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Abstract

Self-assembled strained Ge1−xSnx islands on Si (100) have been grown at a low temperature
using molecular beam epitaxy. The in-built strain and fraction of Sn in the islands have been
estimated using x-ray photoelectron spectroscopy and high resolution x-ray diffraction study of
grown samples. No-phonon assisted transition in the optical communication wavelength range of
1.4–1.8 μm has been observed in the Ge1−xSnx island samples. The direct band gap transition
intensity is found to increase with a growth in Sn concentration, with this increase in intensity
sustained up to a temperature of 130 K in Ge1−xSnx islands. The observed electroluminescence
in p-i-n devices fabricated on Ge1−xSnx island samples above a threshold bias of 4 V makes them
attractive for future Si based optical devices.
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Introduction
Signiﬁcant research has been carried out into obtaining direct
band gap emission from group-IV semiconductor alloys,
strained epitaxial ﬁlms using a silicon nitride stressor layer,
and defect engineered nanostructures for the realization of Sicompatible optical sources [1–12]. Recently, Sn doped Ge
nanostructures have attracted much interest due to their possible integration with Si technology as a direct band gap
material, which holds immense promise for group IV-based
efﬁcient light-emitting devices. Theoretical work has predicted that Ge1−xSnx alloys can form a direct band gap
semiconductor for a range of compositions [13–15]. However, the epitaxial growth of Ge1−xSnx alloys is challenging
because of a large lattice mismatch (15%) between Sn and
Ge, low equilibrium solid solubility of Sn in Ge (<1.0
atomic % (at%)) and a tendency for Sn surface segregation.
Growth of the alloys using non-equilibrium molecular beam
epitaxy (MBE) can overcome this problem under controlled
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growth conditions [16, 17]. Recently, Wirths et al have succeeded in obtaining the lasing action of direct band gap
Ge1−xSnx alloy with 8%–12% of Sn up to a temperature of
90 K [18]. Theoretical calculations predict that the indirect to
direct transition in the GeSn alloy occurs for a Sn concentration of 6%–20% [19–22]. The GeSn alloy exhibits
direct a band gap nature in this range of Sn concentrations,
and the gap energy is reduced to a lower energy which corresponds to the emission in the mid infrared region. It has also
been predicted that it may be possible to increase the efﬁciency of the direct band gap emission for a Sn concentration
of 2%–4%, where the conduction band minima and valence
band maxima of the alloy do not exist at the same k-point. At
these low Sn concentrations, only the offset between direct
and indirect band gaps is reduced in the alloy resulting in an
enhanced direct transition efﬁciency. Therefore, it is possible
to enhance the direct gap transition for Ge1−xSnx alloy, in the
wavelength range of 1.4–1.7 μm, for a low Sn concentration,
making it attractive for optical communications.
Photoluminescence (PL) studies of Ge/Si nanostructures
with different shapes and sizes revealed an enhanced intensity
ratio between no-phonon and phonon assisted emission owing

Results and discussion

to the overlap of electron–hole wave functions, though the
quantum efﬁciency remains orders of magnitude below than
that of the direct optical transition [23–25]. However, little
attention has been paid to the optical characteristics of
Ge1−xSnx islands, which form favourably on Si due to a lattice mismatched Stranski–Krastanov (SK) growth mechanism
[26]. In this paper, we demonstrate the low temperature
growth of compressively strained Ge1−xSnx islands on Si
substrates with Sn composition varying in the range of 2–4
at%, exhibiting direct band gap emission in the optical
communication wavelength region up to a temperature of
110 K. The temperature and excitation power dependent PL
emission characteristics of grown islands have been studied.

To study the surface morphology of MBE grown samples,
atomic force microscopy has been carried out in tapping mode.
Figures 1(a) and (b) show two-dimensional AFM images of
Ge1−xSnx samples grown for 6 min on p-Si (100) substrates for a
Sn cell temperature of 750 °C and 800 °C, respectively. The
grown samples are hereafter referred to as ‘GS1’ and ‘GS2’,
respectively. Micrographs reveal the formation of spherically
shaped Ge1−xSnx islands uniformly grown over the entire substrate. This indicates that the thickness of the grown alloy is
higher than the critical value for transformation from ‘layer’ to
‘islands’ growth following an SK mechanism. Figures 1(c) and
(d) show three-dimensional AFM images of the samples grown
at a Sn cell temperature of 750 and 800 °C, respectively. From
the AFM study, it is observed that neither the size nor the shape
of the islands varies signiﬁcantly with the variation of Sn content
studied here. The average height and density of islands are
calculated to be 25±5 nm and 2.3×1015 m−2, respectively.
The Sn concentration in the island samples has been estimated from the XPS and XRD analysis. Figure 2(a) shows XPS
spectra of Ge1−xSnx islands grown at Sn cell temperatures of 750
and 800 °C to probe the chemical bonding. A strong peak
around 29.3 eV is observed in the spectra, which is attributed to
the binding energy of Ge 3d electrons. The appearance of a
single peak without any splitting indicates the presence of elemental Ge without any surface oxidation. The binding energy
spectra in the range 480–500 eV exhibit two relatively weak
peaks corresponding to Sn 3d3/2 and 3d5/2 electrons, indicating the presence of Sn within the island samples. The fraction of
elemental Sn in the grown samples has been calculated by using
the equation

Experimental
In this study, Ge1−xSnx nanostructures were grown using the
MBE technique by simultaneous evaporation of both Ge and
Sn from two individual Knudsen cells (K-cells). Prior to the
growth of the Ge1−xSnx quantum dot (QD) layer a Ge buffer
layer ∼20 nm thickwas grown on Si at a substrate temperature
of ∼350 °C. In order to improve the crystalline quality of the
grown Ge buffer layer,in situ annealing at 650 °C for 30 min
has been employed. It is known that the island formation takes
place in the Ge layer directly grown on Si substrates for a
thickness beyond a few monolayers. To minimise the defect
density due to island formation, the Ge buffer layer was grown
at 350 °C, since the islanding of Ge is suppressed kinetically by
the low diffusivity of Ge atoms at a lower growth temperature
[27]. This was conﬁrmed by monitoring the intensity pattern
in situ through reﬂection high-energy electron diffraction during the growth of the Ge buffer. Since the melting point of Sn
is 232 °C, we had chosen the substrate temperature to be sufﬁciently low (∼200 °C). To adjust the composition of Sn, the
K-cell temperature was varied from 750 °C–800 °C by keeping
the Ge cell temperature ﬁxed at 1150 °C. The surface morphology of the grown islands was studied using a Veeco
(Nanoscope-IV) atomic force microscope (AFM). The strain in
the grown samples was investigated using a high resolution
x-ray diffractometer (Philips XPERT PRO MRD). X-ray
photoelectron spectroscopy (XPS) was used to estimate the Sn
composition in Ge1−xSnx samples. Room temperature Raman
spectra of the Ge1−xSnx island were recorded using a T-64000
(Jobin Yvon Horiba, France) system equipped with a 514.5 nm
line from an argon ion laser, an optical microscope and a
charge-coupled device detector. PL properties in the near
infrared region were recorded over the temperature range of
10–300 K using a 980 nm laser source, a Traix-320 monochromator and a liquid nitrogen cooled InGaAs detector. The
electroluminescence characteristics of a fabricated Ge1−xSnx
nano-island based p-i-n device were studied by electrically
pumping the device with varying applied bias using a Keithely
6144 source meter.
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where I represents the intensity, S is the atomic sensitivity factor
and T is the acquisition time per data point (50 ms). Here ‘x’ and
‘y’ represent the corresponding values for ‘Sn’ and ‘Ge’,
respectively. Using the atomic sensitivity factor of the Ge and Sn
elements as 0.535 and 0.968, respectively the atomic ratio of Ge
and Sn is found to be 96.5:3.5 and 97.5:2.5 for the samples
grown at Sn cell temperature of 800 °C (GS2) and 750 °C
(GS1), respectively.
The composition and strain in grown Ge1−xSnx samples
have been estimated from the high resolution x-ray diffraction
(HRXRD) spectra for symmetric and asymmetric planes of
Ge. Figure 2(b) shows HRXRD spectra of both GS1 and GS2
samples for a symmetric (004) plane. An intense sharp peak
originates from the Si substrate and the broad one at a lower
Bragg angle corresponds to Ge1−xSnx islands. The (004) peak
corresponding to Ge1−xSnx islands is found to be shifted to a
lower Bragg angle for the GS2 sample as compared to that of
GS1. The shift Δω shown in ﬁgure 2 is found to be ∼0.164°
due to a larger Sn content in GS2 sample. The atomic radius
of Ge and Sn is 122 pm and 140 pm, respectively. A larger
2

Figure 1. 2D and 3D AFM images of Ge1−xSnx islands grown on Si(100) substrates at different Sn effusion cell temperatures. (a) 2D, 750 °C,
(b) 2D, 800 °C, (c) 3D, 750 °C and (d) 3D, 800 °C.

atomic radius of Sn as compared to Ge results in tetragonal
distortion giving rise to in-plane compressive strain in the
alloy. This leads to the appearance of the Ge1−xSnx (004)
alloy peak at a lower Bragg angle. The in-plane and out-ofplane lattice parameters corresponding to Ge1−xSnx islands
have been calculated using Bragg’s law. The in-plane strain
has been calculated using the relation
a - a GeSn
ÎGeSn (%) = Ge
´ 100%
(2 )
a Ge

negative sign indicates the creation of compressive strain in
the alloy samples and the magnitude is found to be higher for
increasing Sn fraction in islands. The atomic fraction of Ge
and Sn calculated from the XRD analysis agrees quite well
with that estimated from the XPS spectra, indicating the
formation of defect-free pseudomorphic Ge1−xSnx islands.
A qualitative study of Raman spectra of the samples
including that for the pure Ge islands is shown in ﬁgure 3. For
the pure Ge QDs sample, a single peak is observed at
301 cm−1 which corresponds to the Ge–Ge longitudinaloptical (LO) mode vibration [29]. The Raman spectrum of the
crystalline Ge1−xSnx QDs also contains only one peak near
300 cm−1 but this is shifted to a lower energy. This peak shift
of the Ge1−xSnx alloy samples is clearly due to the incorporation of Sn in the Ge matrix [30]. Due to very low presence of Sn in the sample, the Sn–Sn vibration peak is not
observed. These Raman spectra clearly indicate the formation
of Ge1−xSnx alloy in the grown samples.
To investigate the effect of Sn incorporation on the
optical properties of Ge QDs, we studied the temperature
dependent PL characteristics with different excitation powers

where a Ge and a GeSn is the lattice parameter of pure Ge and
Ge1−xSnx alloy, respectively. A non-linear dependence of
relaxed lattice parameter of Ge1−xSnx on the Ge content
(y=1−x) is well approximated using
a GeSn ( y) = [a Ge ´ y] + [aSn ´ (1 - y)]
+ [b ´ y ´ (1 - y)]

(3 )

where b is the bowing parameter=2.4 [28] and aSn is the
lattice parameter of Sn.
From equations (2) and (3), the strain and Sn composition of the GS1 and GS2 samples are calculated to be
−0.14%, 2.4 at% and −0.26%, 3.7 at%, respectively. The
3

Figure 3. Room temperature Raman spectra of pure Ge QDs and
Figure 2. (a) XPS spectra of Ge1−xSnx islands grown at Sn effusion

Ge1−xSnx alloys with different Sn concentrations estimated from
HRXRD data.

for all the samples. Figure 4(a) shows the PL spectra recorded at
10 K for island samples with and without the incorporation of
Sn. The effect of Sn incorporation in the Ge QDs is very prominent. The intense PL peak around 805 meV that originates
from the control sample (without Sn) is attributed to the direct
(Γ-valley) band gap emission from Ge QDs. The broadening of
this peak towards the lower energy is due to the transverse
optical (TO) phonon mediated transitions in self-assembled Ge
QDs [31]. A less intense peak is also observed at around
692 meV, originated from the indirect (L-valley) transition in Ge
QDs. The Sn incorporated samples show an additional peak at
around 757 meV and 752 meV for samples GS1 and GS2,
respectively. These intense peaks are attributed to the direct band
gap emission from the Ge1−xSnx alloy [32], with the transition
energy lower than pure Ge. The observed 5.0 meV red shift of
this peak for sample GS2 is due to the shrinkage of the band gap
for the higher Sn fraction. However, the presence of direct band
gap emission from pure Ge in the alloy samples reveals that the
composition of Ge and Sn in the grown Ge1−xSnx QD samples
is not uniform. The origin of compositional non-uniformity may
be due to the segregation of Sn on the QD surface, leaving the

bottom (or core) of the QDs having pure Ge. The proposed
schematic diagram of graded composition Ge1−xSnx QDs is
shown in the inset of ﬁgure 4(a), depicting the Sn content
increasing gradually from the interface to the surface. Moreover,
the broadening of the PL peak towards the lower energy may be
also due to this non-uniform Sn composition in the alloy samples. As the Sn fraction increases from 2.5%–3.5%, the intensity
of direct band gap emission from pure Ge decreases, which
clearly indicates the resultant decrease of pure Ge fraction in the
alloy QDs. It can be noted that the position of the PL peak may
also be affected by the quantum conﬁnement, since the island
size is comparable to the excitonic Bohr radius. However, the
quantum size effect is expected to be the same for both GS1 and
GS2 samples because of their similar size.
Figure 4(b) shows that the PL intensity of the Ge1−xSnx
alloy increases, with an increase in Sn from 2.5%–3.5%. The
difference between the direct and indirect emission energy for
the GS1 sample is 69 meV, while that for the GS2 sample is
found to be 60 meV. This clearly indicates that the energy
difference between the Γ-valley and the L-valley decreases
from undoped Ge QDs (113 meV) to 69 and 60 meV for the
Sn fraction of 2.5% to 3.5%, respectively. When the sample is
excited with the 980 nm laser, a large fraction of electrons are

cell temperatures of 750 °C (GS1) and 800 °C (GS2) on Si (100)
substrates. (b) High-resolution x-ray diffraction spectra of Ge1−xSnx
islands along a (004) Bragg plane.
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Figure 5. (a) The PL spectra of Ge1−xSnx islands grown at a Sn cell
temperature of 750 °C. (b) Temperature dependent integrated PL
intensity of Ge1−xSnx islands grown on Si (100) substrates.

corresponding to both direct and indirect energy transitions
are observed at each temperature. The intensity of the direct
emission is much stronger compared to the indirect one due to
the strong radiative recombination of carriers. The emission
intensity decreases with increasing temperature. However, the
direct gap PL emission sustains a temperature up to 130 K,
which is much higher than the temperature of liquid nitrogen
(77 K). Therefore the incorporation of Sn in Ge is beneﬁcial
for increasing both the quantum efﬁciency and operating
temperature of the PL emission over pure Ge islands, in
which the PL emission typically sustains only up to 50 K
[24, 25]. It may be noted that the PL quenching temperature is
much higher for Ge islands grown on patterned substrates
[33, 34]. However, the process requires sophisticated fabrication tools for substrate preparation and the integration over
a large area is a challenging issue. On the other hand, the
present work provides a simpler route to obtain direct band
gap emission using Sn doped Ge islands in the optical communication region (1.4–1.8 μm) with a small pump power of
100 μW. The activation energy of PL thermal quenching has

Figure 4. (a) A comparative PL spectra of all the samples recorded at

10 K. (b) The increase of PL peak intensity with increasing Sn
concentration. (c) Schematic energy band diagram of indirect band
gap Ge1−xSnx QDs with no Sn concentration (left) and a Sn
concentration of 3.5% (right).

populated in the Γ-valley of Ge1−xSnx islands. These electrons recombine radiatively with holes in the valence band,
resulting in no-phonon assisted direct band gap light emission. The schematic energy band diagram of an indirect band
gap Ge1−xSnx alloy is shown in ﬁgure 4(b), which explains
the emission from both direct and indirect band gap
transitions.
A systematic temperature dependent PL has been studied
to investigate the band gap characteristics of Ge1−xSnx QDs.
Figure 5(a) shows the temperature dependent PL characteristics of the GS1 (2.5 at% Sn) sample. The PL peaks
5

been extracted by ﬁtting the equation [35]
IPL (T ) =

1
(4 )
⎡
⎛ E1 ⎞
⎛ E2 ⎞ ⎤
⎢1 + C1 ´ exp ⎝⎜ - ⎠⎟ + C2 ´ exp ⎝⎜ - ⎠⎟ ⎥
⎣
kT ⎦
kT

where T, IPL(T) and k are the temperature, integrated PL
intensity as a function of T and Boltzmann’s constant,
respectively. C1 and C2 are the scaling coefﬁcients and E1 and
E2 are the thermal quenching activation energies. Figure 5(b)
shows the temperature dependent PL integrated intensity of
the GS1 and GS2 samples. The activation energy values E1
and E2 are almost same for both the samples containing 2.5
at% and 3.5 at% Sn. The result represents the presence of
single activation energy in the Ge1−xSnx islands. The calculated activation energies are found to be 32.48 meV and
36.54 meV for GS1 and GS2 samples, respectively. The
activation energy for both the alloy samples is very close to
the Ge TO phonon energy of 36 meV. The activation energy
for thermal quenching may lead to the hole tunnelling
between Ge1−xSnx islands, assisted by the phonon emission
or absorption with a characteristic energy of 36 meV. The
presence of ﬁnite defect density in the buffer layer also leads
to the quenching of the PL emission at a higher temperature,
where the charge carriers from the GeSn dots possibly move
to the buffer layer and recombine non-radiatively in the defect
states.
Figure 6(a) shows the excitation power dependent PL
spectra of the GS1 (2.5% Sn) sample at 10 K. From the
spectra, it is clear that the PL intensity increases with
increasing excitation power over the broad wavelength range
of 1.4–1.8 μm. Figure 6(b) shows the excitation power
dependent variation of integrated PL intensity at 10 K for both
the alloy samples containing Sn. The curves have been ﬁtted
with the power law and the exponent value is found to be 0.71
and 0.72 for GS1 and GS2 samples, respectively. This sublinear variation may be attributed to the non-radiative
recombination centres present in the Ge1−xSnx islands and at
the islands/substrate interfaces.
To demonstrate the light emission from Ge1−xSnx QDs
under an electrical injection we have fabricated a p-i-n device
by depositing ∼20 nm thick n+ Si on Ge1−xSnx samples. The
schematic device diagram is shown in the inset of ﬁgure 7(a).
The current–voltage (I–V ) characteristics of the fabricated
p-i-n device recorded at 10 K and 300 K are presented in
ﬁgure 7(a). The room temperature I–V characteristics of the
fabricated device exhibits good rectiﬁcation behaviour with a
rectiﬁcation ratio of 562 at±3 V. From the low temperature
I–V curve (10 K) it is observed that there is a small change in
the forward current, while the reverse current reduces signiﬁcantly with decrease in temperature. A lower reverse
current in the p-i-n device is attributed to the much reduced
availability of thermally generated charge carriers at a low
temperature.
Figure 7(b) shows the electroluminescence (EL) spectra
of the fabricated device at 10 K for different applied bias in
the range of 2–20 V. A broad emission band starting from
0.65 eV and extended to the 0.9 eV is observed under a

Figure 6. (a) Excitation power dependent PL spectra of Ge1−xSnx

islands at 10 K grown with Sn cell temperature of 800 °C.
(b) Excitation power dependent integrated PL intensity of
grown islands.

moderate forward bias. The EL intensity is found to increase
with the increasing density of injected electrons across the
junction, above a threshold bias of ∼4 V. Under a forward
bias condition, the injected electrons from the top n+-Si side
radiatively recombine with the injected holes from the p-Si
substrate in the Ge1−xSnx islands to emit in the infrared
wavelength. To test the inﬂuence of defects in the light
emission characteristics, we have extracted the integrated EL
intensity (IEL) at different injected current densities (J) which
are presented in the inset of ﬁgure 7(b). The integrated EL
intensity versus current density characteristics are considered
to obey a power law nature, IEL∝J m, where the power
exponent ‘m’ accounts for the inﬂuence of defects in the
characteristics of light emission. For the fabricated p-i-n
device the value of ‘m’ is found to be 0.86, which indicates a
sub-linear dependence of IEL on the injected current. This
sub-linear behaviour indicates the presence of non-radiative
trap centers that may be present at the Ge1−xSnx/n+-Si
interface. These EL emission sub-bands are in qualitative
agreement with the observed PL emission bands. The
observed photo- and electro-luminescence characteristics of
Ge1−xSnx on Si reveal that both the emissions are attributed to
the same carrier recombination mechanism in the Ge1−xSnx
6

observed in strained island samples. The observed photoluminescence was sustained up to 130 K in the Ge1−xSnx
islands, which is much higher than the quenching temperature
reported for pure Ge islands. To demonstrate the electrically
driven light emission from Ge1−xSnx islands, a p-i-n device
have been fabricated by depositing around 20 nm thick n+-Si
on Ge1−xSnx island samples. A broad band near infrared
electroluminescence has been achieved from the p-i-n structure consisting of Ge1−xSnx nano-islands at low temperature.
The observed PL and EL results indicate that strained
Ge1−xSnx islands are potentially attractive for future Si based
sources for optical communication.
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