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Abstract Germanium (Ge) has gained much interest due
to the potential of becoming a direct band gap material and
an efficient light source for the future complementary
metal-oxide-semiconductor (CMOS) compatible photonic
integrated circuits. In this paper, highly biaxial tensile
strained Ge quantum wells (QWs) and quantum dots (QDs)
grown by molecular beam epitaxy are presented. Through
relaxed step-graded InGaAs buffer layers with a larger
lattice constant, up to 2.3% tensile-strained Ge QWs as
well as up to 2.46% tensile-strained Ge QDs are obtained.
Characterizations show the good material quality as well as
low threading dislocation density. A strong increase of
photoluminescence (PL) with highly tensile strained Ge
layers at low temperature suggests the existence of a direct
band gap semiconductor.
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1 Introduction

Tensile strained germanium (Ge) has attracted much
attention recently. It has been reported to have high
electron and hole mobility, and theoretical work shows that
with about 1.75% biaxial tensile strain, Ge becomes a
direct bandgap material [1,2]. Several groups have made
strained Ge in several ways: 0.3% tensile strain has been
achieved by growing Ge on Si using the thermal expansion
coefficient difference between Si and Ge [3]; bulk Ge was
strained by mechanical bending [4]; epitaxial Ge was
grown on larger lattice constants buffers, such as GeSn or
InGaAs [2,5]; and strained Ge quantum dots (QDs) were
obtained by mechanical grinding method [6]. In this paper,
we report the growths of highly tensile strained Ge
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quantum wells (QWs) and Ge QDs on InGaAs buffer
layers. The changes of Ge material properties under
different strain are discussed using transmission electron
microscopy (TEM), X-ray diffraction (XRD) and Raman
spectroscopy as well as the photoluminescence (PL)
phenomenon.

2 Sample preparations

All samples were grown on GaAs(100) wafers in a two-
chamber Varian Gen II molecular beam epitaxy (MBE)
system with a base pressure of 2x107'° Torr. First step-
graded In,Ga; .As buffer layers were grown in a group
III-V chamber. The highest In content in each buffer layers
ranges from x = 0.1 to x = 0.4. Details about the growth
recipe can be found elsewhere [7]. The samples were then
transferred under ultra high vacuum (1x10° Torr) to a
group IV MBE chamber for Ge growth. A pyrolytic boron
nitride effusion cell was used to evaporate 99.9999% pure
Ge. For the Ge QW structure, a 10nm Ge layer was
coherently grown at a rate of 1nm/min at substrate
temperature of 400°C. In-situ reflection high energy
electron diffraction (RHEED) was used to verify the
quality of the surface prior to and during growth. The
RHEED patterns for In,Ga; ,Asand Geare2 x 4 and 1 x
2, respectively. Finally, the samples were transferred back
into the ITI-V chamber, where an In,Ga; _,As cap layer was
grown to form a Ge QW, eliminate surface states, and
improve carrier confinement during optical characteriza-
tion. For Ge QDs, 4-monolayers (MLs) of Ge (about 5.3 A)
were grown on Ing;Gagy,As buffer layers at substrate
temperatures of 500°C. In-situ RHEED of Ge QDs showed
spotty dot pattern, indicating a 3D growth. 20 nm
Ing 3Gag7As cap was grown afterwards for one of the
samples. The material qualities were characterized by
atomic force microscopy (AFM, Park System XE-70),
TEM (Philips CM20 FEG-TEM), XRD (Panalytical
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X’Pert Pro), and Raman spectroscopy (Renishaw RM
Series System 1000 with a 50 mW Ar™ laser at 514 nm).

3 Tensile strained Ge QWs

Non-contact mode AFM was used to characterize the
sample surface morphology. For Ge QW structures, the
root mean square (RMS) surface roughness for a 1 umx
1 um region is below 1 nm for various samples. Cross-
section TEM was applied to further characterize the crystal
quality of tensile-strained Ge between Ing3Gag-As, as
shown in Fig. 1. The interfaces between Ge and InGaAs
are smooth and sharp. No threading dislocation in Ge layer
is observed in cross section images, which confirms that
the defect density is 1x10°*cm? or below. In the high-
resolution TEM images, clear lattice fringes confirm the
high crystal quality of the Ge layer. The defects and surface
roughness in the 10 nm Ing 3Gag ,As cap layer are due to
anti-phase domains (APD), which is commonly observed
for the polar on non-polar material growths.

In, ;Ga, ;As 10 nm

tensile strained Ge 10 nm
In, ;Ga, ;As 300 nm
In, ;sGay ¢sAs 200 nm

GaAs substrate

(a)

(d) (c)

Fig. 1 Cross-section TEM image for strained Ge samples. (a)
Schematic of the sample structure; (b) cross-section TEM image of
InGaAs buffer layers and the Ge QW; the dash circles are the two
selective area diffraction regions in Fig. 2; (c) cross-section TEM
image of Ge QW; and (d) high resolution TEM image of Ge QW
region

Although the strain in the Ge layer can be calculated
from measuring the distance of tens of continuous atom
fringes, the results only reflect the local strain and may be
affected by non-uniform buffer layer relaxation. However,
selected area diffraction (SAD) in TEM can provide strain
information from a larger region. Furthermore, the electron
beam in SAD TEM is incident parallel to the wafer top
surface, thus sampling an effectively thicker region of the

[001]

In, ;Ga, ;As
-

Fig. 2 (a) Selected area diffraction; (b,c) zoom-in images from
Ing3Gag7As and Ing;5GaggsAs buffer layers; (d) diffraction
pattern and (e, f) zoom-in images from Iny;Gag ;As and Ge layers
shown in Fig. 1(b)

QW region than normal XRD. Most importantly, the SAD
pattern can be generated from a selected region without
background diffraction from the GaAs substrate as well as
InGaAs buffer layers. Figure 2 shows the diffraction
patterns from two areas, which are indicated by the dashed
circles in Fig. 1(b).

In the first case, the selected arca is chosen at the
interface of the Ing3Gagy,As and Ing;5GaggsAs buffer
layers. As can be observed in Figs. 2(a)-2(c), each
diffraction spot actually contains two small diffraction
spots from the Ing3Gag,As and Ing;5GaggsAs buffer
layers. Also, each pair of two small spots is aligned and
pointed to the original point of the diffraction pattern.
Thus, all the buffer layers are almost fully relaxed reflected
by the same out-of-plane and in-plane lattice constant. In
the second case, only the Ing3Gag,As buffer/cap layers
and strained Ge layer are selected. A similar diffraction
pattern is obtained as shown in Figs. 2(d)-2(f). However,
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in this second case, the two spots are aligned and pointed to
the [001] direction which is perpendicular to the sample
surface. This shows that the Ge epitaxial layer and
Iny 3Gag ;As buffer layer have the same in-plane lattice
constant and different out-of-plane lattice constants. Thus,
the Ge layer is biaxial tensile strained to the InGaAs buffer
layers.

Although the diffraction signal from 10 nm Ge layer is
below the noise level in XRD measurement, the strain of
Ge layers can be determined by the lattice constants of the
InGaAs buffer layers, since the Ge layer is almost totally
strained to buffer layers proved in SAD TEM. XRD
reciprocal space mapping at (004) and (224) Bragg
reflections were measured to determine the composition
and strain of In,Ga; _,As buffer layers. The InGaAs buffer
layers are partially relaxed with 80% to 90% relaxation
rates. Thus, the biaxial tensile strain in Ge is 1.84% for the
Ing 3Gag ;As buffer sample.

Raman spectroscopy was also used to determine the
strain percentage of the Ge layers. The Raman spectra were
taken at room temperature in a (001) backscattering
geometry. For this configuration, only the longitudinal
optical phonon mode is shown. The Raman peaks around
280 cm™ in the spectra correspond to the In,Ga;_,As
buffer layers. The peak around 300 cm™ corresponds to Ge
longitudinal optical (LO) phonon mode, and it shifts to
lower value as the In concentration in the buffer layers is
increased, thus indicating greater tensile strain in the Ge.
The amount of tensile strain can be calculated from the
Raman shift (Aw) relative to the bulk Ge. The equation can
be simplified to Aw = bgj, where g is the biaxial tensile
strain and b = —(415440) cm™'. The amount of tensile
strain in the Ge calculated from Raman spectroscopy
agrees well with XRD calculation, as shown in Table 1.

The low temperature (5 K) PL spectra of a set of Ge
samples with different biaxial tensile strain are plotted in
Fig. 3. Due to the long wavelength cut-off of our InGaAs
detector, only PL signals with wavelengths shorter than
1600 nm were detected. The PL from InGaAs buffer layers
at 5K is shorter than 1300 nm. Thus, the PL signals
detected are generated in the Ge QWs only. At 5 K, a weak
PL signal at 1.6 pum was observed, which was from phonon
assisted indirect band gap radiative recombination pro-
cesses. However, no PL signal from 0.3% and 0.9% tensile
strained Ge layer was detected due to defects from the
relaxation in the buffer layer outweighing the benefits from

becoming more direct bandgap. Lastly, a strong PL signal
was detected for the highly tensile strained (1.8% and
2.33%) samples. A strong increase on PL intensity from
the highly tensile strained Ge was observed upon cooling
the sample, which was typical for direct band gap material
and was reversed for indirect band gap Ge [8].

The band gap energy is determined by the combination
of material, strain, temperature, quantum confinement,
optical pump intensity, etc. For Ge, the direct band gap
energy is 0.8 eV. For 2% biaxial tensile strained bulk Ge at
room temperature, the direct band gap energy is reduced to
about 0.5eV [1,3]. When the temperature changes from
300 to 5 K, the bandgap energy is increased by about 0.09
eV for bulk Ge. Further, quantum confinement, especially
in the valence band, raised the band gap energy by about
0.13 eV. Also, the pumping laser power further increased
the quasi-Fermi level inside Ge layers. Adding these
factors together, the direct band gap transition energy for
2% tensile strained Ge QW at 5 K is around 0.72 eV. The
detailed calculations for band gap energy are not discussed
due to the inaccuracy of electronic parameters under such
high tensile strains, low temperatures and quantum
confinements. However, through the rough estimations,
the bandgap energy for Ge QWs at 5K fitted our
experimental results. Although it is difficult to give a
precise calculation of the band gap energy for highly
strained Ge, the dramatic increase of PL intensity with high
biaxial tensile strained Ge as well as the dramatic increase
of PL at low temperature indicated that direct band gap Ge
is achieved under high biaxial tensile strain.

4 Tensile strained Ge QDs

When the growth temperature is increased to 500°C, the
growth mode of Ge is changed from planar growth to
three-dimension growth, and self-assembled Ge QDs form.
The 1 pum X 1pum region AFM image of Ge QD on
Ing 3Gag 7As buffer without cap is shown in Fig. 4. The
dots are circular in shape without obvious facets compared
to Ge QD on Si substrate. Randomly choosing 27 dots in
the AFM image, the average diameter is calculated as
(41.67 £ 4.75) nm, and the height is (4.83 £ 0.65) nm. The
density of the dots is about 375 dots/um?. SEM picture of
the same sample is shown in Fig. 5. The white dots are Ge
QDs and their size and shape agree with the AFM

Table 1 Biaxial tensile strain inside Ge with different InGaAs buffer layers as measured by Raman and XRD

indium concentration/% theoretical Ge strain/%

tensile strain of Ge

Raman/% XRD/%
10 0.64 0.26 0.42
20 1.35 0.91 0.93
30 2.07 1.78 1.84
40 2.79 2.35 231
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Fig. 3 Low temperature (5 K) PL of different tensile strained Ge
layers
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Fig. 4 1pm x 1 um AFM image of Ge QDs on InGaAs buffer
layer

measurements. The ripples in the background are due to
the surface roughness of InGaAs layers.

Raman spectroscopy was also used to determine the
strain percentage of the Ge QD as shown in Fig. 6. Without
the InGaAs cap layer, the Ge Raman peak cannot be
detected due to the small volume and discontinuity of each
dot. However, the Ge QD Raman peak shows up in the
sample with InGaAs cap layer. The peak around 280 cm!
in the spectra corresponds to the GaAs-like LO mode from
the In,Ga, _,As buffer layer, and the peak around 289 cm™
corresponds to the Ge QDs. The pure Ge Raman peak is at
299.15 cm™ (not shown here), so the strain is calculated to
be 2.46% + 0.2%. The calculation is based on the biaxial
strain coefficient, but for buried QDs, the strain status is
more complicated than biaxial strain, which causes some

Fig. 5 SEM image of Ge QD on InGaAs buffer layer
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Fig. 6 Raman for Ge QD with and without InGaAs capping layer

discrepancy between the strain of Ge QDs and Ge QWs on
the same InGaAs buffers. In summary, at 500°C growth
temperature, the Ge growth mode changes to 3D growth and
tensile strain Ge QDs are achieved.

5 Conclusions

In summary, we had used MBE to grow up to 2.33%
biaxial tensile strained Ge QWs and 2.46% tensile strain
Ge QDs on In,Ga;_,As buffer layers, producing the
highest reported strain in Ge to the best of our knowledge.
Material qualities and strain have been characterized using
TEM, AFM, XRD, and Raman spectroscopy. The strains
measured in the Ge from different methods are all in very
good agreement with each other and match theoretical
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predictions. Furthermore, low-temperature PL shows a
strong increase in PL intensity with higher strain and lower
temperature, which indicates a direct-bandgap tensile-
strained Ge has been achieved, and it is a possible
candidate for future group-IV laser.
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