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Abstract 
Thermoelectric properties of undoped and Sb-doped Ge1-

xSnx (x = 0−0.06) layers grown on Si(001) by low-temper-
ature MBE have been firstly demonstrated. Although do-
main size in an Sb-doped Ge0.94Sn0.06 layer was very small 
(2.3 nm), the layer showed n-type conduction. Corre-
spondingly, a very low thermal conductivity of 1.4 Wm-

1K-1, which is almost the same as that for amorphous Si 
(1−2 Wm-1K-1), has been achieved, leading high-perfor-
mance thermoelectric generator. The thermoelectric 
power and its potential will be discussed. 
 
1. Introduction 
Ge1-xSnx has been studied mainly in the field of group-IV op-
toelectronics, especially aiming for photoemission [1]. This 
is because Ge1-xSnx turns out to have a direct band gap (less 
than 0.5 eV) in the infrared region, which values can be tuned 
through the Sn content x (more than 6−8%). It was theoreti-
cally predicted that Ge0.92Sn0.08 shows very high hole and 
electron mobilities due to the small effective masses [2]. The 
incorporated Sn atom in the Ge matrix should play an im-
portant role for the scattering of the phonons related to ther-
mal transport. Therefore, Ge1-xSnx has a high potential in sim-
ultaneous realization of a high electrical conductivity σ and a 
low thermal conductivity κ, achieving high-performance ther-
moelectric generator. However, the thermoelectric property 
of Ge1-xSnx has not been investigated experimentally yet. 

It is therefore, in this study, we aim to reveal the thermal 
and electrical properties of Ge-rich Ge1-xSnx (x = 0−0.06) lay-
ers grown by low-temperature molecular beam epitaxy (LT-
MBE). Sb-doping effects in the Ge1-xSnx on the thermoelec-
tric properties will also be discussed. 
 
2. Experimental Procedure 
The following is the detailed procedure for the formation of 
Ge1-xSnx layers by using a LT-MBE technique. A high resis-
tivity (>1000 Ωcm) (001)-oriented Si substrate was used as 
the substrates in order to isolate electrically from the substrate. 
After a wet-chemical cleaning of the substrates, we conducted 
a heat treatment at 600−850 °C in a vacuum chamber with a 
base pressure of 10-7−10-8 Pa. Subsequently, an undoped Ge1-

xSnx (x = 0−0.06) or Sb-doped Ge0.94Sn0.06 layer with the Sb 
content of 1.0×1020 cm-3 was directly grown on the substrate 
by coevaporating Ge, Sn, and Sb using Knudsen cells. X-ray 
diffraction two-dimensional reciprocal space mapping (XRD-
2DRSM) around the Ge

−
2

−
24 reciprocal lattice points (a typi-

cal result: Fig. 1) revealed that all of the Ge1-xSnx layers were 

fully epitaxial and strain relaxed; the elliptical diffraction pat-
tern is inclined with both direction of 001 and 

−
1

−
10 suggest-

ing microscopic tilt distribution in the layer. Some of the Sb-
doped samples were annealed at various temperatures be-
tween 400 and 600 oC for 1 s in a dry N2 atmosphere. 

We used 2 (Advance Riko, TCN-2) or pico-second 
thermorefrectance method (PicoTherm, PicoTR) to analyze κ 
of the Ge1-xSnx in the thickness direction. 

 
3. Results and discussion 
Lateral correlation length (domain size) caused by micro-
scopic tilt in crystals should affect the thermal conductivity 
as well as the electrical conductivity in the crystals; thus, we 
firstly confirmed the crystallographic structures and then 
compared them with the thermal and electrical properties. 
The lateral correlation length <L> in Ge1-xSnx layers was es-
timated from the peak position (qx, qy) and full width at half 
maximums of the ellipse (Δqx and Δqy) in the XRD-2DRSM 
by using equations: 
<L> = − [1/(Δqx

2+Δqy
2)1/2]×[sin/cos(+)],  = tan-1(qx/qy), 

and  = tan-1(Δqx/Δqy) [3].  
Figure 2 shows <L> versus κ for various Ge1-xSnx layers 

grown on Si(001) and Ge(001) [4], where the calculated value 
of κ for various Sn contents and phonon scattering length are 
also shown for comparison. The <L> for undoped Ge1-xSnx/Si 
samples was kept less than 7 nm, resulting in lower κ com-
pared with Ge1-xSnx/Ge samples. Specifically, 4.1, 2.3, and 
1.9 Wm-1K-1 were obtained for x=0, 0.03, and 0.06, respec-
tively. In addition, it is found that an additional reduction in 
the κ was realized by the Sb doping (see arrow in Fig. 2). The 
resulting minimum κ for the Sb-doped Ge0.94Sn0.06/Si sample 
(1.4 Wm-1K-1), which is almost the same as that for amor-
phous Si (1−2 Wm-1K-1) [5], is about 26% smaller than that 
for undoped one whose <L> value was 2.3 nm. From the re-
sults, we roughly estimated number of incorporated atoms in 
the domains in order to clear a dominant factor reducing the 
κ. For the undoped Ge0.94Sn0.06/Si sample, there are 17 Sn at-
oms in the domain; for the Sb-doped Ge0.94Sn0.06/Si sample, 
there are 15 Sn atoms and 1 Sb atom. The atomic size is near 
between Sn and Sb; number of the incorporated atoms is al-
most same between the two samples. Consequently, we infer 
that the additional reduction of κ by the Sb doping comes 
mainly from scatterings caused by the domain boundaries not 
the incorporated atoms in the Ge matrix. 

To evaluate electrical activation of Sb atoms, hard X-ray 
photoelectron spectroscopy (HAXPES) measurements were 
carried out for Sb-doped Ge0.94Sn0.06/Si samples before and 
after post annealing. Figure 3(a) shows the Sb3d3/2 spectrum 
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taken for the sample before post annealing. The spectrum was 
deconvoluted into 3 components related to chemical bonds of 
oxidized Sb, substitutional Sb (activated), and isolated Sb 
(not activated). We estimated activated Sb density from the 
ratios of the area intensity of activated Sb to the area intensity 
of Ge 3d [Fig. 3(b)]. Here, the electron density extracted from 
Hall effect measurements is also shown for comparison. In 
the as-grown sample, the activated Sb density shows a rela-
tively high value of 5.6×1019 cm-3, which exceed the solid sol-
ubility limit of Sb in Ge (1.2×1019 cm-3) [6]. However, the 
Hall electron density (2.6×1018 cm-3) was lower than the acti-
vated Sb density, suggesting generation of holes in the Ge1-

xSnx layer. We previously reported that holes were generated 
in undoped Ge1-xSnx layers (x = 0−0.058) epitaxially grown 
on SOIs [8]. With increasing post-annealing temperature, the 
activated Sb density decreases and the Hall electron density 
begins to increase. As a result, the two densities become same 
value of 1×1019 cm-3 after annealing at 600 oC. These results 
clearly indicate that tuning of the post-annealing process for 
Sb-doped Ge1-xSnx layers is very important to enhance the 
electron density.  

Finally, we measured Seebeck coefficient S and electrical 
conductivity σ for various samples (Fig. 4). The power factor 
(P=S2σ) slightly increases up to ~0.14 mWK-2m-1 after post 
annealing at 600 oC. Unfortunately, because of the low σ, the 
obtained power is about 1/30 of that for n-type Bi2Te3/ 
Bi2Te2.83Se0.17 superlattice [9]. It is noted that the σ in Ge1-

xSnx is at least one order lower than expected values from the 
Irvin curve of n-type Ge [10] and Sb-doped Ge1-xSnx layers 
grown on Ge(001) [7]; thus, the present study does not indi-
cate the limitation of n-type Ge1-xSnx. 

 
4. Conclusions 
Thermoelectric characterizations of undoped and Sb-doped 
Ge-rich Ge1-xSnx (x = 0−0.06) layers grown on Si(001) were 
demonstrated for the first time. The experimental results 
clearly showed a very low thermal conductivity of 1.4 Wm-

1K-1, although the thermoelectric power is still small (~0.14 
mWK-2m-1). We believe that continuing efforts open up the 
possibilities of high quality n-type Ge1-xSnx essential for new 
group-IV thin-film thermoelectric devices. 
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Figure 1 

XRD-2DRSM 

obtained from the 

Sb-doped 

Ge0.96Sn0.06 layer 

grown on Si(001) 

substrate. 

Figure 2 Thermal conductivity  vs lateral correlation length 
(domain size) <L> for undoped and Sb-doped Ge1-xSnx layers 
grown on Si(001) or Ge(001). Theoretical calculated values are 
also shown for comparison. 

Figure 3 (a) Sb 3d3/2 core level spectrum taken for the Sb-doped 
Ge0.94Sn0.06/Si sample before post annealing. (b) The post-anneal-
ing temperature dependence of the activated Sb density and Hall 
electron density for the Sb-doped sample. 

Figure 4 Seebeck coefficient S vs electrical conductivity  at 
for Sb-doped Ge1-xSnx/Si samples before and after post anneal-
ing. The measurement temperature was 300 K. 
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