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Space charge limited current conduction in Bi2Te3 thin films
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Abstract

Bi2Te3 is known for its large thermoelectric coefficients and is widely used as a material for Peltier devices. Bi2Te3 thin films with
thicknesses in the range 125–300 Å have been prepared by Flash Evaporation at a pressure of 10−5 m bar on clean glass substrates at
room temperature. An Al–Bi2Te3–Al sandwich structure has been used for electrical conduction properties in the temperature range
303 to 483 K. I–V characteristics showed Ohmic conduction in the low voltage region. In the higher voltage region, a Space Charge
Limited Conduction (SCLC) takes place due to the presence of the trapping level. The transition voltage (Vt), between the Ohmic and
the SCLC condition was proportional to the square of thickness. Further evidence for this conduction process was provided by the
linear dependence of Vt on t

2 and log J on log t. The hole concentration in the films were found to be n0=1.65*10
10 m−3. The carrier

mobility increases with increasing temperature whereas the density of trapped charges decreases with increasing temperature. The
barrier height decreases with an increase in temperature. The increase in the trapping concentration Vt is correlated with ascending the
degree of preferred orientation of the highest atomic density plane. The activation energy was estimated and the values found to
decrease with increasing applied voltage. The zero field value of the activation energy is found to be 0.4 eV.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Thematerialsmost commonly used for thermo-electric
conversion are semi-metals and narrow gap semiconduc-
tors [1,2]. Recently there has been increased interest in
finding additional materials for use in cleaner, more
efficient cooling systems and hence Bi–Te thin films have
attracted considerable attention because of these potential
applications in themicro-fabrication of integrated thermo-
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electric devices [3,4]. Bi2Te3 have been extensively in-
vestigated in bulk crystalline form because of its excellent
thermo-electric properties [5], whereas in thin film form
so far relatively very little attention has been paid. Howev-
er, the thin films have the potential to lead key technology
in the low power generation [6]. From the measurements
of the conductivity, the thermo-electric power and the
magnetic susceptibility, Honda and Sone [7] and Endo [8]
have found that an intermetallic compound Bi2Te3 exists
andHaken [9] has re ported that the compoundBi2Te3 is of
p-type from the measurement of the Hall effect at room
temperature.

Considerable interest has been shown in conduction
studies on various semiconducting materials, however
until recently there are virtually no reports available on the
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Table 1
Free carrier mobility for Bi2Te3 thin film (d=120 Å) at various
temperatures

T (K) Free carrier mobility (μ0)
at 2 V (10−10 m2 V−1 s−1)

303 1.2
343 1.8
383 4.2
423 7.9
463 21.5
483 28.6

Fig. 1. V–I characteristics for an Al/Bi2Te3/Al device at various
temperature.
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conduction studies on Bi2Te3 thin films. The present
article deals with a systematic study of the electrical
conduction behavior of a Bi2Te3 thin film sandwiched
between aluminium electrodes. Current voltage charac-
teristics under a dc field have been studied at different
temperatures (303–483 K) under a rotary vacuum. The
influence of the temperature on the electrical parameters is
discussed in detail.

2. Experimental

Using aHindHiVacuumUnit, aluminiumof 5Npurity
was evaporated from a tungsten filament onto well-
cleaned glass substrates through suitable masks to form
the base electrodes. High purity Bi2Te3 (99.999% of
Aldrich Chem. Comp) was evaporated by a flash evap-
oration method to form the dielectric layer. The thickness
was determined by a quartz crystal thickness monitor and
was verified by a multiple beam interferometric technique
(MBI). An aluminium counter electrode was evaporated
onto the dielectric through suitable masks to complete the
Al/Bi2Te3/Al structure. During the electrical measure-
ments, samples were placed in ametal canister, whichwas
Fig. 2. Dependence of current density (J ) on thickness (d ) in the
square law region.
evacuated by a rotary pump. A stabilized dc power supply
was used in conjunction with a digital micro-voltmeter
and a digital pico-ammeter (DPM 111, Scientific equip-
ment, Roorkee) for voltage and current measurements at
different temperatures (303–483 K). A copper constant
thermocouple was used to measure the temperature.

3. Results and discussion

The variation of current as a function of voltage at
different temperatures on a Bi2Te3 thin film of thickness
120 Å is shown in Fig. 1. It is observed that the curve for
each temperature exhibits three regions namely AB, BC
andCD. In the regionAB (b2V) the conduction is Ohmic
(I α V), which leads us to understand that thermally-
generated carriers control the current. At applied voltage
b2 V, the slopes of the log I vs log V plots are approxi-
mately equal to unity, while at higher voltages (N2 V),
above a well-defined transition voltage, the slopes are
approximately equal to two or more. In the region BC,
corresponding to approximately 9 to 13 V, a trap square
law region (IαV 2) is obtained followed by the region CD
where I α V n (nN5). In the region BC, it is observed that
the current increases, with an increase of the temperature
for the same applied voltage. The reduction of the square
law region caused by an increase of the temperature may
be due to the predominance of injected free carriers over
the trapped carriers at higher temperatures [10]. Fig. 2
represents the variation of current density (J ) with
Table 2
Electrical parameters derived from J–V plot

Parameters Al/Bi2Te3/Al

P0 (m
−3) 1.1×1016

Pl (m
−3) 6.21×1017

Js (A/m
2) 2.66×10−6

Na (m
−3) 4.21×1017

ΔE (eV) 0.411
Φb (eV) 0.267
Ef (eV) 0.110



Fig. 5. Variation of trapped hole density (Pt) with temperature.
Fig. 3. Effect of temperature on free hole density (P0).
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thickness (d ) at a temperature 303 K in the square law
region (12 V) and from the plot, the slope of the straight
line is found to be 2.97. Thus it can be concluded that the
electrical conduction in Bi2Te3 thin films is space charge
limited due to the presence of traps in Bi2Te3 thin films
[11]. Since holes are the dominant carriers in Bi2Te3 thin
films [12], the equation describing the J–V characteristics
in the Ohmic region is given by:

J ¼ P0ql0
V
d

ð1Þ

where μ0 is the mobility of holes and P0 is the con-
centration of free carrier in the valence band given by:

P0 ¼ Nvexp
�Ef

kT

� �
ð2Þ

where Ef is the position of the Fermi level above the
valence band edge and Nv is the density of states in the
Fig. 4. Variation of θ with inverse temperature.
valence band. Using Eqs. (1) and (2) the current density
can be evaluated using the relation:

J ¼ Nvql0
V
d

� �
exp

�Ef

kT

� �
ð3Þ

The position of the Fermi level above the valence
band edge and mobility of holes can be calculated from
the log I against 1000/T plot. At higher voltages (N2 V)
the slopes of the log J–log V characteristics, are about 2
and more, clarifying that the forward-biased current is
Space Charge Limited (SCL) controlled by a trap levels.
The relation for the current density [13] is given by:

J ¼ 9
8

� �
ee0l0h

V 2

d3

� �
ð4Þ

where J is the current density, V the applied voltage, μ0
the mobility, ε the dielectric constant of the material
Fig. 6. Variation of log I with 1/T in SCLC region for Al/Bi2Te3/Al
device.



Fig. 7. Variation of activation energy with inverse applied voltage.
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(0.053), d the distance between the electrodes and θ is
the ratio of free to trapped charge densities, with Nt(s)
representing the total trap density at the energy level Et.

The total trap concentration at the valence band
energy is given by the expression:

Pt ¼ P0kT ð5Þ

where P0 and Pt are the free and trapped hole densities
respectively. Nv is the effective density of states for the
valence band and Ef the trap level measured from the
top of the valence band. Experimentally θ is propor-
tional to the ratio between the current densities at the
beginning (I1/A) and at the end of the rise (I2/A) in the
square law region [14] where A is the area of the
capacitor (3.49*10−6 m2). Thus:

I1
I2

¼ h ¼ P0

ðP0 þ PtÞ
� �

ð6Þ

The growth of the current faster than V 2 is
attributed to the effect of traps after the square law
region. Using the experimental value of θ and ε the
free carrier mobility μ0 was calculated at 2 V and the
values are given in Table 1.

The equilibrium concentration of charge carriers in
the valence band is given by [11]:

P0 ¼ ee0h
qd2

� �
Vtr ð7Þ

where Vtr is the voltage at which transition from Ohmic
to the square law region takes place, q is the electronic
charge and d is the thickness of the film. Using Eq. (7) P0

and Pt are calculated and the values are given in Table 2.
Fig. 3 represents the dependence of P0 with the inverse
absolute temperature and this plot yields a straight line.
From the slope and intercept on the current axis, the
value of Ef is determined, as 0.1 eVand Na is found to be
4.21*1017 m−3. From Fig. 4 the zero field activation
energy has been estimated by additional plotting of the
linear portion and it is found to be dependent on
temperature. The decrease in Pt shown in Fig. 5 may be
Table 3
Activation energy as a function of applied voltage

Voltage (V) DC activation energy (eV) Zero field energy (eV)

2 0.32
4 0.28
8 0.26 0.45
12 0.23
16 0.15
due to the fact that a rise in temperature lowers the
trapping probability in semiconductors. The increase in
μ0 with temperature may be due to the semiconducting
nature of Bi2Te3 thin films.

4. Activation energy

The temperature dependence of the current at various
applied voltages were recorded and analysed. The ac-
tivation energy has been determined using the relations
[11]:

Iaexp
−DE
kT

� �
ð8Þ

I ¼ I0exp
−E
kT

� �
ð9Þ

From the slope of the plot Fig. 6 of logarithmic current
against 1000/T and by using Eq. (8), the activation
energies have been estimated and are given in Table 3. It
is clear from the table that the activation energy
decreases with increasing applied voltage. The intercept
with the origin gives the zero field value of the activation
energy. From Fig. 7, it is clear that the fit is giving a zero
field value of the trap energy as 0.445 eV.

5. Conclusions

Current–voltage measurements showed Ohmic con-
duction at lower voltages and SCL conduction at
higher voltages. The transition voltage, Vt, between the
Ohmic and the SCL conduction was proportional to t2.
Various electrical parameters such as saturation current
density, barrier height, density of states and activation
energies in the valence band were determined and it
was found to be decrease with an increase in applied
voltage. The barrier height decreases with an increase
in temperature.
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