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Abstract: n-AgInSe,/p-Si heterojunction diode was fabricated by a successive layer deposition
of AglnSe; thin film on p-type Si. The ideality factor and saturation current of the diode have
exhibited temperature dependent behaviour. The activation energy was calculated by using
traditional activation energy plot. The current mechanisms for diode were determined as defect-
assisted tunnelling and carrier recombination. Furthermore, a modified Horvath method which
was firstly presented for n-AglInSe:/p-Si heterojunction here was used for calculation of
activation energy.
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n-AglnSe2/p-Si Heteroeklem Diyodunun Sicakhiga Bagh Akim-Gerilim
Karakteristikleri

Ozet: n-AgInSe,/p-Si heteroeklem diyodu, AglInSe; ince filminin p-tipi Si iizerine ardil tabaka
biriktirme yontemi ile imal edilmistir. Diyodun idealite ¢carpani ve doyma akimi sicaklia bagh
davranis gostermistir. Aktivasyon enerjisi, geleneksel aktivasyon enerji grafigi kullanilarak
hesaplanmigtir. Diyot i¢in akim iletim mekanizmalar1 kusur-destekli tiinelleme ve tasiyict
rekombinasyonu olarak belirlenmistir. Ayrica aktivasyon enerjisini hesaplamak igin
degistirilmis Horvath yontemi n-AgInSe2/p-Si heteroeklemi i¢in ilk defa burada sunulmustur.

Anahtar kelimeler: AgInSe; ince film, Sicaklik bagliligi, Degistirilmis Horvath yontemi.

1. Introduction

A layer of material ranging from fractions of a nanometer to several micrometers in
thickness is called as a thin film. When a material is deposited as a thin film, it gains
new properties that are quite different from its bulk form [1]. Owing to their less space
requirements and less cost as well as the new properties, thin films have a large variety
of applications in solid-state electronics industry [2, 3]. Thin films are commonly used
in functional devices such as sensors, transistors, actuators, solar cells, diodes, etc.[4-6].

AgInSe; thin films can be promising candidate for solar cell and diode applications
because that AgInSe; thin films have a direct band gap of 1.19 eV and high absorption
coefficient [7]. They have been used in heterojunction solar cells [8—11], heterojunction
diodes [12] and Schottky diodes [13]. Whereas there are a lot of studies on AglInSe;
based solar cells, a little information is available in literature on AgInSe; based
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heterojunction diodes. An analysis of temperature-dependent current-voltage (I-V)
characteristic of AgInSe; based heterojunction diode is not found in literature.

The analysis of temperature dependent I-V characteristics of a heterojunction diode have
been investigated by using traditional (Richardson plot for a Schottky diode) activation
energy plot [14, 15]. The saturation current determined by extrapolation of linear part of
semilogarithmic I-V plot are employed to draw activation energy graph. In case of a
narrow linear region, it is difficult to determine the fitting region of 1-V data and the
saturation current, reliably [16]. Horvath method to eliminate this difficulty were
developed by ref. [17]. The method provides to directly extract the junction parameters
from |-V characteristics using the dependence of the forward bias on temperature.

In our study, to reveal current-transport mechanism of n-AginSe,/p-Si heterojunction
diode, current-voltage (I-V) characteristics of the diode are investigated in the
temperature range of 280 K-360 K with steps of 20 K. Temperature dependent I-V data
is analysed by traditional activation energy plot and a new method which is developed
in this study is presented by modifying of Horvath method.

2. Material and Method

One side polished p-type Si <111> wafer with an acceptor concentration of 6.94 x 10
cm™ was used as a substrate material to fabricate n-AgInSe2/p-Si heterojunction diode.
Before the deposition of AginSez (AIS) thin film, the Si wafer was exposed to standard
wet chemical cleaning procedure to eliminate the organic and inorganic contaminants.
For purpose of a low resistive ohmic contact, aluminium (Al) was thermally evaporated
on back surface (unpolished surface) of Si followed by annealing. Then, AIS thin film
of 900 nm thickness was grown by a successive process in which the AIS-Ag-AIS-Ag-
AIS-Ag layers were deposited by e-beam and thermal evaporation on the front surface
of p-type Si substrate. The detailed experimental procedure, morphological properties of
AIS film, current-voltage (I-V) and capacitance voltage (C-V) characteristics of n-
AglInSe,/p-Si heterojunction diode at room temperature were described in our early
study [12]. Temperature-dependent 1-V measurements were carried out in a Janes VPF-
475 cryostat by using Keithley 2400 SourceMeter. The sample temperature was always
monitored by means of a copper-constantan thermocouple and a Lakeshore 321 auto-
tuning temperature controller with sensitivity better than +0.1 K. To enable to use
modified Horvath method, the voltage values was measured for the applied currents.

3. Results

The temperature-dependent semilogarithmic reverse and forward bias current-voltage
(I-V) characteristics of n-AgInSe2/p-Si heterojunction diode are given in Figure 1. For
each temperature, the forward bias current exponentially increases with increasing
voltage in medium voltage region and the diode exhibits good rectifying behaviour.

The relationship between current and voltage of a p-n heterojunction is expressed by the
diode equation found in many sources [18]:

I=1, [exp (%) - 1] 1)
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Here q is electronic charge, n is ideality factor, k is Boltzmann’s constant, T is absolute
temperature. Some values belong to energy band alignment of n-AgInSe./p-Si
heterojunction diode are summarized in Table 1. In the table, Eg, s, and @s represent
the band gap, electron affinity, and work function, respectively.
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Figure 1. Semilogarithmic reverse and forward bias current-voltage (I-V) characteristics of n-AginSe./p-
Si heterojunction diode at five different temperature values.

Table 1. Some values belong to energy band alignment of n-AglnSe,/p-Si heterojunction diode.

Semiconductor Eg (eV) x (eV) @ (eV)
Si 1.12 401 4.79b
AglnSe; 1.19 4.15% 4.56°

2) Because the experimental value of the electron affinity of AgInSe: is not available in literature,
the electron affinity value of its binary analog (CdSe) are used [13].

b) Calculated values for acceptor concentration of Na=6.94x10* cm for p-Si and for donor
concentration of Np=6.06x10* cm™ for n-AgInSe: at room temperature [12].

By using the values in Table 1, the discontinuities in conduction (AE¢ ) and valance
band (AEy ) were calculated as 0.14 eV and 0.21 eV, respectively. Since the conditions
of ys (p-Si) < xs (N-AgInSe2) < ys (p-Si) + Eq (p-Si) and @s (p-Si) >@&s (n-AginSey) are
provided , the saturation current (lo) is given by [19],

(AEC+V i)
I, =Cexp [— qu] 2

where C is a constant and Vi is built-in voltage of the heterojunction. Table 2 contains
lo and n values obtained by fitting of Eq. 1 to the temperature-dependent I-V data of n-
AgInSe,/p-Si heterojunction diode in the low bias region.

As refer to Table 2, |, increases with increasing temperature while n decreases. Similar
results for p-n junctions have been reported for several studies [8, 20-23]. The values of

20



D. A. ALDEMIR” et, al., | The Temperature-Dependent Current-Voltage Characteristics of n-AgInSe2/p-
Si Heterojunction Diode

n are quite large according to an ideal p-n junction. Decreasing trend in n values with
increasing temperature can be due to the thermionic emission over the barrier of AE; +
Vi but this case cannot explain the large values for each temperature [24, 25]. The large
values of n can be attributed to defect-assisted tunnelling and carrier recombination in
the depletion region by virtue of interface states which are stem from lattice defects
during the deposition of AginSe; film and intrinsic states of Si [8, 24, 26].

Table 2. Some parameters of n-AglnSe,/p-Si heterojunction diode obtained from temperature-dependent
I-V data.

Temperature (K) 1, (10° A) n

280 1.26 4.23
300 1.48 3.86
320 1.78 3.62
340 2.04 3.36
360 2.28 3.06

An activation energy plot is widely used tools for further analysis for transport
mechanism of a heterojunction. If Eq. 2 is re-arranged,

Inl, = InC — W 3)

is obtained. According to Eq. 3, Inl, vs (KT)? plot gives a straight line and AEc + Vi can
be determined by its slope. Figure 2 shows Inl, vs (KT)? plot of n-AglnSex/p-Si
heterojunction diode.
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Figure 2. Activation energy plot of n-AglinSe2/p-Si heterojunction diode.

The plot is quite linear and this behaviour implies that the temperature dependence of I,
value is in close agreement with estimation of Eq. 2. The value of AE¢+Vy,; is determined
0.066 eV. This value is too low than expected. The low value implies that the
concentration of the trap states is high and defects or traps assisted tunnelling process is
the dominant current transport mechanism across the n-AginSe>/p-Si interface [21, 25,
27, 28]. The value of InC is determined as -8.56.
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In this study, a new tool to determine the activation energy was obtained by inspiring of
Horvath method [17]. In Horvath’s method, the Schottky diode parameters such as
barrier height and Richardson constant are directly calculated from the measured
experimental data instead of saturation current which is determined extrapolation of Inl-
V plot to V=0. Horvath method assumes a unity ideality factor (i.e. n=1) whereas non-
ideal behaviour is taken into account in here. For V > 3kT/q, substituting an actual
current level I; and expression of I, in Eq. 1, and taking the natural logarithm of both
sides, after a re-arrangement one obtains: If the forward bias is greater than 3kT/q, “1”
on the right side of the Eq.1 can be neglected. After a rearrangement of Eq. 1 by
substituting an actual current level I and taking the natural logarithm of both sides, one

obtains:

Zi = lnll - % = InC — —q(AE;;:Vbl) (4)
The second term in Eq. 4 are directly calculated by determining the temperature
dependent V values for a constant applied current (li). The n values in Table 2 are used
in Eq. 4. A plot of Zi vs 1/KT is linear and its slope gives the activation energy of
AEc+Vpi. Note that a current source should be employed to achieve reliable results
because the measured values of V for the applied currents for each temperature are used
to calculate Z; values. Figure 2 shows Z; vs 1/KT plots as a function of applied currents
in the range of 1x10° A and 9x10° A with steps of 1x10° A for n-AglnSe,/p-Si
heterojunction diode.
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Figure 3. The plots belongs to modified Horvath method in the applied current range between 1x10°5 A
and 9x10° A with steps of 1x1075 A,

As can been seen from the Figure 3, Zi vs 1/KT is linear for each applied current value
and this shows the presented method is useful for calculation of activation energy value
of n-AgInSe2/p-Si heterojunction diode. The activation energy and InC values obtained
for each applied current are summarized in Table 3. Activation energies obtained from
Zi vs 1/KT plots are different for each applied current. The energies get closer to
traditional activation energy plot results as the applied current increases. For modified
Horvath method, a constant n value is assumed for each temperature but the value of n
Is not constant for whole current region. For example, the series resistance of the diode
causes the higher value of n at high current levels. Therefore the applied current
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dependence of activation energy may be attributed to changing of n with applied
current. InC values obtained from modified Horvath method are approximately same
and are in close agreement with InC value that determined from traditional activation
energy plot, reasonably.

Table 3. The activation energies obtained from Z; vs 1/KT plots.

li (10'5A) AE+Vyi (eV) InC
1.0 0.027 -10.83
2.0 0.039 -10.61
3.0 0.047 -10.51
4.0 0.053 -10.48
5.0 0.057 -10.50
6.0 0.061 -10.54
7.0 0.063 -10.60
8.0 0.065 -10.67
9.0 0.066 -10.74

4. Conclusion and Comment

The temperature-dependent |-V characteristics of n-AgInSez/p-Si heterojunction diode is
investigated in the temperature range of 280-360 K to reveal the dominant transport
mechanism of the diode. The saturation current obtained from semilogarithmic forward
bias I-V plot exhibits weak temperature dependence while ideality factor value is strong
temperature dependence. The large values of n and relatively small value of activation
energy that is obtained traditional activation energy plot imply that the dominant current
transport mechanism in n-AgInSe,/p-Si heterojunction diode is defects or traps assisted
tunnelling process. Furthermore, a modified Horvath model for determination of the
activation energy is presented for n-AginSe,/p-Si heterojunction diode in this study.
The results obtained from the model and traditional activation energy plot is in close
agreement, reasonably.
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