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Needle-shape IrSe, microrods, with maximum thickness of 6 wm, maximum width of 17 wm, and 20 mm
in length were synthesized by the chemical vapour transport method with ICl3 as the transporting agent.
Energy-dispersive X-ray spectroscopy showed an atomic Ir to Se ratio of 1:(2 — §), where 0 < § <0.09. Scan-
ning electron microscopy showed single crystalline structure for the synthesized IrSe;. The electrical
properties of the IrSe, were studied via temperature dependent transport properties measurements in

the range of 20-510K. The thermal band gap was evaluated to be 0.17 eV. Room temperature Hall effect
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measurement showed p-type semiconducting character for the sample.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Iridium diselenide crystallizes with a tridimensional marcasite-
type structure and belong to the pumq (D%‘g) space group [1,2]. The

average Ir-Se bond distance is equal to 2.476 A and the long bond
length in the chalcogen pairs is dse_se =2.555 A [2,3]. To date, only
few works on the electrical [4] and vibrational properties [3] of
the materials have been reported. Morsli et al. [4] had reported
for the first time the temperature dependence of the conductivity
for polycrystalline IrSe,. However, they failed in their attempt to
measure the room temperature Hall effect. The failure has been
attributed to the extremely low Hall coefficient due to opposite
contribution of holes and electrons at room temperature.

In this article, we report the preparation and characteriza-
tion of IrSe; single crystals, as indicated by the scanning electron
microscopy (SEM), with naturally formed needle-like microrods.
Energy dispersive X-ray spectroscopy (EDX) was performed to
determine the stoichiometry of the sample. The marcasite-type
structure for the synthesized crystal structure was confirmed by
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the X-ray diffraction (XRD) patterns. We have also reported an
elaborate study of the temperature dependence of the transport
properties of IrSe, over an extended range from 20 to 510K. The
mechanisms affecting the temperature dependence of the trans-
port properties were discussed and analyzed.

2. Experimental

The synthesis of IrSe, microrods (Rs) was undertaken using the method of
chemical vapour transport with ICl3 as the transporting agent. The transport agent
and the elements (Ir: 99.99% pure, Se: 99.999%) were evacuated and sealed inside
a clean quartz tube. To improve the stoichiometry, selenium with 2 mol% in excess
was added with respect to iridium. The quartz tube was placed in a three-zone
furnace and the charge prereacted at 700°C for 72h with the growth zone at
900°C for 240h, preventing the transport of the product. The furnace was then
equilibrated to give a constant temperature across the reaction tube, and was pro-
grammed over 24 h to give an optimal temperature gradient of about 1080 — 1030°C
at which single crystal growth took place. SEM investigations were done employ-
ing a field-emission scanning electron microscope model JEOL-JSM6500F using an
acceleration voltage = 15 kV, while EDX was performed using the same set up fitted
with an OXFORD INCA Energy 300 spectrometer. The crystal structure is analyzed
by the Rigaku RTP300RC powder X-ray diffractometer using Ni-filtered CuKa radi-
ation with A=1.5418 A experimentally calibrated by a silicon standard. The XRD
patterns were recorded by means of a slow-moving radiation detector. The lattice
parameters were determined by the least-squares fit of SigmaPlot mathematical
software [5]. The best fitting result leads to a standard deviation within £0.01% and
confirmed the orthorhombic symmetry of IrSe; [1,2]. For the conductivity measure-
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Fig. 1. Morphology of the as-grown sample. Inset is a high magnification SEM image
of a selected microrod.

ments, the single crystals were rinsed successively with Aqua regia and deionizer
water and electrical connections to the crystal were made by means of gold wires
and attached to the crystal surface by means of conducting silver paint. The ohmic
nature of the contacts was confirmed by the current-voltage (I-V) characteristics,
which appeared linear and independent of the reversal current for low applied
voltages.

3. Results and discussion

Fig. 1 shows morphology of the sample, from which a large
number of needle-like microrods can be observed. The high mag-
nification SEM image of a selected microrod (in the inset in Fig. 1)
showed the synthesis of single crystalline orthorhombic IrSe; sam-
ple. The thickness of the IrSe; pRs varies from 3 to 6 wm, with
maximum width of 17 wm, and lengths up to 20 mm. The chem-
ical composition of the sample was analyzed by EDX, showing
an atomic Ir to Se ratio of 1:(2 —§), with 0<§<0.09 denoting the
slight selenium deficiency of the sample. The small deviation of the
atomic ratio can vary from point to point as well as from sample
to sample. This weak non-stoichiometry as mentioned by Morsli
et al. [4] has to be considered to explain the conductivity by hop-
ping.

From the XRD patterns (figure not shown), the values of
lattice parameters of the as-grown samples are fitted to be
a=2116+0.05A,b=5.88£0.01 A,and c=3.73 + 0.01 A. These num-
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Fig. 2. The temperature dependent electrical conductivity of IrSe;,. Inset is the
expanded view of the conductivity at high temperature.

bers differ slightly from the previously reported values of
a=20.94A,b=5.93A,and c=3.74A[1,2].

Displayed in Fig. 2 (hollow circles) is the electrical conductivity
(o) of IrSe, as a function of temperature in the range between 20
and 510K. From Fig. 2, the conductivity of the samples increases
with the increase of the temperature. The increase of conductivity
in the temperature range 50-90K is attributed to the ionization
effect of impurities and can be expressed as [6]:

—AE
0 =0( exp (T) (1)

where AE is the carriers activation energy. The Ino vs. 1000/T
graphs show the linear region where the slope yields carriers
activation energy to be AE=19+0.5meV for IrSe;. At tempera-
ture higher than 90 K, the temperature dependence of conductivity
deviates from linearity and attains a local maximum (full ion-
ization of impurity carriers) of 6=0.214 Q- 1cm~! at 150K. The
nonlinearity of conductivity may be attributed to the contribution
from the thermally activated hopping of small polarons associ-
ated with the non-stoichiometry of the narrow band gap material
[2,4]. Beyond 150K, the conductivity subsequently decreases (due
to electron-phonon scattering effect) for temperature increases up
to T; =430 K. The temperature T; corresponds to the onset of ioniza-
tion temperature for intrinsic carriers over the thermal band gap
of IrSe,. A second linear region exists in the 430-510K tempera-
ture range (inset in Fig. 2) where conductivity increases rapidly to
0.161 -1 cm~1 at 510 K. The temperature dependent conductivity
in the intrinsic region as a result of thermal activation of carriers
across the energy gap Eg [6,7] can be written as

0 = 0 exp (Tf]%) (2)
where o is a constant. From the Ino vs. 1000/T plots the slope
of the second linear region give the value of thermal band gap
to be 0.17+0.02eV. The obtained value is about half that of
the assumed temperature independent E;=0.33 eV by Morsli et
al. [4].

For the as-grown sample, we were also able to perform the
Hall effect measurements, which indicate p-type semiconduct-
ing behaviour of IrSe, single crystals with room temperature
Hall mobility and carrier concentration of 31 cm?V-'s-! and
7.9 x 10'6 cm~—3, respectively. These results differed considerably
with that of Morsli et al. [4], where compensated n-type IrSe,
was reported and they failed in their attempt to measure the
room temperature Hall mobility. The different electrical trans-
port properties are most likely due to the different growth
technique and the type of transport agent used in the growth pro-
cess.

4. Summary

In summary, we have demonstrated the synthesis of single crys-
tals IrSe; wRs with thickness of about a few micrometer, maximum
width of 17 wm and 20 mm in length by chemical vapour transport
method using ICl5 as a transporting agent. SEM image shows the
synthesis of microrods with orthorhombic symmetry and the EDX
analysis indicates nonuniform weak non-stoichiometry of the as-
grown samples. The electrical transport properties of IrSe, were
studied via the temperature dependent conductivity measure-
ments. The carrier activation energy was evaluated to be 19 meV.
The high temperature conductivity measurement yielded a thermal
band gap of 0.17 eV and the room temperature Hall measurements
showed p-type semiconducting behaviour with mobility equal to
31cm?2V-1s-1,
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