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Abstract: Tensile-strained Ge quantum dot (QD) is proposed 

as a new route for the realization of direct bandgap 

conversion in Ge. Ge QDs were successfully grown on InP 10 

substrate by molecular beam epitaxy. The strain field in the 

QDs were analyzed by high resolution transmission electron 

microscopy and simulated by finite element method based on 

the measured geometries. The strain field in the QDs is found 

non-uniform and the shear component plays a significant role 15 

on the energy band structure leading to larger required 

hydrostatic strain than that in the Ge thin films under biaxial 

strain to become a direct bandgap.  

 

Germanium (Ge) is one of the earliest studied semiconductors 20 

and offers a wide range of important electronic and optoelectronic 

device applications. The compatibility with current Si based 

integrated circuits would be the most important feature for Ge to 

be a promising candidate material for future high speed 

electronics and Si photonics. In microelectronics, due to the high 25 

mobility of both electrons and holes and compatibility with 

complementary metal-oxide-semiconductor (CMOS) processing, 

Ge has been made for high speed CMOS-based devices.1, 2 In 

optoelectronics, Ge is a promising material for photodetector,3 

light emitters4, 5 and solar cells.6 More interestingly, it has been 30 

theoretically predicted that 1.4% biaxial tensile strain can fill up 

the 136 meV gap between the Γ and L valley,7 thereby converting 

Ge into a direct-bandgap semiconductor with a corresponding 

wavelength around 1.55 µm, making the tensile-strained Ge one 

of the most promising candidates to construct light sources for Si-35 

photonics integration. Furthermore, the tensile strain modifies the 

curvature of the energy bands near their extrema, and thus 

increases the carrier mobility dramatically,7, 8 especially for the 

hole, leading to potential high speed CMOS. 

To prove and utilize the fascinating properties, different 40 

approaches have been proposed to introduce tensile strain into 

Ge. The difference in thermal dilation coefficients between Ge 

and Si allows one to introduce 0.25% tensile strain in Ge thin 

films after the Ge film is cooled down from the growth 

temperature.9 Growth of Ge on templates with a lattice constant 45 

larger than that of Ge, like InGaAs8, 10-12 or GeSn,13 can introduce 

high biaxial tensile strain. Another approach is based on the use 

of micromechanical strain engineering or an external stressor.14-19 

Up to date, the large lattice constant buffer method has made the 

most significant progresses. As large as 2.33% tensile strain has 50 

been achieved in a Ge thin film on a relaxed InGaAs buffer layer 

and signature of a direct band-gap emission was indicated from 

low-temperature photoluminescence.11 However, there are many 

challenges difficult to overcome for this method. Firstly, with 

such a large tensile strain to convert the bandgap, the critical 55 

thickness for plastic relaxation is only a few nanometers. Some 

technical problems need to be solved as well. The relaxed buffer 

layers almost unavoidably possess rough surface and a high 

density of threading dislocations coming from the underneath 

templates, both of which are harmful for the structural and optical 60 

quality of the Ge films. 

Here we propose a new route, tensile-strained quantum dot 

(QD), to realize direct bandgap conversion in Ge. Compared with 

thin film, QDs can hold large strain without plastic relaxation and 

are much less sensitive to defects such as roughness and 65 

dislocations. They have already been widely utilized in different 

kinds of optoelectronic devices with high temperature stability of 

the threshold current density20, 21 and giant material gain22, 23 etc. 

Other technical advantages include suppression of diffusion of 

non-equilibrium carriers, which leads to reduced leakage of non-70 

equilibrium carriers from the ridge region, suppression of non-

radiative recombination at point and extended defects and 

blocking of dislocation propagation.24 Therefore, the combination 

of tensile strain with QD will be a promising scheme to realize 

direct band-gap gain material and subsequently Ge based light 75 

emitters. However, there are some issues to be considered. 

Firstly, the tensile strain will be partially relaxed through elastic 

deformation during the formation of QDs and therefore it is a 

question of whether the residual strain is still large enough to 

hold the direct bandgap. Secondly, the spatial distribution of 80 

residual strain inside a QD is non-uniform and how this will 

affect the electronic structures in a QD is unclear. Thirdly, the 

shear strain component which is negligible in thin films is 

nonzero in QDs and its effect on energy band can’t be neglected. 

In this work, we consider Ge QDs on InP as a prototype model 85 

with a lattice mismatch as large as 3.7% and grow such Ge QDs 

by molecular beam epitaxy (MBE).Surface morphology is 

assessed by atomic force microscope (AFM) and the strain field 

distribution inside Ge QDs is investigated by high resolution 

cross-sectional transmission electron microscopy (TEM). We 90 

employ the finite element method (FEM) to simulate strain field 

distribution inside Ge QDs with size and morphology measured 

by TEM. Deformation potential theory25 is applied to calculate 

strain field induced change of band edges at the relevant valleys 

taking into account the effect of shear strain. We show that direct-95 

bandgap region is indeed maintained in the QDs when the width 

to height (W/H) ratio of the QD is sufficiently large, indicating 

the great potential of tensile-strained Ge QDs for optoelectronic 

applications. 

Tensile-strained Ge QDs were grown on n-type (100) InP 100 

substrates by MBE. Prior to the growth, the surface oxide 

desorption of the InP substrate was carried out at about 500 ◦C. 

After that, a 150 nm thick InP buffer layer was grown at 450 ◦C to 

improve surface quality. Finally a Ge QD layer was grown with 

an equivalent thin film thickness of 0.95 nm at a rate of 190 nm/h 105 

at 450 ◦C. Formation of QD was confirmed by reflection high-

energy electron diffraction (RHEED) in situ and by AFM ex situ 

with a typical example shown in Fig. 1(a). 40 randomly chosen 

QDs were investigated for statistics. TEM measurements were 

carried out and the strain field was computed by geometric phase 110 

analysis (GPA).26 The strain field of the same Ge QD was 

simulated by FEM. It is observed from the TEM images that the 
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Ge QDs are epitaxially grown on InP confirming a diamond 

crystal structure of the Ge QDs. The FEM simulations in this 

work all based on zinc-blend-structure InP and diamond-structure 

Ge. The initial tensile strain before relaxation is  

5 

Figure 1 (a) AFM image of the tensile-strained Ge QDs on InP. (b) 

Statistical distribution of QDs as a function of measured W/H ratio 

3.7% induced by the lattice mismatch between Ge and InP. The 

strain effect on bandgap shift of the Ge is discussed by the 10 

deformation potential theory. The elastic constants of Ge27 and 

InP28 used in the simulations are from references. 

From the morphology of the Ge QDs obtained from AFM, the 

lateral sizes of the QDs are larger than the electron coherence 

length and can be treated as a quasi-2D system. The effect of 15 

strain on energy bandgaps can be explained by the deformation 

potential theory. Ge is an indirect-bandgap material whose 

conduction band minima is at the L-valley. To convert Ge into a 

direct-bandgap material, tensile strain must be applied to reduce 

the difference between the L-valley and the Γ-valley. The direct 20 

conduction band of the Γ-valley is only subject to hydrostatic 

strain as following: 

                        ∆𝐸𝑐
𝛤 = 𝑎𝑐 ∗ (𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧)                         (1) 

Where 𝑎𝑐  is hydrostatic deformation potential at the Γ point,29 

𝜀𝑥𝑥, 𝜀𝑦𝑦 and 𝜀𝑧𝑧 are strain in x direction, stain in y direction and 25 

strain in z direction, respectively. Here we assume that x 

direction, y direction and z direction are [1 0 0] direction, and [0 

1 0] direction and [0 0 1] direction, respectively. Because of the 

cubic symmetry, the conduction band valley at the L point is 

degenerate and the shear strain component leads to a split of the 30 

L-valley by reducing the symmetry.  
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Fig. 2 HRTEM image of a QD with a bottom width of 15 nm and a height 

of 3.4 nm, (b) in-plane strain field distribution by GPA of the same Ge 

QD and (c) in-plane strain field simulated by FEM 

Following the notation of Herring and Vogt,25 the energy shift  

5 

 

Fig. 3  The FEM simulation results of the strain components in the xz cross section: (a) the parallel strain  𝜀𝑥𝑥, (b) the vertical strain 𝜀𝑧𝑧, (c) the shear 

strain 𝜀𝑥𝑦, (d) the hydrostatic strain, and (e) the sum of absolute value of shear strain components. (f) the converted direct bandgap part in the Ge QD 

marked with red. The deformation is 10 times exaggerated.

of valley i under a homogeneous deformation described by the 10 

strain tensor 𝜀  can be expressed as 

                        ∆𝐸𝑐
𝑖 = (𝛯𝑑1⃡ + 𝛯𝑢{𝒂𝑖𝒂𝑖}): 𝜀                             (2) 

Where 1⃡ is the unit tensor, 𝒂𝑖 is the unit vector parallel to the k 

vector of valley i, 𝛯𝑑  and  𝛯𝑢 are dilation deformation potential 

and uniaxial deformation respectively. { } denotes a dyadic 15 

production. The values for the deformation potentials 𝛯𝑑 and 𝛯𝑢 

at L-valley of Ge are -6.97 eV and 16.3 eV, respectively. For 

diamond structure, there are eight equivalent L-valleys. To 

convert Ge into a direct bandgap material, the Γ-valley should be 

lower than all the split L-valleys. The energy shift of the lowest 20 

L-valley is  

∆𝐸𝑐
𝐿 = (𝛯𝑑 +

1

3
𝛯𝑢) ∗ 𝑇𝑟𝜖 −

2

3
𝛯𝑢 ∗ (|𝜀𝑥𝑦| + |𝜀𝑥𝑧| + |𝜀𝑦𝑧|)  (3) 

Thus when  

∆𝐸𝑐
𝛤 − ∆𝐸𝑐

𝐿 < −136 𝑚𝑒𝑉                             (4) 

where 136 meV is the energy difference between the L-valley and 25 

the Γ-valley of unstrained Ge, the tensile strained Ge becomes a 

direct bandgap semiconductor.  

Figure 1(a) shows an AFM image of Ge QDs grown on InP 

while the statistical size distribution of the QDs as a function of 

the W/H ratio is shown in Fig. 1(b). The W/H ratio considering 30 

the AFM tip effect is found varied from 5 to 30 with a peak 

around 10. The width of the QDs ranges from 4 nm to 32nm and 

the height ranges from 0.7 nm to 3.5 nm. 

A high-resolution TEM (HRTEM) image of a QD is shown in 

Fig. 2(a). As seen, the QD has a spherical cap shape with a 35 

bottom width of 15nm and a height of 3.4 nm, and is free of 

defects. The 2-dimensional map of the parallel strain 𝜀𝑥𝑥 obtained 

from the analysis of the HRTEM by GPA is shown in Fig. 2(b). 

The InP buffer in the image is taken as the reference lattice for 

the calculations and the strain here is defined as (𝑎𝐺𝑒 −40 

𝑎𝐼𝑛𝑃)/𝑎𝐼𝑛𝑃, where 𝑎𝐺𝑒  and 𝑎𝐼𝑛𝑃 are the lattice constant of Ge and 

of InP, respectively. The precision of GPA highly depends on the 

quality of HRTEM images. The lower InP part in Fig.2 (a) is 

taken as the reference region and the error range of strain in GPA 

based on our best TEM images is estimated to be around 2%. 45 

Limited by the quality of the HRTEM image and the resolution of 

Page 3 of 7 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



the GPA method, the analysis can only be implemented 

comparatively. In Fig. 2(b), the top QD region shows negative 

strain in average indicating large strain relaxation. The strain field 

at the bottom region of the QD is similar to that of the InP 

showing that the lattice is strained and the strain at the peripherals 5 

is extremely large. The simulation also supports the GPA results 

as shown in Fig. 2(c). The simulated strain is relaxed gradually 

from the QD/buffer interface toward surface within the QD and 

the maximum strain is at the peripherals. The strain obtained 

from HRTEM images could be affected by the relaxation 10 

occurred during the preparation of the TEM samples. 

   The strain field in the same QD shown in Fig. 2(a) is simulated 

by FEM based on a 3D spherical cap model with a width of 15  

 15 

Fig. 4 strain along line A and the volume percentage of the direct bandgap in the QD with different W/H. (a)  𝜀𝑥𝑥  (b) hydrostatic strain (c) |𝜀𝑥𝑦| + |𝜀𝑥𝑧| +

|𝜀𝑦𝑧| 

nm and a height of 3.4 nm. We define the strain as 

(𝑎𝐺𝑒𝑠 − 𝑎𝐺𝑒) 𝑎𝐺𝑒⁄  , where 𝑎𝐺𝑒𝑠  and 𝑎𝐺𝑒  are the lattice constants 

of the strained Ge and the relaxed Ge, respectively. The strain 20 

components of the xz cross section are shown in Fig. 3. Figure 

3(a) shows that in the direction perpendicular to the QD/InP 

interface, 𝜀𝑥𝑥   decreases from the bottom to the top of the QD 

with a maximum value 6.5% at the peripherals, which is even 

larger than the lattice mismatch of 3.7% between Ge and InP. 25 

Also the upper part of InP is deformed influenced by the 

deposited Ge QD. Meanwhile, the strain in top of the QD is 

almost fully relaxed. The volume average of 𝜀𝑥𝑥   in the QD is 

1.5%. The vertical strain field, 𝜀𝑧𝑧  in the z direction decreases 

with increasing height within the QD as shown in Fig. 3(b). 30 

Different from biaxial strain in thin films, the shear strain 

component in the QDs has a strong effect on the energy band 

structure and can’t be neglected, as seen in Fig. 3(c). The shear 

strain is large at peripherals and not symmetrical. According to 

equation (1) and (3), the bandgap conversion depends on both the 35 

hydrostatic strain and the sum of the absolute values of the three 

shear strain components. Hydrostatic strain has similar 

characteristics with 𝜀𝑥𝑥  as shown in Fig. 3(d). The sum of the 

absolute values of the shear components decreases from the 

peripherals to the center and is comparable to hydrostatic strain as 40 

shown in Fig. 3(e). Considering both the hydrostatic strain and 

the shear strain components, the direct bandgap part of the QD is 

calculated and shown in Fig. 3(f) in red. As seen, the strain effect 

in QDs is different from the biaxial strain effect in bulk or thin 

films. The hydrostatic strain in the bottom of the QD is larger 45 

than the critical hydrostatic strain which is needed to convert Ge 

thin films into direct bandgap. But it is not large enough to 
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convert the QD into direct bandgap due to the effect of the shear 

strain components which do not exist in biaxial strained Ge thin 

films. Comparing the deformation potential Ξu with (Ξd + Ξu/3), 

we discover that the effect of shear strain on the bandgap shift is 

7 times as strong as for the effect caused by hydrostatic strain. 5 

      To find out the effect of QD geometry on strain and energy 

band, Ge QD with different W/H ratios (H is kept at 3 nm) is 

simulated. 𝜀𝑥𝑥, hydrostatic strain and the sum of absolute values 

of three shear strain components along line A are shown in Fig. 

4(a)-(c), respectively. As seen in Fig. 4(a), the minimum of  𝜀𝑥𝑥 is 10 

in the center while the maximum is at the edges. The minimum 

increases with the increasing W/H indicating that the QD with 

larger W/H holds more residual strain. The hydrostatic strain in 

Fig. 4(b) shows the similar characteristics. According to equation  

 (1) and equation (3), hydrostatic strain decides the width of 15 

bandgap at Γ point, and thus the direct bandgap of the QDs 

decreases with the increasing W/H as shown in Fig. 4(b). As 

shown in Fig. 4(c), the sum of the absolute values of the three 

shear strain components in the center is zero, and thus the center 

part is more easily to be converted into direct bandgap. The 20 

increased sum of the absolute values of the three shear strain 

components apart the center suppresses the bandgap conversion. 

Besides, shear strain decreases with the increasing W/H. 

Considering the effect of hydrostatic strain and shear strain on 

energy band, Ge QD with larger W/H is easier to be converted 25 

into direct bandgap. 

       Almost no photoluminescence was observed from the tensile-

strained Ge QD sample. The reason can be that Ge/InP 

heterostructure has a type-II band alignment resulting in 

confinement only for the holes but barrier for the electrons. 30 

According to the model-solid theory, the unstrained Ge and InP 

form a type-II band alignment, leading to only confinements for 

the holes with a band offset of 0.75 eV but a barrier to the 

electrons with a band offset of 0.22 eV. Although tensile strain 

will reduce the barrier, the confinements for electrons will still be 35 

weak due to the large QCEs which will elevate the energy levels 

in the Ge QDs. Inter-diffusion is another factor should be 

considered in a system with such large strain. Energy-dispersive 

X-ray spectroscopy (EDS) mapping (not shown here) weakly 

hints that In atoms seem to have diffused into the Ge QDs, 40 

limited by the spatial resolution. The In atoms in the QDs may act 

as non-radiative recombination centers. Some other factors, e.g. 

quantum confinement effect (QCE) and surface states may also 

affect the band structures and the optical properties in the tensile-

stained Ge QDs. The QCE will elevate the energy levels in the 45 

QDs and would promote the electron tunnelling between the 

valleys, leading to extra difficulty for a direct bandgap conversion 

and radiative recombination. The effects from the surface states is 

not clear yet and will be investigated in the future work. For the 

future experiments, a type-I band structure, e.g. In0.52Al0.48As/Ge 50 

QD/ In0.52Al0.48As or AlAs0.56Sb0.44/Ge QD/ AlAs0.56Sb0.44, should 

be designed to study the optical properties of the tensile-strained 

Ge QDs. 

In conclusion, Tensile-strained Ge QDs were successfully 

grown on InP by MBE and the strain field of the QDs were 55 

analyzed both theoretically and experimentally. The strain field in 

the QDs is found non-uniform and the shear component plays an 

significant role on the energy band structure in a way that the 

degenerated L-valleys splits as a result of the reduced crystal 

symmetry, thus increasing the difficulty of reaching the direct 60 

bandgap. The residual strain increases with the increasing W/H 

ratio of the QDs. This work shows that tensile-strained Ge QDs 

can be a promising route toward light emission from Ge for 

future optoelectronic applications, such as lasers on Si. 

 65 
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