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effective mass decrease is thermoelectrically detrimental,
and how to mitigate this effect will be the main subject of
future studies.

C. Thermal transport properties

The temperature dependent specific heat (Cp), thermal
diffusivity (D), and thermal conductivity (j) of MnTe1-xSx

samples are presented in Fig. 8. Cp exhibits a peak around
320 K (Fig. 8(a)), D has a feature near the same temperature
(Fig. 8(b)), both features are attributed to a known
antiferromagnetic-paramagnetic transition.28,29 It is particu-
larly interesting that Cp at high temperatures is substantially
higher than the Dulong-Petit limit [dashed line in Fig. 8(a)],
which can be attributed to anharmonicity and/or magnons at
elevated temperatures. The thermal conductivity is calcu-
lated by the relationship j¼DCpd,30 and the result is
displayed in Fig. 8(c). Due to low electrical conductivity, the
total thermal conductivity is dominated by the lattice contri-
bution. Owing to the alloy scattering and mass fluctuation
scattering, the thermal conductivity of MnTe1-xSx samples
decreases substantially with the increase of S below 600 K.
For example, the thermal conductivity of MnTe0.9S0.1 sam-
ple is decreased by 20% at 410 K compared with that of the
pristine MnTe sample. At higher temperatures, the bipolar
effect becomes prominent, and the S-doping does not make
much difference in the thermal conductivity.

D. The dimensionless figure of merit ZT

The dimensionless figures of merit ZT of the MnTe1-xSx

samples are shown in Fig. 9(a) as a function of temperature.
Due to the significantly improved electrical conductivity and
suppressed thermal conductivity, the ZT of the MnTe0.9S0.1

samples is 7 times higher than that of MnTe sample at
410 K. Fig. 9(b) shows the various properties of the
MnTe0.95S0.05 and MnTe0.9S0.1 samples normalized by their
counterparts. However, the improvement of ZT gets marginal
at elevated temperatures: the ZT values of all three
MnTe1-xSx samples are "0.65 at 773 K, the maximum tem-
perature attained in this work.

IV. CONCLUSIONS

In this work, MnTe1-xSx compounds were prepared by
melt-quenching method followed by pulverization and spark

plasma sintering processing. The effects of iso-electronic S
doping on the electrical and thermal transport properties of
MnTe1-xSx were systematically investigated. In general, S
doping led to two thermoelectrically favorable changes in
the carrier concentration and in the thermal conductivity but
also one thermoelectrically unfavorable change in the effec-
tive mass. As a result, the ZT of MnTe0.9S0.1 samples was 7
times higher than that of MnTe sample at 410 K, mainly due
to a significantly improved electrical conductivity. The
improvement of ZT got marginal at elevated temperatures:
all three samples attained a ZT value "0.65 at 773 K. Future
work will focus on tuning the Fermi level by finer doping
while minimizing the Seebeck coefficient degradation.
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FIG. 9. (a) The figure of merit, ZT, of
SPSed MnTe1-xSx bulk samples. (b)
Resulting enhancement of ZT for
MnTe0.95S0.05 and MnTe0.9S0.1 at
410 K compared with the reference
(pristine MnTe). The r, a, j, and ZT of
MnTe0.95S0.05 and MnTe0.9S0.1 are
normalized by the corresponding val-
ues of the pristine MnTe (the solid tie
line denotes the reference). The esti-
mated error for ZT is 615% according
to the uncertainties of electrical con-
ductivity, the Seebeck coefficient, and
thermal conductivity.
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it rapidly increases with increasing temperature. The plateau
can be attributed to the exhaustion range and the fast increas-
ing regime to the intrinsic excitation regime. For a quantita-
tive analysis, the band gap (Eg) can be extracted from the
slope of lnq vs. 1000/T curve (Fig. 5(b)) using Arrhenius
formula

q ¼ q0 exp Eg=2kBT
! "

; (1)

where q is the electrical resistivity (q¼ 1/r), and q0 a constant.
The calculated intrinsic band gap values are "0.89 eV,
0.77 eV, and 0.68 eV for MnTe, MnTe0.95S0.05, and
MnTe0.9S0.1, respectively. The obtained band gap value of pris-
tine MnTe is very close to the theoretical result ("0.86 eV).9

To further understand the mechanism(s) underlying the
electrical conductivity enhancement, Hall coefficient meas-
urements was measured and the results are presented in
Fig. 6. As clearly shown in Fig. 6(a), the carrier (hole)FIG. 4. EDS elemental mapping results of SPSed MnTe0.95S0.05 bulk sam-

ples: (a) back scattering image, (b) Te, (c) Mn, and (d) S. The Te10S7 sec-
ondary phase in (a) is indicated by arrows.

FIG. 5. (a) Electrical conductivity of
SPSed MnTe1-xSx bulk samples and
(b) lnq vs 1000/T plot.

FIG. 6. Temperature dependence of (a)
carrier concentration and (b) carrier
mobility of SPSed MnTe1-xSx bulk
samples.

FIG. 7. (a) Temperature dependence of
the Seebeck coefficient and (b) a-n
plot for MnTe1-xSx compounds; solid
line in (b) represents the Pisarenko
relation with different m*.
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concentration significantly increases with an increase of the
S content. At room temperature, the hole concentration for
MnTe, MnTe0.95S0.05, and MnTe0.9S0.1 is 3.0! 1018 cm"3,
1.0! 1019 cm"3, and 2.1! 1019 cm"3, respectively.
Apparently, S is an effective hole dopant since it generates
acceptor levels near the top of valence band. Furthermore,
the temperature variation of the carrier concentration con-
firms our attribution of the characteristic regimes in the elec-
trical conductivity to the exhaustion regime and the intrinsic
excitation regime. The calculated temperature dependence of
the Hall mobility is shown in Fig. 6(b). As compared to the
pristine sample, the S-doping induced short-range defects
strongly scatter the charge carriers at temperatures below
100 K. Hall mobility follows a T3/2 dependence as expected
from ionized impurity scattering. At elevated temperatures,
the conventional electron-acoustic phonon coupling gradu-
ally takes over: the temperature dependence of the Hall mo-
bility crosses over to a T"3/2 behavior. Note that the Hall
mobilities of all three samples are nearly the same in the vi-
cinity of room temperature.

The temperature dependent Seebeck coefficients are dis-
played in Fig. 7(a). The signs of the Seebeck coefficient and
of the Hall coefficient are positive in the temperature range
studied, confirming a p-type conduction. In addition, the
magnitude of the Seebeck coefficient decreases systemati-
cally with an increase of the S content. The Seebeck coeffi-
cient first increases with temperature, peaks at a certain
temperature, and then decreases at elevated temperatures.
The peak position coincides with the onset of the intrinsic
excitation regime (Fig. 5(a)). In the intrinsic excitation re-
gime, the electron–hole pairs are thermally excited, electrons
(minority carriers) and holes (majority carriers) cancel out in
the Seebeck coefficient, leading a maximum. Therefore, the
Seebeck peak signatures the onset of the bipolar effect.

A single parabolic band (SPB) model analysis is con-
ducted. Such a SPB model appears oversimplified consider-
ing the actual electronic band structure of MnTe,
nonetheless, such an analysis helps to gain more insight into
the sulfur-doping effects on the microscopic transport param-
eters, and it provides semi-quantitative guidance for further
doping study. In the limit of a non-degenerate electron gas,
the Seebeck coefficient in a SPB model with single relaxa-
tion time approximation is related to the carrier density n
and scattering parameter k via

a ¼ kB

e
2þ k" gð Þ

¼ kB

e
2þ kþ ln

2 2pm'kBT=h2
! "3=2

n

" #( )

; (2)

where g is the reduced Fermi energy, k the energy-dependent
scattering parameter, and k¼ 0, 2 for acoustic phonon scat-
tering and ionized impurity scattering, respectively, m* the
carrier effective mass, and h the Planck constant.25,27 Since
the temperature dependence of mobility between 100 K and
300 K follows a T"3/2 behavior (Fig. 6(b)), it is plausible to
assume that the acoustic phonon scattering is the dominant
scattering mechanism above room temperature. Therefore,
k¼ 0 was chosen to calculate m* via Eq. (2). By using the

carrier concentration and Seebeck coefficient of MnTe1-xSx

at room temperature, the m* of (8 me, (5 me, and (4 me are
obtained for MnTe, MnTe0.95S0.05, and MnTe0.9S0.1, respec-
tively. The Pisarenko plot (Fig. 7(b)) suggests that S doping
not only increases the carrier concentration but also lowers
the effective mass. The Seebeck coefficient decreasing with
increase of the sulfur content is attributed to the hole concen-
tration increase and the effective mass decrease. This

FIG. 8. Temperature dependence of thermal transport properties for SPSed
MnTe1-xSx bulk samples: (a) specific heat; (b) thermal diffusivity; and (c)
thermal conductivity. The mark area in (a) and (b) indicates the phase transi-
tion regime, and the calculated thermal conductivity is only presented above
the phase transition regime in (c).
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Abstract. The quantized thermopower in the ballistic regime was estimated 
directly from measurements in a single point contact with a specific configuration 
of ohmic electrodes. If the nc current supplied to heat electrons increased over a 
critical value, increases of both the electron and lattice temperatures were 
observed. For the lower indices of the one-dimensional subbands ( i= l  and 2). 
the  measured thermopower peak differed by as m u c h  as 20% from the 
theoretically predicted value. At low currents, where only the  electron temperature 
was raised, the agreement with theory was within 10%. 

Since the discovery of the quantum point contact (QPC) 
[l], extensive efforts have been devoted to the study of 
ballistic transport in semiconductor nanostructures. One 
interesting and promising area is the problem of the 
nonlinear regime. For example, nonlinear I- Vcharacter- 
istics [2] and electronic instabilities in high electric fields 
[3] have been reported. On the other hand, Streda [4] 
has recently predicted the quantization of thermopower 
in a channel in the ballistic regime. That is, when the 
chemical potential p equals the lowest energy of the ith 
suhhand, the thermopower approaches a local maximum 
of S y  - -6O/( i+ i )  (pVK-'). This effect was first 
experimentally confirmed by Molenkamp et a1 [SI, who 
observed quantum oscillations in the transverse voltage 
in a quasi-one-dimensional channel with opposite PC 
probes. 

Our interest, however, is in how closely the thermo- 
power peaks approach the local quantized maxima 
against the subhand number i. This quantitative aspect of 
Streda's prediction [4] seems insufficiently verified by the 
work reported in [SI. This paper reports the results of 
using a single PC with a specific electrode arrangement to 
directly estimate the quantized thermopower in a ball- 
istic regime. With this configuration, it is possible to 
estimate electron temperature T,  independently and hence 
to compare the thermopower directly with the theory 

Our sample structure (figure 1) has a single split-gate 
p c  pattern (g) on a GaAs/AlGaAs 2D electron gas 
( n , - 5 ~ 1 0 " c m - ~ ,  p , - 2 ~ 1 0 ~ c m ~ V " s - ~  at 4.2K). 
The gap and length of the constriction were initially (as 
pattern) 1.0 and 0.5 pm, respectively. EJectrons were 
heated by passing a DC current I,, of 0.1-15pA 
between terminals 3 and 4 along the right-hand side of 

0268-1242/92/038288 + 03 $04.50 0 1992 IOP Publishing Ltd 

~ 4 1 .  

the PC. The lattice temperature 7; was held at 1.4K. The 
transverse voltage (K,) was measured between terminals 
1 and 2. 

The electron temperature T,  on the right-hand side of 
PC was estimated by comparing the amplitude damping 
of Shuhnikov-de-Haas (SdH) oscillation observed when 
increasing the current with the damping observed when 
increasing 7; .  The DC SdH measurements were made 
using the two terminals (3 and 4), and the applied gate 
voltage was kept constant at - 1.0 V, which forms the 
widest possible PC in the 2D electron gas. This method is 
valid for our sample, because, although the region 
through which Io ,  flows is spatially restricted by the gate 
electrodes, it still has an almost 2D nature. 

Figure 1. A schematic picture of the sample. The shaded 
area (9) shows a set of split gates that forms a point 
contact. The initial gap and the length of the point 
contact are 1 .O and 0.5pm. respectively. (1 -4) are ohmic 
electrodes to supply a oC current or to measure a 
transverse voltage. Note that electrodes of 3 and 4 are 
fabricated just at the outlet (or inlet) of the point contact. 
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current dependent for i = 3. For i = 2 and 3, the de- 
viations from theory are negative and they increase as 
i increases, although they are still within 20% for i = 1 
and 2. 

* o ~ ~ ~ ~ ~ 2 : : : - : i . ~ ~ ~ "  

.... ~~~~~~. ~.. ..... Tit---- 2/7(i=3) 

3* 

0 0 
0.1 I to 

I,,(vA) 

Figure 4. Comparison of normalized thermopower 
quantizations. Note that these curves are obtained by 
assuming the constant temperature difference between the 
electron and the lattice temperatures. Therefore, only the 
lattice temperature for 1,.=0.5pA equals the 1 . 4 K  
equilibrium temperature. 

the limited region of the DC current for the low index 
cases (i = 1 and 2). 

To summarize, we have directly estimated the 
quantized thermopower in a point contact with a specific 
electrode configuration. Since the difference between 
electron and lattice temperatures was almost constant 
over the limited range of DC currents used here, 
quantitative comparisons were possible between theory 
and experiment. For the lower subband indices, the 
experimentally measured values agreed within 20% with 
the predicted ones. And if we restrict our comparison to 
the values measured when the DC current was only large 
enough to raise electron temperature, this error decreases 
to about 10%. For the correct estimation of the thermo- 
power peaks corresponding to higher subbands, the 
experimental accuracy may need to be increased. 
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Figure 4. (a) Schematic representation of the device 
used to demonstrate quantum oscillations in the 
thermopower of a quantum point contact by means of a 
current heating technique. The channel has a width of 
4 pm, and the two opposite quantum point contacts at its 
boundaries are adjusted differently. (6) Measured 
conductance and voltage - ( V ,  - V,) as a function of the 
gate voltage defining point contact 1. at a lattice 
temperature of 1.65 K and a current of 5pA.  The gates 
defining point contact 2 were kept at -2.OV. 

servations are a manifestation of the quantum oscilla- 
tions in S described in section 2. 

A detailed comparison of the oscillations in figure 4(b) 
with the ideal electron waveguide model (extended to 
the regime of finite thermovoltages and temperature 
differences) has been presented elsewhere [13]. The de- 
crease in amplitude of consecutive peaks is in agreement 
with equation (19). We therefore only discuss the 
amplitude of the strong peak near G = 1.5(2e2/h). The 
stepfunction transmission probability result (19) predicts 
S -  - 4 0 p V K - '  for this peak, but a value 
S- -201 V K - '  is probably more realistic (cf figure 3). 
The measured value of about 50pV for the amplitude of , 

that peak thus indicates that the temperature of the 
electron gas in the channel is AT - 2 K  above the lattice 
temperature T = 1.65 K. 

The increase in temperature AT is expected to be 
related to the current in the channel by the heat balance 
equation 

c J T  = ( [ / W , d 2 p ~ ,  (26) 
with c, = (x2/3)(kBT/E,)n.kB the heat capacity per unit 
area, n, the electron density, and re an energy relaxation 
time associated with energy transfer from the electron gas 
to the lattice. The symmetry of the geometry implies that 
V, - V,  should be even in the current, and equation (26) 
predicts more specifically that the thermovoltage dif- 
ference V, - V, K A T  should be proportional to 12-at 
least for small current densities. This is born out by 
experiment [13, 141 (not shown). Equation (26) allows us 
to determine the time rz from the experimental value 
AT - 2 K. Under the experimental conditions of figure 
'yb) we have T = 1.65 K, 1 = 5 pA, W,, = 4pm, p = 2 0 a .  
We thus find T~ - 10-los, which is not an unreasonable 
value for the 2DEG in GaAs-AIGaAs heterostructures at 
helium temperatures 1171. 

The sudden decrease in VI - V, beyond the last peak 
(strong negative gate voltages) is not quite understood. 
As discussed in section 2, the behaviour of S in this 
regime depends crucially on the details of the energy 
dependence of t (E) .  

3.2. Thermal conductance 

The sizable thermopower of a quantum point contact (up 
to -4OpVK-') suggests its possible use as a miniature 
thermometer, suitable for local measurements of the 
electron gas temperature. We have used this idea in an 
experiment designed to demonstrate the quantum steps 
in the thermal conductance of a second quantum point 
contact. 

The geometry of the device is shown schematically in 
figure 5(a). The main channel has a boundary containing 
a quantum point contact. Using current heating, the 
electron gas temperature in the channel is increased by 
A T  giving rise to a heat flow Q through the point contact. 
This causes a steady state temperature rise ST of the 
ZDEG region behind the point contact (neglected in the 
previous subsection), which we detect by a measurement 
of the thermovoltage across a second point contact 
situated in that region. 

T o  increase the sensitivity of our experiment, we have 
used a low-frequency AC current to heat the electron gas 
in the channel, and a lock-in detector tuned to the second 
harmonic to measure the root-mean-square amplitude of 
the thermovoltage VI - V,. The voltages on the gates 
defining the second quantum point contact were adjusted 
so that its conductance was G = 1.5(2e2/h). Finally, we 
applied a very weak magnetic field (1SmT) to avoid 
detection of hot electrons on ballistic trajectories from 
the first to the second point contact. 

Figure 5(b) shows a plot of the measured thermovol- 
tage as a function of the voltage on the gates defining the 
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