beam lithography

(EBL) and reactive ion etching (RIE).14,15 Scanning electron

microscopy (SEM) images and atomic force microscopy

(AFM) images have been used to characterize the obtained

nanostructures.

Following the reference system described in Fig. 1(a), it

is clear that the strongest component of the strain tensor is

the exx component, where the x direction is in-plane and per-

pendicular to the stripes. The finite element method (FEM)

simulations in Fig. 3 were obtained with the same settings as

in Ref. 16. They show that the surface of the Ge VS under

the SiGe stripes is slightly compressed, but that a large ten-

sile strain is induced in the x direction in the Ge VS between

the stripes. The effects of the stressors decay rapidly with

depth, leaving most of the Ge VS relaxed (r-Ge).

lRaman spectroscopy has been used to measure the

strain in the t-Ge regions, since the Raman shift in SiGe

alloys is dependent on both the Ge content and the overall

strain state.19,20,22,23 The Ge content dependence allows the

signals from the Ge and SiGe layers to be easily distin-

guished. However, the measurement of the strain in the gap

is complicated by the small volume of t-Ge surrounded by

much larger volumes of r-Ge and c-Ge. In order to obtain

Raman scattering from only the gap region, a higher excita-

tion energy can be chosen, so that the incoming radiation is

absorbed before it reaches the c-Ge underneath the stressors.

On the other hand, increasing the excitation energy too far

above the Ge Raman resonance (at about 2 eV) would reduce

the intensity of the Ge band.24 We observed that an excita-

tion of kexc¼ 457.8 nm (2.71 eV) was high enough to be

absorbed completely in the SiGe layer. For this kexc, dp/2 for

both SiGe and Ge is 10 nm.21

In Fig. 2(b), one can see that the SiGe band on the flat

unpatterned sample is the same as in Fig. 2(a), but the con-

tribution from Ge is completely removed by the opacity of

TABLE I. Geometrical parameter of the SiGe stressors (gap g and width w)

and average strain exx in the gaps as measured by Raman spectroscopy (from

the variation Dx of the Ge mode at about 300 cm�1) and calculated by finite

element method (FEM).

gap g

(nm)

width w

(nm)

shift Dx
(cm�1)

exx (Raman)

(%)

exx (FEM)

(%)

45 6 5 355 6 5 �7 6 1 3.1 6 0.8 2.7

30 6 5 370 6 5 �8 6 1 3.6 6 0.8 3.5

20 6 5 380 6 5 �9 6 1 4.0 6 0.8 4.1

FIG. 2. Raman spectroscopy of the samples before and after patterning.

Spectrum (a) was acquired on the sample before patterning with an excita-

tion of 532 nm, enabling the simultaneous measurement of SiGe and Ge.

Spectrum (b) is again taken before patterning, but with a 457.8 nm excita-

tion, showing that for this wavelength the SiGe layer is opaque and the con-

tribution from Ge below SiGe is undetectable. The blue spectrum in (c) is a

457.8 nm measurement of the patterned region (gap g¼ 45 nm) showing the

shift to less tensile values of the SiGe band and the appearance of a Ge-

related band as a high-wavenumber tail on the SiGe band. In order to high-

light the latter, the grey spectrum in (c) is the SiGe band from spectrum (b)

shifted to compensate the strain-related shift. Subtracting the grey SiGe

spectrum from the blue SiGeþGe spectrum in (c) gives the Ge spectrum in

(d) together with its fitting curve.

083101-2 Bollani et al. Appl. Phys. Lett. 107, 083101 (2015)
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the SiGe layer for this wavelength. On the other hand, after

opening the trenches in SiGe by lithography, we can

observe in Fig. 2(c) the appearance of the Ge band as a tail

on the high-wavenumber side of the SiGe band, which

means that Raman spectroscopy is still efficient enough to

observe the tiny amount of Ge not covered by SiGe. Notice

that in this spectrum the SiGe band is shifted with respect to

spectrum (b), because the SiGe stressor elastically relaxes

due to the presence of the trenches. This shift is consistent

with the simulations. In order to better highlight the appear-

ance of the Ge band, we superimpose the spectrum to the

same spectrum in (b), spectrally shifted in order to compen-

sate for the elastic relaxation of SiGe. The subtraction of

two spectra in (c) leads to the Ge contribution, which is

shown in spectrum (d) together with a mixed lorentzian-

gaussian fitting.

For all these measurements, the power incident on the

sample was of the order of 1 mW. The diffraction limited

resolution did not allow the stripes and the gaps to be spa-

tially resolved; the measured spectrum is a superposition of

contributions from the t-Ge and the surface of the stressor.

Thermal artefacts from the heating of the sample were ruled

out by observing that the spectral positions of the bands did

not change with lower incident powers. The size of the

structures is well beyond the critical size for the appearance

of effects in the phonon energy due to the quantum

confinement.25

Figure 4 shows the Ge–Ge phonon band obtained after

subtraction of the stressor spectrum. All the spectra were

normalized to their maximum intensity. The phonon band

moves towards lower energies by almost 10 cm�1, indicating

strong tensile strain. This is a much stronger effect than the

3–4 cm�1 of relative shift observed by S€uess et al. in Ref. 12

and the 6–7 cm�1 of relative shift observed by Sukhdeo et al.
in Ref. 13.

Since the t-Ge is not in a truly biaxial (rxx¼ryy; rzz¼ 0)

or uniaxial (ryy¼rzz¼ 0) state, usual calibrations for strain

as a function of relative Raman shift cannot be used. The fre-

quency of a phonon mode depends on the elements of the

strain tensor and the phonon deformation potentials accord-

ing to the dynamical secular equation.26 The backscattering

geometry from (0 0 1) allows only the vertically propagating

longitudinal optical mode to be detected. While for some

complex systems it is necessary to simulate the spectral

response of nanostructures,27,28 for the samples presented in

this paper, it is possible to translate the Raman shift into a

strain with some simplifications justified by the symmetry

and the results of the FEM simulations. First, we assume all

of the off-diagonal strain components to be zero because for

symmetry reasons, and as confirmed by FEM, for most of

the sample, the tetragonal symmetry is conserved. It can be

FIG. 4. Raman measurement of strain in Ge. While the lower x scale reports

the Raman shift, the upper x scale shows the corresponding value for the exx

strain. The upper spectrum refers to a flat, unpatterned sample and is used as

a reference. The slightly non-zero strain is the result of the small thermal

strain detected also by x-ray diffraction. The lower three spectra result from

the measurement of the Ge just below the gap between two adjacent stres-

sors by means of selective resonance Raman spectrocopy in the sample with

gap g¼ 45, 30, and 20 nm, respectively. The shoulders at 295 cm�1 are an

artefact due to stray light. The histogram graphs superimposed to the Raman

spectra represent the strain distribution in the tensile Ge as calculated by

FEM. The distribution is weighted with an exponential decay mimicking the

attenuation of the excitation power within Ge to be directly compared to the

Raman spectra.

FIG. 3. Simulation by finite-element method of the exx strain component of

a system of SiGe stressors (x¼ 52%) on top of a Ge substrate in the region

of the high strain. Panels (a), (b), and (c) refer to the sample with gap g
equal to 45, 30, and 20 nm, respectively. High tensile strain (marked with

t) is induced in the Ge in the gap between the SiGe stressors, within a few

nanometers of the surface. The Ge under the stressor is compressed

(marked by c).

083101-3 Bollani et al. Appl. Phys. Lett. 107, 083101 (2015)
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further assumed that eyy is unchanged from the value of

þ0.14% thermal strain as measured by XRD, and that rzz¼ 0

since the surface of the t-Ge region is free. The values of the

normalized deformation potentials are p¼�1.55 and

q¼�2.08. These values can be retrieved by reversing

strain-shift coefficients extracted from experiments and cal-

culations available in the literature and are affected by uncer-

tainties of about 10%.20,29 If b and h are the biaxial and

hydrostatic strain-shift coefficients, p and q are the result of

the following equations:

p ¼ 1

x0

2c11 h� bð Þ
c11 þ 2c12

; (1)

q ¼ 1

x0

2c12hþ c11b

c11 þ 2c12

; (2)

where c11 and c12 are elements of the elastic stiffness tensor.

The calculations yield a strain-shift relation for our experi-

ment of DxðexxÞ ¼ �225exx cm�1 � 0:3 cm�1. Notice that

the value of 225 cm�1 is about half of the biaxial strain coef-

ficient,19,23 which is consistent with the almost uniaxial na-

ture of the strain. The experimental uncertainty on this figure

is of the order of 10%. The 0.3 cm�1 offset takes into

account the non-zero value of eyy.

With this calibration, we can now translate the Raman

shift values into strain, and we can notice that the strain of

the thinner gap overcomes the 4% threshold of the indirect

to direct transition. In order to compare the results with

FEM simulations, we calculate the average strain in the t-Ge

region with a width g and a depth equal to dp/2. The values

are reported in Table I and are consistent with the experi-

mental results. However, the Raman data and the FEM can

be better compared if we consider a weighted average of the

strain. The average is weighted with an exponential function

which quickly decays with depth (characteristic length dp/2)

due to the choice of kexc. If we map the strain in the material

by binning the strain into intervals of 0.25%, we obtain a

distribution that can be readily compared to the experimen-

tal spectrum, as shown in Fig. 4. This comparison shows

that not only the average of the strain is consistent but also

that the width of the spectrum, which is significantly larger

than the width of the reference spectrum, can be attributed

to the strong strain gradient in the structures which spreads

the distribution of the strain and might reduce the phonon

lifetime.

Our simulations predict that maintaining a w/g ratio

higher than 20 will not continue to significantly increase the

strain within the gap. Similarly, a thicker SiGe stressor will

not significantly increase the stress in the gap because the

additional material on top would be free to relax elastically.

The value of 4% could, in principle, be overcome by further

narrowing g. However, this can also be a disadvantage

because one of the drawbacks of our method is that the vol-

ume of t-Ge is rather small. With the g¼ 20 nm sample, the

surface ratio between t-Ge and the rest of the Ge is around 1/

20. Although this value is much higher than the other values

in the strained Ge literature, this can be a serious issue if we

aim for the realization of an efficient detector. However, it

can still be used in all the applications where the injection of

the carriers can be controlled spatially such as in an emitter.

Also, it must be remembered that in the whole sample the t-

Ge region is expected to be the location of the absolute mini-

mum of energy, and carriers should be attracted and trapped

by this region.

In conclusion, we have obtained a controlled tensile

strain in a germanium layer by exploiting the forces exerted

by epitaxial nanostructures. By means of a simple fabrication

method, we use materials and technologies that are fully

compatible with the standard silicon technology. This

method opens a different path in the realization of strained

structures. Raman spectroscopy measurements showed high

values of uniaxial tensile strain up to 4%.
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