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Abstract. Nanometerscale textured layers were achieved by annealing corresponding elemental 
layers, deposited in nanometerscale thickness which fits to the intended stoichiometry of the result-
ing compounds. The compound formation as well as the accompanying thermoelectric properties 
are reported. The compound formation corresponds in particular to the evolution of the Seebeck 
coefficient. 
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1. INTRODUCTION 
 
It is commonly agreed that superlattices (SLs) of thermoelectrics will allow 

for outstanding device performance [1]. Due to the required nanometerscale of 
the individual layers within the SLs, questions about the structural stability may 
arise. The stability of MOCVD-grown p-type Sb2Te3/Bi2Te3- and n-type 
Bi2Te3/Bi2(Se,Te)3-superlattices has already been reported [2]. The stability  
of SLs, deposited on heated substrates (~ 200 °C), has also been reported for 
MBE-grown Bi2Te3/Bi2(Se,Te)3-compound-SLs [3]. A different and new process 
that was recently reported shows that V-VI materials, deposited at ambient 
temperature as thin element layers, crystallize almost perfectly oriented during a 
post-annealing process if suitable diffusion barriers were used between the  
V2-VI3-layers [4]. The practical use of these SL-TE-layers are Peltier coolers for 
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high (> 100 W/cm2) cooling power densities [5], which can be used as high heat 
load devices.  

High heat load microdevices need a leg height of some 10 µm [6]. Sputtering 
is one of the best suited deposition techniques for a thickness around 10 µm [2,3]. 

To suppress interdiffusion during growth, which is Se/Te interdiffusion for  
n-type SLs-Bi2Te3/Bi2(Se,Te)3 alternating layers and Bi/Sb interdiffusion for  
p-type SLs-Sb2Te3/(Bi,Sb)2Te3 as alternating layers, the SLs may be deposited on 
unheated or even cooled substrates and optimized in a post-annealing process [4]. 
For the so-called cold sputtered and post-annealed TE-material superior TE-pro-
perties have been achieved [5]. 

For p-type sputtered materials better power factors have been reported 
compared to n-type sputtered materials. So it was decided to develop first n-type 
V2-VI3 SLs. 

The studies concerning growth, crystallization and evolution of thermoelectric 
properties of n-type V-VI SLs will be reported in this paper. For compound  
and SL-formation, alternating Bi and Te were deposited to form n-Bi2Te3; 
alternating Bi and (Se,Te) layers were deposited likewise to form Bi2(Se,Te)3. 
Figure 1 gives a sketch of the deposited layers and the formation of the intended 
crystalline structures by diffusion processes and expected self-organization of  
the system. 

 
 
 

 
Fig. 1. Deposition and annealing of [Bi/Te/Bi/(Se,Te)]n stacks for the oriented growth of a Bi2Te3/ 
Bi2 (Se,Te)3 SLs, by diffusion and self-organization. 
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2. EXPERIMENTAL 
 
All layers were fabricated using an Ardenne CS 850 S (Germany) sputter 

equipment. The layers were deposited from elemental 8″ Bi, Te and Se-targets 
with 99.995% purity on SiO2-passivated 4″-Si-wafers and on polished 1 cm2 
BaF2 pieces. In the case of the intended Bi2Te3/Bi2(Se,Te)3 SLs, the thickness of 
the individual layers was adjusted down to a range of 4–5 nm by setting the 
target power and sputter time of the SL-forming layers properly. The layers were 
structurally characterized using XRD, SIMS and SEM analysis. In addition, 
thermoelectric properties were measured at room temperature depending on the 
post-annealing temperatures. The annealing time was 2 h, which was found to be 
suitable to investigate the main effects for the phase formation and the evolution 
of the wanted V2-VI3 compounds. 

 
 
3. STRUCTURAL  PROPERTIES  OF  Bi2Te3/Bi2  (Se,Te)3  LAYERS 
 
Layers following the stoichiometry for Bi2Te3 and Bi2(Se,Te)3, were deposited 

as a stack (Fig. 2), with periods of 100, 45 and 18 nm. By this, the individual layer 
thickness, measured by BSE analysis, decreases from 25 to about 4–5 nm. Even for 
the 18 nm period, the individual layers of about 4–5 nm thickness can be identified 
in Fig. 2 (left) by BSE. According to Fig. 4, the individual layers disappear above a 
temperature of 150 °C due to upcoming interdiffusion processes. 

Figure 3 shows the BSE pictures of a 100 nm period as-grown,  after anneal-
ing at temperatures of 150, 300 and 350 °C. For the annealing temperature of 
150 °C the layered structure of the SLs could still be observed with only small  
 

 

 
 

Fig. 2. BSE-pictures of a cleaved cross-section of as-grown [Bi/Te/Bi/(Se,Te)]n stacks for a 
Bi2Te3/Bi2(Se,Te)3 SLs, scaling for 100 nm and 45 nm period stack is 100 nm. 
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Fig. 3. BSE-pictures of a cleaved cross-section of annealed [Bi/Te/Bi/(Se,Te)]n layers with 100 nm 
period. 
 
 
changes due to interface roughening compared to the as-grown stack. As can be 
seen from Fig. 3, temperatures above 300 °C induce growth of individual grains 
and the SL-structure vanishes completely. The size and shape are very similar 
after annealing at 300–350 °C for all three types of stack periods according to 
Fig. 2 and the results for the 100 nm stack is given as an example in Fig. 3. From 
the BSE analysis one would expect randomly oriented grains for annealing 
temperatures above 150 °C. 

The as-grown, 150, 300 and 350 °C annealed samples were characterized by 
XRD. Figure 4 shows the XRD-analysis for a stack with 25 nm thin layers in the 
conditions as-grown, for 150, 300 and 350 °C annealing temperatures. The evolu-
tion of the observed peaks may be explained as follows. Even during deposition, 
the phase formation takes place at the phase boundaries Bi/(Se,Te) and Bi/Te, 
indicated by the (006) reflex. That means that thin layers in the nm range of 
Bi2Te3 and Bi2(Se,Te)3 phases start to form even under the growth conditions, 
which sandwich the amorphous rest of the Bi, Te and (Se,Te) layers. With rising 
annealing temperature from 150 to 300 °C, phase formation increases and the 
crystallization of the remaining elemental layers starts, indicated by the 
occurrence of a multiplicity of peaks in the XRD diagram. Almost all peaks 
(compound and elements) could be assigned to the corresponding phases of the 
materials. 

In accordance with Fig. 4, at 350 °C the stacks are oriented in c-direction, which 
is obviously related to the well defined 00L peaks and by the disappearance of 
other element and Bi2Te3 like reflexes. The remaining reflexes are shifted 
compared to pure Bi2Te3 due to the Se-content. Based on Vegard’s law [6], the 
expected average Se-content of 3 at% could be derived from the shift of the 
reflexes. 

The same analysis was performed for the 18 nm period stacks shown in Fig. 5. 
The  high  c-orientation shows up already at lower  temperatures of about 300 °C,  
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Fig. 4. XRD-analysis of as-grown and annealed [Bi/Te/Bi/(Se,Te)]n layers with 100 nm period. In 
the upper part the hkl-indices for Bi2Te3 are given for comparison. 

 
 
 

 
2Θ, deg 

 
Fig. 5. XRD-analysis of as-grown and annealed [Bi/Te/Bi/(Se,Te)] layers with 18 nm period. In the 
upper part of Fig. 4 the hkl-indices for Bi2Te3 are given for comparison. 
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accompanied by a smaller amount of “other” reflexes and even more intensive 
00L reflexes at lower temperatures. The growth of the final V-VI layer is limited 
to about 1/6 of the thickness compared to the 100 nm period stack until the 
elemental source layers are “consumed” for the layer growth of the compound 
material. 

The observation that the V-VI layers start to grow at lower temperatures or 
even during growth on non-heated substrates by reducing the period length of the 
stacks, indicates that the diffusion of the specimen through the already formed 
layers is not the (only) rate determing step of the solid state reaction. Rather it is 
to be taken into account that nucleation processes or other transport phenomena 
influence the reaction rate considerably, which is also expressed by the high 
amount of orientation along the c-axis. Further studies of the solid state reaction 
mechanisms are necessary to elucidate these processes in greater detail. 

 
 

4. ELECTRICAL  AND  THERMOELECTRICAL  PROPERTIES 
 
The electrical properties like the electrical conductivity σ  [Ω–1 cm–1], the 

carrier concentration n  [cm–3] and the carrier mobility µ  [Vsec/cm2] as well as 
the thermoelectrical “performance” by the Seebeck coefficient S  [µV/K], were 
measured at the room temperature. The power factor 2 ,PF S σ=  instead of the 
commonly used figure of merit ,Z  has been taken to characterize the quality of 
the material. 

The increase of the Seebeck coefficient with rising annealing temperature 
(Fig. 6) is in accordance with the concluded phase formation at about 100–150 °C. 
No significant difference can be observed between different layer types. At an  
 

 

 
 

Fig. 6. Dependence of the Seebeck coefficient S on annealing temperature for different layers. 
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annealing temperature of about 220 °C all layers reach an intermediate maximum 
for the Seebeck coefficient at almost the same point. It is remarkable that above 
220 °C, Bi2Te3, Bi2(Se,Te3) and the Bi2Te3/Bi2(Se,Te)3 stack with 100 nm periods 
show similar behaviour, whereas the Bi2Te3/Bi2(Se,Te)3 SLs with the 45 and 
18 nm periods differ significantly from the others. The Seebeck coefficient is 
again increasing. The development of the Seebeck coefficient with the tem-
perature may be interpreted as follows. The phase formation starts at around 
150 °C. The start of the phase formation is accompanied by the evolution of the 
Seebeck coefficient, what is typical for this n-type material. This assumption is 
supported by the fact that the carrier concentration decreases continuously with 
the tendency to stabilize at about 200 °C. In addition, the carrier mobility raises 
steadily (not shown here). 

The decrease of the Seebeck coefficient above 220–250 °C for Bi2Te3, 
Bi2(Se,Te)3 and the Bi2Te3/Bi2(Se,Te)3 stack with 100 nm periods may be caused 
by to the grain growth, which induces a decrease to the grain boundary 
scattering. The increase of the Seebeck coefficient in spite of the grain growth for 
the 45 and 18 nm period material may be caused by the low temperature  
c-orientation (Fig. 5). Again one possible reason might be the short distance for a 
complete and perfect interdiffusion, in particular for the stack with 4–5 nm thin 
layers. The resulting power factor is plotted in Fig. 7. Reasonable power factors 
for short [Bi2Te3/Bi2(Se,Te)3]n-periods (45 and 18 nm) in particular were derived. 

 
 
 

 
 

Fig. 7. Dependence of the power factor on annealing temperature of different layers. 
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5. CONCLUSIONS 
 
For the development of sputtered SLs, three types of layered stacks were 

deposited: [Bi/Te]n, [Bi/(Se,Te)]n as constituents and the resulting SL 
[Bi/Te/Bi/(Se,Te)]n. An individual layer thickness down to 4–5 nm was realized, 
which should significantly reduce the thermal conductivity for the resulting 9 nm 
SL-layers. The successful deposition of nm-thin layers was proven by BSE-
analysis. Phase formation starts even at deposition close to the interface and/or 
for thinner stacks. The evolution of thermoelectric properties, which depend on 
the annealing temperature, in particular the Seebeck coefficient, is in close 
accordance to the phase formation of the V2-VI3 staggered layers as shown by 
XRD analysis. The mechanism and the rate determining step of the solid state 
reaction of the the growth process is still unsolved and needs further investiga-
tion. The annealing of the layers improves the Seebeck coefficient for all kind of 
layers considerably. 
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Amorfsete  prekursorite  baasil  moodustatud   
V-VI  (Bi3Te3)  ühendite  nanomeeterskaalasse   

kuuluvate  kihtide  formeerumine 
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Nanomeeterskaalas moodustatakse tekstuuriga kihid algsete kihtide noolutuse 

abil, mis viib need vastavusse saadavate ühendite kavandatud stoikomeetriaga. 
On käsitletud ühendite moodustumist koos nende termoelektriliste omaduste 
muutumisega, kusjuures erilist tähelepanu on pööratud ühendite moodustumisega 
kaasnevale Seebecki teguri evolutsioonile. 

 


