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Tokyo 169, Japan 
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Abstract.Thesaddle-point-type bandstructure near the bandedgeofSnTe hasbeenstudied 
using tunnelling spectroscopy. Tunnelling measurements were performed on the single 
crystals of SnTe growth by the vapour phase transport method. The third derivative of the 
tunnelling current reflected the band edge structure peculiar to SnTe. We first observed the 
temperature dependence of the energy positions of the band edges and the saddle points of 
both the conduction and the valence bands separately in the temperature range between 120 
and 150 K. 

1. Introduction 

SnTe is a narrow-gap semiconductor, known to have a special band edge structure 
[MI. The energy gap exists near the L point of the Brillouin zone. The details of the 
calculated band edge structure of SnTe is described as follows: the energy surface at the 
L point forms a saddle point, i.e. the valence band energy decreases as one moves away 
from the L point along the A axis but increases in the direction perpendicular to the A 
axis from the L point. 

If the band edge structure of SnTe is the saddle point type, as described above, an 
interesting electronic behaviour, such as the negative resistance associated with the 
negative mass [5], is expected. The experimental study is thus expected to confirm the 
band edge structure of SnTe. 

In 1973, Ota and Rabii [6] performed optical measurements on epitaxially grown 
thin films of SnTe. They found two kinks in the carrier concentration dependence of the 
optical absorption edge. They concluded that these two kinks resulted from the band 
edge and the saddle point. In the optical measurements, however, there is some arbi- 
trariness in the determination of the absorption edge because of the free-carrier absorp- 
tion. The optical absorption measurements elucidate the joint density of states of the 
conduction and valence bands but cannot give those structures separately. 

On the other hand, the tunnelling measurements can detect the conduction and 
valence band edge structures directly and separately (71. In our previous study [8], we 
performed tunnelling measurements and detected the band edges and the saddle points 
in the conduction and the valence band of epitaxially grown SnTe films. In this paper, 
we have advanced the study, using bulk crystals prepared by the vapour transport 
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method, and obtained the temperature dependence of the energy separations of these 
band structures in the temperature range between 120 and 150 K. 

H Enomoto and H Oraki 

2. Experimental details 

2.1. Crystal growth 

Single crystals of SnTe were prepared by using the vapour transport method. Source 
materialsof99.99% pure Sn and99.99% pureTe instoichiometric amountswere sealed 
into the quartz ampoules under a vacuum of 4 x Pa together with excess Sn in order 
to reduce Sn vacancies. The ampouleswere first heated to 840 "C in the electrical furnace 
for 10 hso that reactionoccurred. Then the temperaturegradientwasset to -5 "Ccm-', 
and the well reacted source materials were transferred to the cooler region in the 
ampoules as a vapour. After growth for 24 h, the SnTe single crystals became about 
3mm x 3mm X 2mm in size. 

Because the narrow region of the compound SnTe lies in the Te-rich region in the 
Sn-Te binary alloy 191, all samples of SnTe behave as the heavily degenerated p-type 
semiconductors owing to the Sn vacancies. The Hall measurements showed the carrier 
concentration of our crystals ranged between 0.7 X lozo and 3.0 X lO"c~n-~. 

2.2. Junction fabrication 
In order to fabricate the tunnel junctions, AI,O,/AI plates were prepared. An AI film 
300 nm thick was evaporated onto the glass substrate in a vacuum of 4 x Pa. After 
the vacuum evaporation, the AI film surface was oxidized in an O2 atmosphere at 4 Pa 
for 30 min at 80 "C. The thickness of the oxide layer was about 5 nm. 

The tunnel junction was fabricated using the planar contact technique [lo. 111. This 
tunnel junction is more stable against the temperature change than the point contact 
tunnel junction with the oxidized Ta wire adopted in our previous study [8]. The 
geometry of the planar contact tunnel junction is shown in figure 1. The as-grown 
SnTe(100) surface was softly pressed to the surface of the A1203/AI plate. In order to 
get a good ohmic contact to the counter-electrode, the back-side surface of the sample 
wasroughlylapped bytheSiCgrade2000powders. It wasalsoconfirmed that the voltage 
drop across the series resistance, which affects the use of the bias scale as an energy 
scale, was small enough (less than 1 Q )  compared with the tunnel junction resistance 
(about 100 Q).  A stabilizer, as shown in figure l ( b ) ,  was used on top of the sample in 
order to get a stable junction and also to transmit the pressure uniformly from the 
phosphor bronze spring in figure l (a) .  

2.3. Tunnelling measurement 

Tunnelling measurements were performed using the standard AC modulation method. 
In this study, the modulation bias was 2 mV (RMS) and the modulation frequency was 
1 kHz. In order to detect a fine structure in the density of states, a lower temperature is 
advantageous for the tunnelling measurements. However, SnTe causes a phase tran- 
sition from the NaCl structure to the rhombohedral structure [12], whose transition 
temperature is strongly dependent on the carrier concentration. Below the phase tran- 
sition temperature, the band edge structure of SnTe is no longer considered to be the 
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Figure 1. Planar contact tunnel junction: (a) 
sketch of the whole unit; (b) the core unit. To 
fabricate the tunnel junction, the as-growncrystal 
surface of the sample is softly pressed onto the 
surface of lhe AIIOI/AI plate. The pressure is 
controlled by the mechanical screw and the phos 
phor bronze spring. 

saddle point type. Moreover, the tunnel barrier of AI,03 layer is broken by the structural 
change of SnTe, when the temperature goes through the phase transition temperature. 
We must thus perform the tunnelling measurements somewhat above the phase tran- 
sition temperature, which isestimated as8S110 Kfrom thecarrierconcentrationofour 
samples. 

To perform the tunnelling measurements at such a higher temperature as described 
above, we have employed a higher derivative of the tunnelling current to improve the 
separation of the very weak band-structure-related peaks from the background features. 
When the tunnelling current is masked by other currents, such as the space-charge- 
limited current which flows over the tunnel barrier or the hopping conduction in the 
insulator, we can see no structures, which reflect the density of states, in the I-V and 
even in the dI/dV-V characteristics. Thus, only by taking a higher derivative of the 
current, can we detect such structures. For example, at a bias position where the slope 
of the dl/dV-V curve changes, a step can be seen in the dZ IIdV2-V curve, and a spike 
in the d31/dV3-V curve. So, a small change in the density of states becomes more 
distinctive in the higher derivatives of the current. As shown in our model calculation 
[ 8 ] ,  all structures of the density of states at the band edges and the saddle points of SnTe 
appear as spikes in the d3 l/dV3-V curve. 

3. Results and discussion 

Figure 2 shows one of the tunnelling characteristics measured at 121 K. The positive- 
bias side corresponds to the conduction band side of SnTe. No structures could be 
detected in the 14,  dl/dV-V and d*l/dk‘-Vcurves because of the thermal noise and 
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Figure 2. Tunnelling spectra of the single crystal 
OfSnTemeasuredat 121 K. In thethird-derivative 
curve (d’ I/dV3-V), the dotted curves denote the 
demmposed components originating from the 
band edges and the saddle points. 

Figure 3. Schematic energy relation between the 
third-derivative curve and the energy band oi 
SnTe. 

the broadening of the carrier energy distributions. In the d’ IfdV3-Vcurve in figure 2 ,  
however, one large broad peak can be seen near the Fermi level (zero bias) and some 
peaks on the conduction band side. These peaks also contain noise due to thermal 
fluctuation at the measuring temperature and to the instability of the tunnel junction at 
a higher bias. Compared with several other d3 I/dV’-V curves measured at the same 
temperature, however, we could detect two peaks C and D which surely appear at the 
same bias positions. We consider that they are derived from the band edge and the 
saddle point in the conduction band of SnTe, because their energy separation is almost 
equal tothe theoreticalvalue [ 2 , 3 ] .  Referring to the theoreticalvalueofthe temperature- 
dependent energy gap of SnTe [2,13], we know that the energy positions of the band 
edge and the saddle point in the valence band are located near zero bias. The large broad 
peak near zero bias has two shoulders on each side, and the separation of these shoulders 
corresponds to the theoretical energy separation of the band edge and the saddle point 
in the valence band [ 2 , 3 ] .  Peak decomposition was performed using three peaks with 
the assumption that the peak widths of A, B, C and D are the same. If a current 
component with the bias dependence of I a V2, such asa space-charge-limited current, 
flows over the tunnel barrier. a peak will appear at zero bias in the d3 I/dV3-Vcurve [SI, 
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Figure 4. Temperature dependence of the 
d’I/dV3-V curvs. The open inverted triangles 
indicate the energy positions of each componenl 
of figure 2, which are determined from repeated 
measurements a1 the same temperature. 

i.e. peak 0 in figure 2. The peak positions of A and B and the peak width of 0 were 
estimated by the best fitting of the decomposed peaks to the experimental curve. As 
there is close similarity between the peak positions of A, B, C and D and the calculated 
energy separations of the band edges and the saddle points in the conduction and the 
valence bands[2,3], weattribute thesepeakstothesingularpointsofthe bandstructure, 
as shown in figure 3. Compared with our previous study [SI, peak C is much less 
pronounced in the present study; this might be due to the difference in the crystallinity 
at the surface which depends on the crystal growth technique. The Fermi level thus 
lies in the valence band, which is consistent with the temperature dependence of the 
resistivity of the sample, but is slightly higher than that calculated [2] from the carrier 
concentration of the sample. The difference will be due to the pinning of the Fermi level 
at the surface of SnTe. 

Figure 4 shows the temperature dependence of the d’ I/dV3-V curves for the same 
sample as in figure 2. The open inverted triangles in figure 4 show the positions where 
peaks appear commonly in the repeated measurements at each temperature. The tem- 
perature dependences of the energy positions of these open inverted triangles in figure 
4 are plotted in figure 5. Each plot means separate samples, and the open triangles in 
figure5correspond to thesampleshown infigures2and4. The temperaturedependences 
are not clear in figure 5,  because of the differences between the Fermi levels of the 
samples. To eliminate the scattering of the plots due to the difference between the Fermi 
levels, the temperature dependences of the energy separations Eg between the band 
edges and the energy separations Esad between the saddle points, are shown in figure 6. 
In this figure, the full straight lines are the least squares of the experimental plots. In the 
temperature region from 120 to 150 K, Eg and .Es& have small negative coefficients, 
which is consistent with the theoretical result [13]. The broken lines in the figure are the 
interpolated straight lines between the calculated values at 0 and 400 K [13]. The values 
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of ,Eg and .Esad obtained in this study are consistent with those obtained by optical 
measurements at room temperature [6]. 

Figure 7(a) shows the temperature dependence of the energy separation E,, between 
the hand edge and the saddle point in the conduction band and figure 7(b )  shows the 
energy separation E, in the valence band. The full lines are the least squares of the 
experimental plots, and the broken lines are those interpolated as in figure 6. The value 
of E, is somewhat smaller than that obtained previously in the epitaxial film grown on 



Tunnelling study of band edge structure of SnTe 3271 

Table 1. The least squares of E&, E,,, E, and E,. 

lu) 0.334 0.216 0.065 0.053 
150 0.334 0.197 0.055 0.081 

the KCI substrate [8]. Figure 7 shows that the temperature dependence of E, is rather 
small, while E, has an appreciable positive temperature coefficient. The least squares 
of Eg, Esad, E,and E, at 120 and 150 K, obtained in this study, are listed in table 1. 

4. Conclusion 

We have investigated the saddle-point-type band structure near the band edge of SnTe 
using tunnelling spectroscopy. Employing the third derivative of the tunnelling current, 
wecoulddetect the bandedge structure peculiar to SnTe. The temperature dependences 
of the energy positions of the band edges and the saddle points of both the conduction 
and the valence bands were firstly observed in the temperature range between 120 and 
150 K. The temperature dependence of E,, is rather small, while E,, has an appreciable 
positive temperature coefficient. 
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