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Anisotropic space charge limited current density analysis and photovoltaic effect in T1GaTes single crystals has
been investigated. It is shown that, above 330 K, the crystal exhibits intrinsic and extrinsic type of conductivity
along (c-axis) and perpendicular (a-axis) to the crystal’s axis, respectively. The current density (J) is found to be
space charge limited. It is proportional to the square and three halves power of voltage (V') along the a- and c-axis,
respectively. Along the a-axis and at sufficiently low electric field values, the activation energy of the current
density is found to depend on the one half power of electric field. At high electric fields, the activation energy
is field invariant. This behavior is found to be due to the Pool-Frenkel effect and due to a trap set located at
0.26 eV, respectively. Along the c-axis the crystal is observed to operate under the Child-Langmuir space charge
limited regime. T1GaTes crystals are found to exhibit photovoltaic properties. The open circuit photovoltage is

recorded as a function of illumination intensity at room temperature.

PACS: 72.20.—i, 72.20.Ht, 72.40.+w

1. Introduction

In low-dimensional materials electronic transitions,
like the charge-density-wave transition, are often ob-
served. Namely, the one-dimensionality is presented by
many features which qualitatively differ from those at
higher dimensionalities. It has been reported that a one-
-dimensional (1D) system cannot present a thermody-
namic transition at finite temperature owing to the very
large fluctuations associated with the 1D character [1]. In
practice, the one-dimensional electronic transitions are
observed suggesting that transverse interactions play a
significant role. However, in systems where these inter-
actions are weak, the main characteristic features of one-
-dimensionality remain distinguishable.

TlInSes, TlInTey, and TIlGaTey; are quasi-one-
-dimensional solids group which construct the chains par-
allel to the c-axis. These characters limit the crystal’s
physical properties. Some of the reported interesting fea-
tures [2-13] of these crystals are switching phenomena
and negative-differential resistance effects [5, 6] which al-
low TlGaTeqy crystal to play an important role in tech-
nological applications such as memory devices. Such
properties make the TlGaTes crystal attractive for re-
searchers. As for example, the thermal expansion and
isothermal compressibility [7], the band structure and
permittivity [13] of the crystal have been studied.

In our previous works we have reported the Hall effect
analysis [9] and the photoconductivity and recombination
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kinetics [10] in T1GaTes crystals. The Hall effect anal-
ysis revealed a carrier effective mass, an acceptor and
donor concentrations of 0.73mg, 4.10 x 10'7 ¢cm ™ and
1.20 x 10'7 cm™3, respectively. It was shown that the
Hall mobility of TlGaTes is limited by the scattering of
hole—acoustic phonon interactions. The photoconductiv-
ity analysis allowed the determination of recombination
center energy as 110 meV. The main purpose of this work
is to study and discuss the space charge effects on the
current transport mechanism along and perpendicular to
the crystals axis. Some of the photovoltaic properties of
compound TlGaTes will also be reported.

2. Experimental details

T1GaTes polycrystals were synthesized from the high
purity elements (at least 99.999%) taken in stoichiomet-
ric proportions. Single crystals of TlGaTey were grown
by the Bridgman method in evacuated (1075 Torr) sil-
ica tubes with a tip at the bottom. The ampoule was
moved in a vertical furnace through a thermal gradient
of 30°C/cm, between the temperatures 775 and 425 °C at
a rate of 1.0 mm/h. The resulting ingots (grey in color)
showed good optical quality and the cleaved mirror-like
surfaces contained the chains parallel to the crystal c-axis
extending along the [001] direction. The X-ray diffrac-
tion patterns show that these crystals have tetragonal
structure with the lattice parameters: a = 0.8432 and
¢ = 0.6863 nm. The resulting single crystals were not
subjected to any additional annealing. Typical dimen-
sions of the Hall bar-type samples were 15 x 3 x 0.2 mm?.
For reliable electrical measurements, the electrical con-
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tacts were made by painting high-purity silver paste us-
ing suitable masks. The ohmic nature of the contacts
was confirmed by the I—V characteristics, which is found
to be linear and independent of the reversal current for
low applied voltages. The illumination was done using a
halogen lamp. The light intensity was altered by chang-
ing the distance and/or the value of the current through
the lamp and was calibrated using an IL 1700 radiometer.

3. Results and discussion

In addition to the process of ohmic electrical conduc-
tivity in the TlGaTes crystal arising from the presence of
thermally excited free carriers, the crystal is able to sup-
port relatively large currents resulting from the process
of direct current injection from suitable electrodes — the
so-called space charge limited (SCL) current.
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Fig. 1. (a) The J—V plots for TlGaTez at 300 K.

(b) The p—T~' dependence between 300 and 400 K.

Figure 1la illustrates the typical room temperature
dark current density—voltage (J—V) characteristic for
T1GaTes crystals being recorded along the a- and c-axis
of the crystal. For both measurements, the figure re-
veals the existence of two distinct regions of J—V curves.
At low voltages, J—V characteristic curves possess an
ohmic behavior, where the concentration of injected car-
riers is less than the concentration of free carriers under
equilibrium conditions. For voltages greater than 0.8 V,
the current density becomes proportional to the square
of the voltage along the a-axis indicating the onset of
space charge limited current (SCLC) in which carriers are
trapped to sites in the lattice requiring a certain voltage
to be completely filled. The space charge limited current
density is proportional to the three halves power of the
applied voltage along the c-axis.

As it is readable from Fig. 1a, the current density along
the a-axis is greater than that along the c-axis by at least
one order of magnitude. As for example, at a voltage
of 2.0 V, the current density is 1.35 and 20.75 mA /cm?
for the c- and a-axis measurements, respectively. The
difference in these values is mainly due to the crystal
anisotropy [9]. The value of the electrical anisotropy may

be attributed to the high concentration of the stacking
faults arising from weak inter-chain bonding [11] and/or
the high anisotropy of the direction-dependent effective
masses in the crystal [12].

Figure 1b represents the temperature dependence of
resistivity being recorded in the temperature region 300—
400 K at constant electric field value in the ohmic region.
The figure is a continuum of our previous work [9] in
which the resistivity data was recorded in the tempera-
ture region of 110-320 K. The low temperature electrical
resistivity analysis revealed two energy levels located at
0.26 and 0.20 eV along the c- and a-axis, respectively [9].
Although the In(p)—T~! analysis, presented in Fig. 1b,
reflected no change in the resistivity activation energy
(0.2 V) along the a-axis, it exhibits a pronounced change
from 0.26 to 0.41 eV above 330 K along the c-axis. The
value of resistivity activation energy being 0.41 eV coin-
cides with E4/2 (middle of energy band gap) and results
in an energy band gap of 0.82 eV indicating that the
crystal convert from extrinsic to intrinsic type semicon-
ductor along the c-axis at temperature of 330 K. The
energy band gap of TlGaTes being 0.82 eV is close to
that determined from band structure analysis as 0.86 eV
[13] and as 0.84 eV [14].
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Fig. 2. The variation of current density versus applied
voltage. The inset illustrates In(A)—7T"" dependence.

Figure 2 displays the temperature dependence of the
current density—voltage characteristics being recorded
along the a-axis. The curves are very similar to that
observed at room temperature. For single-carrier injec-
tion and discrete traps, the equation for the SCLC takes
the form [15]:

2
J = gﬁues%, (1)
where ¢ is the static dielectric constant of the material,
L is the distance between the electrodes, p is the mobil-
ity and 6 is the ratio of the free carrier density to the
trapped carrier density. For hole injection and hole trap-
ping, 0 is given by
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Here, P; is the trapped hole density (the crystals are of
p-type conduction [9]), Ny is the effective density of states
for the valence band, g is the degeneracy factor and E}

is the energy of trap level. By inserting Eq. (2) into (1),
the J—V dependence becomes,

9 gN, E N\ V? 9
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The J—V plots (see Fig. 2) in the SCLC region at dif-
ferent temperatures were observed to correspond to dis-
crete trapping levels because of the large quadratic region
following the ohmic one. Using the intercepts (In(A))
of the In(J)—In(V) variations in the quadratic regions,
and plotting it as a function of reciprocal temperature
as presented in inset 1 of Fig. 2, the trap energy level
was determined as 0.26 eV. By substituting the values
of the Hall mobility, the valence band effective density,
the distance between electrodes, the static dielectric con-
stant and the degeneracy factor as y = 105 cm? V=1 s,
N, = 4.83 x 10" (m* = 0.73mg)*/?T~3/2, L = 0.20 cm,
€s = 14.8 [16], g = 2 which are reported in the previous
works [9, 10], the hole trap density values were calcu-
lated at room temperature from Eq. (4) and found to be
5.6 x 101 em™3. The existence of this trap level may
be attributed to the vacancies of Tl, Ga or Te atoms
in the crystals. Similar behavior of J—V characteristics
at similar temperatures (260-340 K) with £y = 0.33 eV
and Ny = (1.4—2.2) x 10'3 ¢cm™3 was also reported for
T1GaSe; layered crystals [17].

The value of the trap energy level being 0.26 eV
which was determined from the J—V plots of the a-axis
measurement coincides with that determined from (the
ohmic region measurements) resistivity analysis along the
c-axis [10]. In spite of the pronounced anisotropy of the
crystal, the same energy levels appears to exist along
both directions, it only differs in the temperature domi-
nation region.

Figure 3a reflects the variation of the current density
with applied electric field (&) being registered along the
a-axis at different temperatures. For low applied electric
fields (¢ < 0.5 V/cm), the current density—temperature
dependence is very weak. As ¢ increases the J—T ! vari-
ations become more pronounced. At high electric field
values (¢ > 5.0 V/cm) the J—T~! variations are paral-
lel and systematic. The slopes of the In(J)—7T~! plots
shown by solid lines in Fig. 3a in accordance to the rela-
tion, J = Jyexp(—FE,/kT), revealed an electric field de-
pendent activation energies (E,). The field dependence
of activation energy is shown in Fig. 3b. As may be seen
from the plot, the activation energy exhibited a value of
0.15 eV at 0.5 V/cm and it increases to 0.22 at 3.5 V/cm
and reaches 0.26 at 6.0 V/cm (space charge limited re-
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Fig. 3. (a) In(J)—T"' dependence along the a-axis.

(b) The electric field dependence of activation energy
along the a-axis.

gion) where then it remains constant. The constant value
of E, and its equality to E; at high fields assures the
discreteness of the trap sets in the space charge limited
region.

The variation of the current density activation energy
with electric field may be explained by means of the
Poole-Frenkel effect [18] in which the current density
takes the form,

. 8e){p(—q(aﬁb - \/qa/ﬂﬁ’)) 5)

kT

Here, ¢, is the voltage barrier (in zero applied electric
field) that a hole must cross to move from one atom to
another in the crystal, ¢ is the dynamic permittivity. In
the Poole-Frenkel effect the holes are generally trapped
in localized states. Occasionally, random thermal fluc-
tuations will give the holes enough energy to get out of
its localized state, and move to the valence band. Once
there, the hole can move through the crystal, for a brief
amount of time, before relaxing into another localized
state. This effect describes how, in a large electric field,
the hole does not need as much thermal energy to get
into the valence band (since part of this energy comes
from being pulled by the electric field), so it does not
need as large a thermal fluctuation and will be able to
move more frequently.

Figure 4 reflects the non-ohmic region of the J—V
characteristics being recorded at different temperatures
along the c-axis. The solid lines which represent the lin-
ear slopes of the In(.J)— In(V') plots are parallel with slope
values of approximately 3/2. This type of behavior may
be explained by the Child—Langmuir carrier transport
law in semiconductors [19] in which the current density
is given as
2q V3/2

J = JCL(T, nD) %ES?. (6)

Here, € is the static dielectric constant of the material
along the c-axis and Jor(7,np) is the Child-Langmuir
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Fig. 4. (a) In(J)—In(V) plots in the space charge re-

gion along the c-axis. (b) The illumination dependence
of open circuit photovoltage.

current density which depends on carrier flight time (7 =
V2q/m*€VY2 /L with ¢ being carrier relaxation time)
and doping carrier density (np). The Child-Langmuir
current density dominates when the applied potential be-
tween the electrodes is much larger than the thermal en-
ergy associated with the emitted carriers. In other words,
when the current saturates at a maximal value deter-
mined by the condition that the electric field vanishes
at the emission electrode (contact point) the crystal is
said to operate under the Child—Langmuir space charge
limited regime [19].

Figure 4b displays the linear open-circuit photovolt-
age response (Vo) as a function of illumination intensity
being recorded at zero bias voltage and at 300 K, respec-
tively. The data were recorded parallel to c-axis of the
crystal. A systematic linear increase in V.. is observed
upon an increment in the light intensity F. The behavior
is an indication of the photovoltaic property. The maxi-
mum photovoltage, obtained at an illumination intensity
of 100 mW cm~2 (0.70 s.un.), is equal to 16 mV. The cor-
responding short-circuit current density is 6.25 uA cm 2.
These features of TlGaTes crystals are promising char-
acteristics for using the crystals in solar cell fabrication
if some modifications that improve the short circuit cur-
rent dengsity are done. The latter idea may be a purpose
of future scientific research.

4. Conclusions

The anisotropic electrical and photovoltaic properties
of TlGaTes crystals are investigated by means of current
density—voltage characteristics in the temperature region
of 300400 K. The data analysis reflected a direction de-
pendence of conduction. Namely, along the crystal’s axis
the current is governed by the Child-Langmuir current
density which dominates when the applied potential be-
tween the electrodes is much larger than the thermal
energy associated with the emitted carriers. The crys-
tal along that axis exhibits intrinsic type of conduction.

Perpendicular to the crystal’s axis, the crystal is extrinsic
and the current density is limited by space charges which
are trapped to sites in the lattice. For the same axis, the
activation energy is found to be electric field dependent.
This behavior is due to random thermal fluctuations will
give the holes enough energy to get out of its localized
state. TlGaTe, crystals are observed to exhibit photo-
voltaic properties. The maximum open-circuit photo-
voltage and maximum short-circuit current density were
found to be 16 mV and 6.24 yA cm ™2, respectively. These
parameters are promising for the usage of these crystals
as solar cells.
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