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Abstract

A new Schottky diode, Al/p-GaSe, was presented in this study. It shows an effective barrier height
of 0.96 eV with an ideality factor of 1.24 over five decades and a reverse leakage current density of
4.12×10−7 A/cm2 at −2 V after rapid thermal annealing at 400 ◦C for 30 s. The generation–recombination
effect of the Schottky diode was decreased as the annealing temperature was increased. The formation of
Al1.33Se2 was observed by X-ray diffraction analysis after the diode was annealed at 400 ◦C for 30 s.
Owing to the grains’ growth, the surface morphology of the 400 ◦C-annealed diode was rougher than that
of the unannealed diode, which was observed both by the AFM and the SEM analysis.
c© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Layered III–VI semiconductors, among them gallium selenide (GaSe), are known to present
outstanding nonlinear optical properties which have been widely investigated during the last few
years. Their refractive index anisotropy makes them suitable for second harmonic generation [1],
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parametric oscillation [2], and frequency mixing [3] in the middle infrared spectral zone where
they are transparent.

GaSe is a native p-type semiconductor, while the electrical and optical characteristics of
GaSe crystal material when doped with elements in groups I, II, IV, and VII had been reported.
Hole concentrations of the order of 1015–1016 cm−3 at room temperature have been obtained
by doping with Cd, Zn, Cu, and Ag. The electrical and material characteristics with a hole
concentration of about 1.5 × 1017–6 × 1017 cm−3 when doped by Er have been reported in
our previous study [4]. Gallium selenide has a relatively large band gap energy of 2.0 eV, so it
has potential applications to photoelectric devices that operate in the visible region [5]. Device
applications such as the GaSe/GaSe1−xSx multi-quantum well structure [6] have been used to
realize visible light emitter diodes. The gallium selenide crystal was also used as the material
for nuclear particle detectors [7]. The detector was constructed using a scheme, Ag/GaSe/Sn, to
evaluate the average energy needed to produce an electron–hole pair through nuclear particles. In
order to attain devices such as light emitter diodes or nuclear particle detectors with acceptable
characteristics, high quality metal contacts to GaSe are necessary. While the reports relating
metal contacts to GaSe were very few. Hughes et al. [8] discussed the Fermi level un-pinning
effect of the metal contact to GaSe. Gozzo et al. [9] studied the material characteristics of gold
contact to GaSe, but with a lack of electrical characteristics. In the research, both the electrical
and material characteristics of the Schottky diode, Al/p-GaSe, were studied. The p-type gallium
selenide crystal was doped with Er, and its hole concentration is about 1.53 × 1017 cm−3.
The metal electrode was evaporated through evaporation. The current–voltage characteristic was
measured by a semiconductor parameter analyzer. The material characteristic of the diode was
evaluated by X-ray diffraction analysis (XRD), scanning electron microscopy (SEM) and atomic
force microscopy (AFM).

2. Experiment

The p-type Er:GaSe crystals used in this study were obtained by the Bridgmann method.
Er with a purity of 99.95% was added to a stoichiometric melt of GaSe. Raw materials were
enclosed in a well-cleaned quartz tube at 10−6 Torr. Growth proceeded with a thermal gradient of
30 ◦C/cm and a growth rate of 2 cm/day. After growth, square samples with faces perpendicular
to the c axis were prepared using a razor blade; their typical dimensions were 4 × 4 × 0.3 mm3.
The Hall coefficients were found using a four-point direct current Van Der Pauw configuration
at temperatures between 80 and 300 K to obtain the effects on the concentration and mobility
of carriers. The current was made to flow in the surface planes and a magnetic field (∼0.5 T)
was applied perpendicular to these planes. The carrier concentration of the GaSe:Er crystal is
1.53 × 1017 cm−3 and resistivity is 1.199 � cm. A thermal evaporator was used to deposit
aluminum on the front surface of GaSe substrate in a vacuum of 1×10−6 Torr. The shadow mask
was used to define the pattern of the aluminum metal electrode. The thickness of the aluminum is
100 nm, and the Schottky contact electrodes were circles with diameters of 200 µm, 300 µm and
400 µm respectively. After metal deposition, the samples were treated by rapid thermal annealing
(RTA) at 200 ◦C, 300 ◦C and 400 ◦C, respectively for 30 s. The ohmic contact on the back
side of GaSe substrate was then formed by soldering high-purity indium. The current–voltage
(I –V ) characteristic was measured at room temperature by using an HP-4145B semiconductor
parameter analyzer. The rectified characteristics, including Schottky barrier height, ideality factor
and reverse leakage current, were evaluated. The XRD was used to identify the variation of
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Fig. 1. The forward bias I –V characteristic of the Al/p-GaSe diodes as a function of annealed temperature.

phases after the diode was treated at different annealing temperatures. Both SEM and AFM were
used to observe the surface morphology of the diodes.

3. Results and discussion

The effective barrier height φb and ideality factor n, were determined by using the thermionic
emission current voltage expression:

I = Is

[
exp

(
q(V − I Rs)

nkT

)
− 1

]
(1)

where Is = AA∗∗T 2 exp[−qφb/kT ] (2)

where Rs is the series resistance of the diode, V is the applied voltage, q is the electronic charge,
k is the Boltzmann constant, T is the absolute temperature, A is the diode contact area, A∗∗ is
the effective Richardson constant, φb is the effective Schottky barrier height (SBH) at zero bias,
and n is the ideality factor. A theoretical A∗∗ value of 247 A cm−2 K−2 was used for GaSe. The
value is based on effective electron mass using mn = 0.5mo. The ideality factor is derived from
n = q/kT [∂V/∂(ln J )].

Fig. 1 shows the forward characteristics of the Al/p-GaSe contact. The saturation current
density, Js , is 4 × 10−10 A/cm2 for the as-deposited contact, 7 × 10−10 A/cm2 for the 300 ◦C
annealed contact and 2 × 10−9 A/cm2 for the 400 ◦C annealed contact. Their effective Schottky
barrier height is 0.99 eV, 0.98 eV and 0.96 eV for the as-deposited, 300 ◦C-annealed, and 400 ◦C-
annealed contacts, respectively. The formation of the barrier arose from when the metal was in
contact to GaSe: electrons flow from the metal into the semiconductor till the Fermi levels on the
two sides are aligned. These electrons are minority carriers in the p-type GaSe. After reaching
the semiconductor they recombine with holes giving rise to a space charge layer of ionized
acceptor layer. The space charge region yielded a diffusion barrier at the contact interface. The
ideality factor of the as-deposited contact is 2.1, of the 300 ◦C-annealed contact is 1.84 and of
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Fig. 2. The reverse bias I –V characteristic of the Al/p-GaSe diodes as a function of annealed temperature.

the 400 ◦C-annealed contact is 1.24. The ideality factor reveled that the as-deposited contact
shows recombination effect during forward bias. As the annealing temperature was increased,
the ideality factor moved closer to 1. This indicates that the surface states were passivated and
generation–recombination effects were decreased after the thermal annealing.

For the reverse bias current–voltage characteristics, due to the presence of image-force
induced barrier lowering, the reverse current can be expressed from Eq. (1) as

IR = AA∗∗T 2 exp
[ q

kT
(φb − 1φb)

]
(3)

where 1φb is the image-force barrier lowering given by
√

q Em/4πε, where Em is the maximum
electric field strength at the contact and ε is the GaSe permittivity. The reverse current
shown in Fig. 2 is several orders of magnitude higher than expected values from Eq. (3) and
indicates the mechanisms such as surface leakage, depletion layer generation or defect-assisted
tunneling are present. Fig. 2 shows the reverse characteristics of the Al/p-GaSe contacts after
different annealing temperatures. The reverse leakage current depends on both bias and annealed
temperature. As the reverse bias voltage increased the leakage current increased, while the
leakage current could be reduced as it was passed through thermal annealing. The reverse leakage
current density is equal to 5.73 × 10−4 A/cm2 at the bias of 3 V of the as-deposited diode. It
could be improved to 9.28 × 10−5 A/cm2 as it was treated with 300 ◦C annealing for 30 s. Also,
it could be further improved to 6.4 × 10−6 A/cm2 as the annealing temperature was increased
to 400 ◦C. This result accounts for the passivation of defects or interface states of the contact
interface after thermal annealing.

Fig. 3(a) shows the XRD analysis of the as-deposited Al/p-GaSe diode. Most of the diffraction
peaks belong to the phases of GaSe. The diffraction angles of GaSe(004) were centered at
2θ = 22.16◦, of GaSe(006) were centered at 2θ = 33.58◦, of GaSe(1010) were centered at
2θ = 39.42◦, of GaSe(008) were centered at 2θ = 45.34◦, and of GaSe(0010) were centered at
2θ = 57.62◦. The diffraction peak of Al(111) was that corresponding to 2θ = 38.58◦. As the
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Fig. 3. The XRD spectrum of Al/p-GaSe diodes (a) as deposited, (b) after RTA at 400 ◦C for 30 s.

Fig. 4. The AFM pictures of Al/p-GaSe diodes (a) as deposited, (b) after RTA at 300 ◦C for 30 s, (c) after RTA at 400 ◦C
for 30 s.

diode was treated with RTA annealing at 400 ◦C for 30 s, a new phase of Al1.33Se2 was found at
2θ = 28.3◦ as shown in Fig. 3(b). This means that the reaction between Al and GaSe occurred
after the thermal annealing.
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Fig. 5. The SEM pictures of Al/p-GaSe diodes (a) as deposited, (b) after RTA at 300 ◦C for 30 s, (c) after RTA at 400 ◦C
for 30 s.

Fig. 4(a), (b) and (c) show the AFM pictures of the as-deposited diode, the 300 ◦C-annealed
diode, and the 400 ◦C-annealed diode, respectively. The area of these diodes which were shown
on the AFM pictures is 1 µm2. The root mean square (RMS) value is equal to 1.56, 2.74 and 2.87
for the as-deposited diode, 300 ◦C-annealed diode and 400 ◦C-annealed diode, respectively. The
rough surface morphology of the 400 ◦C-annealed diode was due to the reaction between Al and
GaSe which produced new grains and these grains lead to the roughness of the contact surface.

Fig. 5(a), (b) and (c) show the SEM pictures of the as-deposited diode, the 300 ◦C-annealed
diode, and the 400 ◦C-annealed diode, respectively. Each area of the contact surface was equal
to 75 × 55 µm2 which was shown in these SEM pictures. A very smooth surface morphology
was shown at the surface of the as-deposited diode. As the annealed temperature was increased,
the contact gradually showed rough surface morphology. As it was increased to the annealing
temperature of 400 ◦C, many small bulges were observed at the surface.

The Al/p-GaSe showed better electrical characteristics after it was treated with RTA
annealing. These annealings passivated the interface states of the contact interface. The
generation–recombination effect of the diode which was in response to the bias voltage was
degraded. It was confirmed by the observation of the ideality factor at forward bias and by the
lowering of the leakage current density at reverse bias of the annealed diodes.
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4. Conclusion

A new Schottky diode, Al/p-GaSe was realized in this research. It showed an effective
Schottky barrier height of 0.94 eV with an ideality factor of 1.24 at the 400 ◦C-annealed diode.
The contact interface of the diode was passivated after thermal annealing. The passivation gave
rise to a lower reverse leakage current and a better ideality factor. A new phase of Al1.33Se2 was
formed and the surface became rough after the thermal annealing.
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