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A study of the bandgap character of compressively strained GeSn0.060-0.091/Ge(001) quantum wells

grown by molecular beam epitaxy is reported. The built-in strain in GeSn wells leads to an

increased separation between L and C conduction band minima. The prevalent indirect interband

transitions in GeSn were probed by photoluminescence spectroscopy. As a result we could

simulate the L-valley bowing parameter in GeSn alloys, bL¼ 0.80 6 0.06 eV at 10 K. From this we

conclude that even compressively strained GeSn/Ge(001) alloys could become direct band gap

semiconductors at the Sn-fraction higher than 17.0 at. %. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4813913]

Si optoelectronics and photonics require an efficient

light source, which can be integrated with silicon based

circuits.1 One solution to the problem is the integration of

III-Vs-based light sources with silicon.2 Despite a consider-

able progress in this approach,3 the search for all-group-IV

light emitters remains relevant. A principal material to

combine with silicon is therefore germanium. There are three

important points in the band structure of Ge which determine

its optical character: the valence band maximum at the

C-point, the conduction band minimum at the L-point

(L-valley), and the local conduction band minimum at the

C-point (C-valley). Since the L-valley lies energetically

slightly lower than the C-valley, Ge is an indirect semicon-

ductor exhibiting low luminescence. One of the recent suc-

cessful attempts in this direction explores the effect of the

tensile strain on the Ge band structure.4 The tensile strain

lowers the C-valley minimum faster than the L-valley mini-

mum. Therefore, the tensile-strained Ge can become a direct

band gap semiconductor. Another way to obtain a direct

band gap in Ge-based materials is to use metastable GeSn

alloys.5 Unstrained Ge1�xSnx becomes a direct band gap

semiconductor at a Sn-fraction between 6 and 11 at. %.5–10

Both indirect (Lþ6!Cþ8) and direct (C�7!Cþ8) gaps

deviate from Vegard’s law6,7 following a quadratic depend-

ence on the Sn-fraction (x) with a bowing parameter (bg)5

EgðGe1�xSnxÞ¼EgðGeÞð1�xÞþEgðaSnÞx�bgxð1�xÞ; (1)

where Eg(Ge) and Eg(aSn) are direct or indirect band

gaps of Ge and a-Sn, respectively. The direct band gap

bowing parameter was found experimentally, bC(300 K)

� 2.0 eV.8–10 The indirect band gap bowing was simu-

lated by different groups in several publications.7,11 In

particular, in Ref. 7 it was found that bL,theor amounts to

0.89 eV.

For light emitting structures, defect free pseudomorphi-

cally grown GeSn/Ge(001) structures are of specific interest.

Since the GeSn-crystal structure is tetragonally distorted in

these structures, both Sn-content and strain have an impact

on the band gap character. Recent reports state that the elas-

tic compressive strain results in the divergence between L

and C conduction band minima due to a higher value of the

C-valley deformation potential, making the indirect-direct

band gap transition impossible at 300 K.11

Here we investigate this claim further. We determine

the indirect band gap energies for compressively strained

Ge1�xSnx-layers of different compositions using photolumi-

nescence spectroscopy (PL) at low temperatures. A compari-

son with experimental values for the direct band gap is then

carried out. Finally, we predict that even the compressively

strained GeSn layers become direct band gap semiconductors

at a certain Sn-fraction.

Four samples of a Ge/GeSn/Ge heterostructure having

different Sn-fractions were studied. They were grown by

molecular beam epitaxy (MBE) on undoped Ge(001) sub-

strates using a MBE setup SIVA-45 by RIBER. Ge and Sn

were evaporated using an electron beam evaporator and an

effusion SUMO
VR

-cell, respectively. The deposition rates

were 20 pm/s and 2.9 pm/s for Ge and Sn, respectively. The

Sn deposition rate was preliminary found using a secondary

mass spectroscopy measurement on a d-Sn layer in Ge. The

samples under investigation consist of a 15–18 nm thick

GeSn layer sandwiched between a 50 nm thick Ge buffer

layer and a 50 nm thick Ge capping layer. The samples were

grown using modulations of the growth temperature. The

buffer and the capping layers were grown at the temperature

of 450 �C, while the GeSn layer was grown at the tempera-

ture of 150 �C to reduce the Sn segregation. The accuracy of

the growth temperatures was in the range 610 �C. It was
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provided by a preliminary calibration using a thermocouple

mounted to the same Ge wafers as used in this study. In order

to get sharp heterojunctions, the growth of GeSn layers was

performed as described below. First, a monolayer thick Sn

layer was deposited onto the buffer layer surface. Then, the

deposition of Ge and Sn was performed alternatively. The

variation of the Sn-fraction in the as-grown GeSn layer was

achieved by changing the ratio of deposited amounts of Sn

and Ge. This ratio was increased from 0.06 up to 0.08 for the

samples 1-4. The GeSn layers grown in this way are defect-

free and uniform in the composition as confirmed by the

structural investigations and discussed below.

The structural parameters of all samples were investi-

gated by transmission electron microscopy (TEM) and high

resolution X-ray diffractometry (HRXRD). The thickness of

the GeSn quantum wells (QW) and the crystal structure were

studied using CM20, JEM4010, and TITAN 80/300 electron

microscopes in the cross-section geometry. The energy-

dispersive X-ray analysis (EDX) was carried out on the GeSn

layers by TITAN 80/300 electron microscope equipped with

an EDX detector. The XRD-investigation was performed

using a Bruker high resolution diffractometer D8 with a mir-

ror and a channel cut monochromator for Cu Ka1 radiation

and a Vantec detector. Both omega/2theta scans and a recipro-

cal space mapping (RSM) were performed, respectively, for

the Ge 004 and 115þ reflections. The 115þ RSM was used to

determine the degree of strain relaxation in the samples. The

omega/2theta scans were used to determine the Sn-fraction in

the GeSn layers by a fit with the Leptos program (Bruker).

The luminescence properties of GeSn QWs were inves-

tigated by using PL spectroscopy in a cryostat cooled down

to 10 K. The samples were excited by a 488 nm line of an

Arþ laser at a power density of 20 W/cm�2. The PL spectra

were recorded using a LN2-cooled InGaAs detector having

the long-wavelength detection limit of 2400 nm.

An overview of the samples is shown in Table I. As an

example of the structural characterization, the cross-section

TEM image of the sample 4 is shown in Fig. 1. The dark hori-

zontal bar represents the GeSn layer. The thickness of the

GeSn layer deduced from this image amounts to 17.7 6 0.5 nm.

Fig. 1 reveals sharp heterointerfaces of the GeSn layer. The

EDX analysis has revealed that our samples contain only Ge

and Sn. The GeSn layers were found to be defect-free: no dislo-

cations, stacking faults, or Sn-precipitates were detected by

TEM in all four GeSn samples. As an evidence of a cubic crys-

tal structure of GeSn layers, we show a Fourier-transformed

image of a high-resolution TEM image taken out of the GeSn

layer. This image is inset in Fig. 1 showing only cubic phase

reflections.

A RSM image of the sample 1 is shown in Fig. 2(a). The

reciprocal coordinates correspond to the growth direction

[001] (Qz) and to the in-plane direction [110] (Qx). The

FIG. 1. Cross-section TEM image of the sample 4 taken in the [110] crystal-

lographic direction. The inset shows a picture of the Fourier-transformation

of high-resolution TEM image taken out of the GeSn layer and surrounding

Ge matrix. The spots correspond to diffraction on a cubic lattice only.

TABLE I. Experimental parameters of the samples.

Sample

GeSn QW

width (TEM)

(nm)

GeSn z-direction

lattice parameter

(XRD) (Å)

Sn-fraction

in GeSn

QW (at. %)

10 K-luminescence

GeSn peak position

(PL) (eV)

1 15.1 5.761 6.0 0.654

2 17.5 5.776 6.8 0.624

3 17.3 5.789 7.6 0.615

4 17.7 5.815 9.1 0.584

FIG. 2. (a) Reciprocal space map of the sample 1 using the asymmetric

115þ reflection; (b) symmetric 004 omega/2theta scans of the samples 1–4

are given by red symbols. Blue curves are obtained as a result of the simula-

tion within the Leptos program of the experimental XRD-scans. The broad

peak of the GeSn layer is modulated by the thickness fringes of the Ge

capping layer.
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bright spot at the point (1.57; 5.55) is attributed to the sub-

strate. Several additional spots appear as a periodic repetition

next to the substrate spot along the Qz direction but at the

same Qx-point. We attribute these peaks to thickness fringes

of the Ge capping layer due to a reflection from top and bot-

tom of the layer. In addition to these periodic spots, a broad

single band is found at lower Qz numbers. We attributed this

band to the GeSn layer concluding that the GeSn layer is

pseudomorphic, since the substrate peak and GeSn peak are

aligned along the Qz-direction. The RSM of the other sam-

ples look similar.

To determine the Sn-fractions of the GeSn-layers accu-

rately, the tetragonal elongation of the GeSn unit cell can be

exploited. Omega/2theta XRD-scans were used to determine

the change in the lattice constant along the z-direction.

Fig. 2(b) shows a comparison of the omega/2theta scans

with the corresponding Leptos-simulations. Qualitatively,

the increase in the Sn-fraction leads to a shift of the GeSn

peak away from the substrate peak. The Sn-fraction in the

samples 1–4 is increased monotonically up to 9.1 at. %. The

error bars are less than 0.1 at. %. The lattice parameter of

unstrained GeSn was simulated within the elasticity theory.

A bowing of the GeSn lattice parameter from Vegard’s law

(bowing parameter ba¼ 0.166 Å) reported in Ref. 12 was

taken into account to this simulation.

The PL spectra of the investigated samples and a refer-

ence Ge substrate-sample measured at 10 K are presented in

Fig. 3. The spectrum of the substrate shows two pronounced

features. One peaked at 1744 nm is related to the LA-phonon

assisted indirect interband recombination in the Ge bulk.13

The other broad band at longer wavelengths is attributed to a

radiative recombination via various defect states in the Ge

substrate.14 Apart from these two features originating from

the substrate, the PL-spectra of the GeSn samples contain an

additional spectral band. This band with a full width at half

maximum below 22 meV is located between the Ge-band

gap peak and the peak of defects. The position of this band

shifts monotonically to longer wavelengths with increasing

Sn-fraction. Therefore, we attribute this peak to the indirect

interband radiative transitions between L-valley electron

states and heavy hole states within the GeSn QWs. To obtain

the indirect band gap energies for compressively strained

GeSn from our PL-measurements, one still has to consider

two contributions: (a) the confinement energies due to the

quantum well character of the GeSn-layers and (b) the pho-

non energy, in case a phonon is emitted during the indirect

emission process.

The confinement energy offsets the quantum well

ground states from the band edge energies of the GeSn mate-

rial and can be well estimated by E0
e(h)¼ �h2/(2 m*e(h)d

2),

where �h is the reduced Plank constant, m*e(h) the effective

mass of an L-valley electron, or a heavy hole, d the QW

thickness. With effective masses taken from Ref. 15 the

ground state energy for confined L-electrons calculated for

our QWs are 5.0 meV and 3.8 meV in the samples 1 and 2–4,

respectively. The values of the ground state energy calcu-

lated for heavy holes are 7.5 meV and 5.5 meV for QWs in

the samples 1 and 2–4, respectively. As the confinement

energies widen the gap between valence and conduction

band edges, they have to be subtracted from the PL-energies

to obtain the band gap of GeSn. The advantage of using wide

QWs is that the error bars in defining these quantum confine-

ment energies due to QW width are less than 1 meV.

The radiation process in GeSn QWs could be accompa-

nied with the emission of a phonon or could occur without

any contribution of a phonon.16 The PL spectra alone do not

allow distinguishing between the phonon-assisted and pho-

nonless processes. For the beginning we consider a phonon-

less process. This assumption represents a conservative low

energy boundary for the indirect band gap of the compres-

sively strained GeSn-layers––a fact we discuss again at end.

So the experimentally determined values for the indirect

band gap of Ge1�xSnx for the 4 different investigated Sn-

fractions are plot as circles in the band gap diagram in Fig. 4.

To be able to extrapolate the Sn-fraction x at which even

compressively strained Ge1�xSnx alloys become direct band

gap semiconductors, we consider the well developed band

gap modeling of strained GeSn(Si) alloys5,9,11 and follow a

classical procedure from Ref. 17.

Considering strained GeSn alloys, the direct (Ee
C) and

indirect (Ee
L) band gaps were simulated as follows:

Ee
C ¼ ER

C þ ðaC � aVÞðe? þ 2eIIÞ þ bðe? � eIIÞ; (2a)

Ee
L ¼ ER

L þ ðaL � aVÞðe? þ 2eIIÞ þ bðe? � eIIÞ: (2b)

Here ER
C and ER

L are the direct and indirect band gaps of

relaxed GeSn given by Eq. (1); aV, aC, and aL are deforma-

tion potentials of subsequent valleys, and b the shear defor-

mation potential for a strain of tetragonal symmetry. The

strain tensor in tetragonally distorted cubic crystals is given

FIG. 3. PL spectra of the samples 1–4 are marked with corresponding num-

bers; the spectrum of a Ge(001) substrate is the lowest curve. The arrows

show positions of GeSn PL peaks. The spectra were taken at 10 K.
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by the diagonal elements eII for two in-plane components

and e? for the normal component to the GeSn QW plane.

The latter parameters are functions of elastic constants and

the Sn-fraction.

The following material parameters were used in these

simulations. The direct and indirect band gaps of Ge are

given by EC
g ðGeÞ ¼ 0:89 eV and EL

gðGeÞ ¼ 0:74 eV, respec-

tively. Consequently, EC
g ðSnÞ ¼ �0:41 eV (Ref. 18) and

EC
g ðSnÞ ¼ 0:09 eV (Ref. 19) are the direct and indirect band

gaps of a-Sn, respectively. The C-valley bowing parameter

bC(10 K)¼ 2.61 eV (Ref. 8). Furthermore, a set of structural

parameters of Ge and a-Sn (lattice parameters, elastic con-

stants) was taken from the handbook.15 A set of deformation

potentials was chosen in the same way as described by

Chang et al.20 Besides discussed above physical values, all

other parameters for GeSn alloys were interpolated accord-

ing to Vegard’s law. This leaves the L-valley bowing param-

eter (bL) as the single remaining fitting parameter in this

simulation. The best fit for the L-valley bowing parameter is

achieved with bL¼ 0.80 6 0.06 eV. The correct determina-

tion of the bowing parameter bL is not only important for the

strained GeSn-layers. The same bowing parameter appears

also in the unstrained (relaxed) version of the band gap

calculation (Eq. (1)). The resulting plots of the energy gaps

for compressively strained as well as for relaxed GeSn alloys

including our experimentally determined value are summar-

ized in Fig. 4.

Taking into account our newly determined L-valley bow-

ing parameter and the reported C-valley bowing (bC¼ 2.61 eV)

it follows, the pseudomorphic GeSn/Ge(001) alloys may have

a direct band gap at Sn-fractions higher than 17.0 at. % for tem-

peratures around 10 K. Regarding the unstrained alloys, the

indirect-to-direct crossover may occur at a Sn-fraction of

6.3 at. % at 10 K. The latter value is consistent with the experi-

mental crossover found at about 7 at. % in Ref. 21.

Up to here we did not consider a phonon contribution to

the radiative transitions within the GeSn QWs. If we assume

that our PL-spectra measured the phonon assisted optical

transitions in the GeSn QWs so that a phonon is emitted

together with every photon, then the real indirect band gap

energies are even higher than the ones considered up to now.

This will lead to a decrease in the fitted L-valley bowing

parameter. For instance, the assumption of the emission of

the Ge-LA phonon having the energy of 28 meV leads to a

value of bL*¼ 0.17 6 0.06 eV. Subsequently, the indirect-

direct band gap transition would occur at 9.4 at. % and

4.8 at. % for the pseudomorphic and relaxed GeSn alloys,

respectively. The latter more “optimistic” value of the

indirect-direct band gap transition deviates much from that

generally assumed for GeSn alloys. Thereby, an additional

evidence of the indirect-direct band gap transition for pseu-

domorphic GeSn/Ge(001) would be of fundamental and

practical importance.

Possible further adjustments of the experimentally deter-

mined band gap energies, e.g., by a contribution of the exci-

ton binding energy (4.6 meV (Ref. 8)) or by a lower value of

the GeSn lattice bowing parameter reported in Ref. 22 are

already within the error bars of our considered values.

In conclusion our investigation predicts a direct band

gap for pseudomorphic GeSn/Ge(001) semiconductor struc-

tures at a Sn-fraction higher than 17 at. %. The latter compo-

sition is accessible by means of epitaxial growth techniques.

These pseudomorphic layers could serve as active regions

in light emitting devices in Ge-photonic circuits based on

germanium-on-insulator substrates.
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