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Abstract

Structural and electrical features of p-type neodymium-doped GaSe single crystal (0.1 at.% Nd) grown by modified Bridgman
technique was investigated through X-ray diffraction (XRD) and current—voltage (/-V) measurements. The XRD spectrum
reveals that GaSe:Nd single crystal investigated has hexagonal structure (a=3.750 A, ¢=15.950 A and z=4, P63/mmc
space group) with preferred orientation along (004). Ohmic contact was realized by evaporating indium (In) on one surface
of the GaSe:Nd single crystal at 107 Torr while Shottky contact was obtained by evaporating twelve Au dot contacts with
7.85x 1073 cm? area on the other surface of the crystal. The -V characteristics of Au/GaSe:Nd/In Schottky contact was
analysed in the 100-360 K temperature range. The main Schottky diode parameters such as ideality factor, barrier height
and the series resistance values were determined as a function of temperature using conventional /-V method and Norde
method. The ideality factor n of the Au/GaSe:Nd/In Schottky contact was observed to decrease while the barrier height @,
increased with increasing temperature. Temperature dependence of the diode parameters were attributed to the existence of

barrier height inhomogeneity by assuming a Gaussian distribution of Au/GaSe:Nd/In Schottky contact.

1 Introduction

As a layered single crystal, GaSe is formed by the stack-
ing of Se—~Ga—Ga—Se atoms in two-dimensional layers with
four polytpes depending on the stacking of the layers [1-4].
The difference between interatomic (covalent) and interlayer
(van der Waals) bonding causes a strong anisotropy in these
crystals. Weak interlayer interactions makes easy cleavage
possible along the c-axis [3-7].

GaSe single crystal has direct and indirect band gap ener-
gies of about 2.02 eV and 2.1 eV at room temperature [3,
4, 8] which make it a potential material for LEDs, Schottky
barrier diodes (SBDs), radiation detectors, photoconductor,
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spintronic, photoelectronic and optoelectronic devices and
non-linear optical applications [1-10]. The transmission
range of GaSe single crystal extends from 0.65 to 18 um
[7-9, 11, 12]. GaSe crystals have been doped with differ-
ent atoms to control and modify the structural, optical and
electrical properties [1, 5-7, 9, 12—18]. These crystals can
exhibit both p- and n-type conductivity depending on the
experimental conditions and composition. For instance, Cl
and Ge-doped GaSe crystals show n-type conductivity [14,
17] while Gd, As and Sb doped crystals show p-type conduc-
tivity [13, 14, 16]. The structural properties of undoped and
doped GaSe crystals have been studied by XRD and Raman
spectroscopy [2—4, 6, 19, 20] while the electrical properties
of GaSe have been studied by current—voltage (/-V) and Hall
effect measurements [21-24]. Resistivity and Hall mobil-
ity measurements conducted in the 77-850 K temperature
interval revealed five acceptor levels in the 31-310 meV
range [22]. Activation energies of GaSe crystals annealed
at 500 °C and 700 °C were found to be between 234-267
and 26-74 meV at 100-190 K and 200-320 K temperature
ranges, respectively [23]. Tin was shown to behave as a
double-acceptor level in GaSe with ionization energies of
155 and 310 meV [24]. Three trap levels were determined at
0.02 eV, 0.10 eV and 0.26 eV from the thermally stimulated
current measurements of layered GaSe single crystals con-
ducted in the 10-300 K temperature interval [21]. Several
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parameters of SBDs have also been identified for undoped
and Gd-doped GaSe crystals [13, 25-27].

In the present study, we have investigated the structural
and electrical properties of Nd-doped GaSe crystal through
XRD and temperature-dependent /-V measurements. To
the best of our knowledge, there is no experimental data
available on the current-transport mechanism and Schottky
diode application of Nd-doped GaSe crystals in the litera-
ture. Hence, the data presented will make important contri-
bution in understanding the device application potentials of
Nd-doped GaSe crystals.

2 Experimental

The p-type neodymium-doped GaSe single crystal (0.1 at.%
Nd) was grown by modified Bridgman technique using high
purity Ga (99.9999%), Se (99.9999%) and Nd (99.999%) in
evacuated quartz ampoules. The crystal growth details were
described in our previous study [1]. The ingot obtained was
bright red in color with mirror-like surfaces, characteristic
of layered structures. For the measurements, ingots were
cleaved using razor blade into about 10 mm X 10 mm plate-
lets with an average thickness of 170 pm. The XRD pattern
of the 0.1 at.% Nd-doped GaSe single crystal was recorded
on a Bruker D8 Discovery diffractometer with Cu-K,, radia-
tion (A=1.5418 A).

The ohmic contact was made on the perfect mirror sur-
face of GaSe:Nd single crystal by thermal evaporation of
In at 107 Torr and it was annealed at 300 °C for 5 min. in
N, atmosphere. Then, twelve Au dot circle contacts with
7.85x 107 cm? area were evaporated on the other perfect
mirror surface of GaSe:Nd at 107 Torr for Schottky con-
tacts. Thus, one Au/GaSe:Nd/In Schottky contact having the
best performance was selected and analysed in detail through
I-V measurements in the 100-360 K temperature range. The
I-V measurements of the Au/GaSe:Nd/In Schottky contact
were conducted with a Keithley 487 Picoammeter/Voltage
Source in dark.

3 Results and discussion

The XRD spectrum of GaSe:Nd single crystal is given in
Fig. 1 which is similar to the pattern observed our previous
study of undoped and Dy doped GaSe single crystals [8].
Analysis of XRD spectrum shows that the GaSe:Nd single
crystal grew in hexagonal structure with lattice parameters
a=3.750 A, c=15.950 A and z=4 belonging to the P63/
mmc space group (JCPDS-Card No: 37-0931), the same as
the undoped GaSe single crystal. The strongest diffraction
peak of GaSe:Nd was observed around 20=22.632° in the
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Fig. 1 The XRD spectrum of GaSe:Nd single crystal
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Fig.2 The current—voltage plots of Au/GaSe:Nd/In Schottky diode as
a function of temperature

XRD pattern corresponding to diffraction from the (004)
plane.

Figure 2 shows the current—voltage plots of Au/
GaSe:Nd/In Schottky diode as a function of temperature.
The measurements have been carried out between 100 and
360 K with 20 K steps. It is clearly seen that the /-V char-
acteristics of Au/GaSe:Nd/In Schottky diodes show two
regions of forward current transport which are affected by
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temperature. The low-voltage linear region is governed by
thermionic emission (TE), namely the forward bias I-V
curves are linear on the semi-logarithmic scale from 0.0
to 0.4 V and start deviating from linear behavior after-
wards. In the high voltage bias region, it is assumed that
mechanisms like the recombination current in the space
charge region [28] or the series resistance effect leads to
the deviation from the straight line [29]. Since the cur-
rent flow is caused by the carriers jumping over a barrier
in the Schottky diodes, more electrons will pass through
the barrier as the temperature increases, so the current
will increase with increasing temperature as seen in Fig. 2.
Hence, the TE theory [30] was used in the evaluation of
the I-V characteristics for lower biases. According to the
TE, the relation between current (/) and voltage (V) for a
Schottky diode is given by:

\%
=1, [exp <’Z€—T> - 1], (1)

where /| is the reverse saturation current expressed by:

()]
I = AL T? exp (-%) @)

The saturation current / is determined using the inter-
cept on the current axis of the In/ at zero-bias. In Eq. 2, g
is the electron charge, k is the Boltzmann’s constant, T is
the temperature in Kelvin, A* is the Richardson constant
and its value is 247 A/cm® K? for GaSe [31], and A is
the effective diode area (A=7.85% 1073 cm?). @, is the
Schottky barrier height at zero bias which is determined
from Eq. 2. The ideality factor n is a measure of conform-
ity of the junction to pure TE which is determined by the
slope of the In/-V plot through the relation:

_ 4 _dv
Tk dind) ©)

The value of n is unity (1) for perfect rectifying junc-
tions. However, it may not be possible to achieve a value of
1 in practice due to the bias voltage dependence of the bar-
rier height, presence of the interfacial thin layer between
metal and semiconductor, the higher series resistance of
the Schottky diode especially appearing at higher bias, the
barrier inhomogeneities and so on. n values greater than 1
degrades the device performance.

Twelve Au/GaSe:Nd/In Schottky diodes were prepared
under identical conditions. A plot of experimental barrier
height against the ideality factor of the Au/GaSe:Nd/In
Schottky diodes at the same temperature will give infor-
mation about the homogeneity of the diode. We have per-
formed the -V measurements of all diodes at 300 K and
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then calculated the experimental ideality factors and the
barrier heights of twelve diodes. The ideality factors of the
diodes ranged from 1.21 to 1.88 and the barrier heights
from 0.51 to 0.83 eV, respectively. We have observed
higher ideality factors for lower barrier heights which
is explained by the nonuniform interfaces and by lateral
inhomogeneities of the barrier height [32, 33].

The homogeneous barrier height has been calculated to
be 0.64 eV. Furthermore, the average effective Schottky bar-
rier height of 0.68 +0.11 eV and the average ideality factor
of 1.42 +0.14 were determined from the experimental I-V
plots for the Au/GaSe:Nd/In Schottky contacts. The diode
having the lowest ideality factor and highest barrier height
has been studied in detail as described below. Kurtin and
Mead have studied the barrier height of metal contacts on
GaS, GaSe, GaTe layered semiconductors, using the pho-
toresponse technique and analysed the dependence of barrier
height on the electronegativity of contact metals. They have
found a lower barrier height value of 0.45 eV for Au/p-GaSe
Schottky diode which is lower than the barrier height of
0.83 eV we obtained for the Au/p-GaSe Schottky diode at
room temperature. This discrepancy in @, values may result
from the differences in the fabrication techniques or experi-
mental preparation of the devices. It is desirable, however,
to obtain rectifier contacts with a higher barrier height, since
the high barrier height of rectifier contacts increase the rec-
tification rate of the device [34, 35].

n—T and @,-T plots of Au/GaSe:Nd/In Schottky diode
are given in Fig. 3. As seen, the measured ideality factors
decreased with increasing temperature. This decrease is very
sharp between 100 and 200 K and moderate between 200
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Fig.3 n-T and @,~T plots of Au/GaSe:Nd/In Schottky diode for vari-
ous temperatures
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and 360 K. The experimental values of n range from 2.31 (at
100 K) to 1.11 (at 360 K). The n value greater than 1 could
be attributed to other mechanisms aside the TE such as the
image force effect, recombination-generation processes or
tunneling. A wide distribution of low-barrier height patches
may be the reason for the high n value [36]. The barrier
heights were determined from TE [30] using:

* 2
q

“

The experimental @, values for Au/GaSe:Nd/In Schottky
diode were found to be in the 0.38 eV (at 100 K) and 0.96 eV
(at 360 K) range. The variation of barrier heights with tem-
perature is also plotted in Fig. 3. It is seen that the barrier
heights increase with increasing temperature while the ide-
ality factor shows the opposite behavior, i.e., it decreases.
Furthermore, this variation of the ideality factor and the bar-
rier height with temperature is clear evidence of the devia-
tion from TE theory in its current conduction mechanism.
For example, current transport of Au/GaSe:Nd/In Schottky
diode may be occurring through lower patches [37]. Figure 4
depicts the plot of experimental ideality factor versus the
barrier height for the Au/GaSe:Nd/In Schottky diode as a
function of temperature. Two linear regions are observed
between the experimental zero-bias barrier heights and
ideality factors of the Au/GaSe:Nd/In Schottky diode. The
linear relation between barrier height and ideality factor con-
firms the lateral inhomogeneities of the barrier height and
shows a discontinuity at the Au/GaSe:Nd/In interface [33,
38—41]. Furthermore, this curve allows one to determine the

barrier heights for an ideal junction diode. This behavior
indicates two activated processes with different average bar-
rier heights which were fit separately. For an ideal Schottky
diode, the extrapolation of ¢, and n gives the mean values
for ¢, which were determined to be 1.12 eV for region I and
0.74 eV for region II, respectively, in the present study. The
laterally homogeneous barrier height has been calculated as
0.64 eV from extrapolation to n=1 for the Au/GaSe:Nd/In
Schottky contacts using the linear relationship between the
effective barrier heights and the ideality factors. It is known
that the device preparation environment, measurement sys-
tem and the temperature dependence of the band gap may
also contribute to the fluctuations in barrier heights with
temperature.

The Richardson plot may be drawn to obtain the barrier
height of the Schottky diode analysed in a wide temperature
range in addition to conventional TE theory [42]. The Rich-
ardson plot of the Au/GaSe:Nd/In Schottky diode for various
temperatures has been obtained by rewriting Eq. 2 as:

Iy * qabo
In <ﬁ> =In(AA¥) — T

&)

Richardson plot obtained using Eq. 5 is given in Fig. 5.
The mean barrier height Ebo and Richardson constant A*
are determined from the slope and intercept of this straight
line. The &y value and A* are determined as 0.16 eV and
6.5x 1071 A/em® K2, respectively. The deviation in the value
of the Richardson constant from theoretical value may result
from the presence of the spatially inhomogeneous barrier
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height in addition to the potential fluctuations at the interface
of the Au/GaSe:Nd/In Schottky diode. The current mechanism
of Schottky diode depends on temperature, which means that
when the temperature is increased, the current flows prefer-
entially through the higher barrier areas. The voltage depend-
ence of the barrier height can be determined from the barrier
inhomogeneity model using the temperature dependence of
ideality factor n, as below [36, 43, 44]:

9% _ (l _ 9rs

= 1) =- —
v \n ) 2% kT ©)

In Eq. 6, p, and p; are the voltage coefficients, the former
being dimensionless, which may depend on T The coefficients
p, and p; quantify the voltage deformation of the @, distribu-
tion [39]. Figure 6 depicts [(1/n) — 1] vs 1/2kT plot of the
Au/GaSe:Nd/In Schottky diodes. The linearity of the curve
implies that the ideality factor expresses the voltage deforma-
tion of the Gaussian distribution of the SBDs. The coefficients
p, and p; are determined to be p, = 0.0833, p;=0.0266 V from
the intercepts and gradient, respectively, from Fig. 6.

Norde method [45] is used to determine the values of the
series resistance and barrier height via forward bias /-V meas-
urements. For this purpose, the function F(V) is described as:

v T ()
=55 <AA*T2>’ @

where f is the first integer (dimensionless) greater than
ideality factor n. In the evaluation of Eq. 7, first, the F vs.
V curve is obtained and then the minimum of the F vs. Vis
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diodes
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deterimined. After that, the value of barrier height can be
determined from Eq. (8):

o A ®)
B q

where F(V,)) and V|, are the minimum point of F(V) and V,
respectively. Figure 7 shows the F(V)-V plots of the Au/
GaSe:Nd/In Schottky diodes as a function of temperature.
Furthermore, the series resistance R, of a Schottky diode is
determined using Norde’s functions via Eq. 9:

_ kT —n)

D, =F(Vy) +

R ®

S

Figure 8 shows the barrier height and the series resist-
ance determined from the Norde method of the Au/
GaSe:Nd/In Schottky diodes as a function of temperature.
The temperature-dependent series resistance and bar-
rier height values are calculated and these are given in
Table 1. As seen, both parameters vary with temperature:
the R, decreased while @ increased with temperature. The
variation of the barrier heights with temperature has been
explained above. In addition, Norde’s method can be used
to obtain the experimental barrier height when TE is the
dominant conduction mechanism [46]. Both methods use
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Fig.7 The F(V)-V plots of the Au/GaSe:Nd/In Schottky diodes as a
function of temperature
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GaSe:Nd/In Schottky diodes as a function of temperature determined
from the Norde method

Table 1 Temperature-dependent electrical —parameters of Au/
GaSe:Nd/In Schottky diodes determined from /-V-T measurements

Temperature -V Norde

() n D, (eV) D, (eV) R, (Q)
100 2.31 0.38 0.36 5354
120 222 0.43 0.39 5249
140 2.16 0.45 0.41 5019
160 1.90 0.53 0.49 4887
180 1.54 0.59 0.55 4512
200 1.37 0.65 0.61 4302
220 1.39 0.68 0.69 4118
240 1.34 0.72 0.73 3980
260 1.26 0.77 0.75 3698
280 1.23 0.80 0.82 3514
300 1.21 0.83 0.86 3405
320 1.19 0.87 0.89 3322
340 1.16 0.91 0.96 3304
360 1.11 0.96 0.98 3280

the forward bias region of I-V plots and both calculate
the effective barrier height value as a function of tem-
perature as seen in Eqgs. 4 and 7. Thus, the barrier height
values obtained from both techniques are expected to be
compatible with each other owing to the use of TE mecha-
nism. The decrease of the series resistance values with the
increasing temperature is attributed to the increase of the
free carrier concentration due to de-trapping of the carriers
at the interface of Au/GaSe:Nd/In Schottky diodes [47].

4 Conclusion

We have presented the structural and electrical proper-
ties of Nd-doped GaSe single crystal, grown by Bridgman
method. The XRD analysis showed that Nd-doped GaSe
single crystal grew with the same hexagonal structure as
the undoped GaSe single crystal. The electrical properties
of Au/GaSe:Nd/In Schottky diodes was investigated through
the current—voltage (/-V) measurements in the 100-360 K
temperature range. The ideality factor, the barrier height and
the series resistance have been determined and it was seen
that all parameters depend on temperature. The ideality fac-
tor n ranged from 2.31 (at 100 K) to 1.11 (at 360 K) while
the barrier height ®, ranged from 0.38 eV (at 100 K) to
0.96 eV (at 360 K) from conventional I-V plots. These varia-
tion of n and @, has been attributed to the barrier inhomoge-
neities by assuming a Gaussian distribution of Au/GaSe:Nd/
In Schottky diode interface. Similar variation of ®, was
obtained using Norde method. Series resistance decreased
with increasing temperature. This opposite variation of n and
@, with temperature has been explained in terms of barrier
height inhomogeneities at the interface of Au and GaSe:Nd.
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