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NUMERICAL INVESTIGATION OF CURRENT TRANSPORT PROPERTIES
OF FUTURE GENERATION DEVICE UNDER HIGHLY SENSITIVE
TEMPERATURE
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In present research, current-transport mechanism in future generation devices like
Schottky diodes under highly sensitive temperature was investigate through the
mathematical approach. Typical thermionic emission model and Cheung function were
taking into account for analysis of transportation mechanism in a Schottky diode in
forward bias. Different electrical parameters were calculated for analysis of temperature
variation effect. Simulation of electrical parameters was performed via MATLAB under
the sensitive temperature range from 300K-1000K. Obtained results showed that barrier
height and ideality factor are strongly temperature dependent. The barrier height was
inversly proportional while the ideality factor was directly proportional to the temperature.
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1. Introduction

The field of Nano science and Nano technology has been seeking to develop new and
improved devices that have the capability to improve the life quality of human beings. Researchers
have intensively devoted themselves to work in this area of research and are continuously trying to
fabricate Nano scale devices with improved performance to make human life easier [1].
Nanotechnology is one of the leading fields that are creating new opportunities to make human life
safer and secure by fabricating nanoscale devices [2-3]. But the more use of electronic devices will
create more demand of energy. Therefore it is very important that these nanoscale devices are not
only smaller in size, more functional and easy to manufacture but must be less toxic, biosafe,
biodegradable, biocompatible and low consumption energy devices [4-5]. Beside this the
improvement in the performance of these electronics devices is also vital and the
scientists/researchers tried hard in this aspect as well. The improved performance of the electronics
devices can be achieved in many ways, but the most important is by utilizing the electrical and
mechanical properties. Many self powered and low powered devices have been fabricated in last
two decdes by manipulating electrical properties of different materials. Park et al described the
current transport mechanism in Light-emitting diodes [6],Huang et al. introduced UV
nanolasers[7], Soci et al. invented UV photo detectors [8], Arnold et al. fabricated field-effect
transistors[9] and Buchine et al. discovered piezoelectric transducer/actuator[10] . The mechanical
properties of different materials are also very critical as far as improved performance of nanoscale
devices is concerned and this can be achieved by manipulating different parameters such as barrier
height, ideality factor, series resistance etc [11-13]. Among many electronic applications Schottky
diodes are one of the most simplest and extensively used electronic device. To obtain high
performance of Schottky devices the selection of material is very crucial. Because of wide band
gap different semiconductors have been studied in this reagrd but Zinc Oxide (ZnO) became the
most extensively studied semiconducting material for the fabrication of electronic devices due to
its excellent electrical, mechanical and piezoelectric properties [14]. Beside this ZnO has diversity
of nanostructures, such as nanorods, nanoflowers, nanowires, nanobelts, nanoneedles, nanoflakses
etc [15]. By using specific growth conditions it is possible to synthesize one-dimensional ZnO
nanostructures which can produce high potential, which is useful in fabrication of superior
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nanoscale devices. ZnO is also a good candidate for power semiconductor devices because it has
excellent electrical properties and thermal stability which are very important for high voltage, high
power, high temperature devices. The direct wide bandgap (3.37eV), high thermal conductivity
and large exciton binding energy of 60meV are also very promising features of ZnO [16]. Beside
these high electron saturation velocity and high resistance radiation are some other appealing
properties of ZnO to work on [17].

Now in order to prepare high performance of Schottky devices, it is also important to form
high quality Schottky contacts on ZnO [18]. The Schottky diode, also known as Schottky barrier
diode or hot-carrier diode is a semiconductor diode formed by the junction of a semiconductor
with a metal. It is established that high work function noble metals like Platinum (Pt), Gold (Au)
and Palladium (Pd) can form excellent Schottky contact with ZnO nanostructures [19]. The ZnO
Schottky contact was first published by Mead et al. [20], Yadav et al.reported the Pd Schottky
contact on ZnO using sol-gel technique [21], Aydo“gan et al. used electro-deposition technique to
fabricate Au/n-ZnO Schottky diodes on n-type silicon substrate and investigated its electrical
characteristics [22], Periasamyet al. has studied Pt contact on ZnO thin film using vacuum
evaporation and thermal evaporation technique [23].Since the quality of Schottky devices depend
on the inhomogeneities, series resistance and insulating layer between metal and semiconductor
interface [24], therefore the barrier height, ideality factor and series resistance are important
parameters in this regard. It is well established that Schottky contacts showed strong dependence
of temperature with these factors [12-13].

The most influenced factors in a Schottky diode are barrier height and ideality factor. Most
of the researchers investigated electrical properties of Schottky diode based on post annealing but
few reported below the room temperature [25]. Allenet et al. determined the Schottky barrier
height (0.77 eV) and the ideality factor (1.1) for Ag—ZnO-based diode [26]. Osval et al. studied the
GaN Schottky diodes with two crystal polarities (Ga- and N-face) and reported that barrier height
is decreasing with decrease in temperature and ideality factor is increasing. Akkal et al. studied the
current-voltage characteristics of Au/n-GaN Schottky diodes in the temperature range 80K-300K
and reported ideality factor (1.18) at room temperature [27-28]. M Asghar et al. Calculated barrier
height (0.68 eV) and ideality factor (2.68) for Au/ZnO/Si diode at temperature range of 150K-
400K [29].Gullu et al. obtained ideality factor and barrier height for AI/DNA/Si diode in the
temperature range of 200K-300K as 1.344+0.02 and (0.75+0.01) eV at 300K and 1.70 +0.02 and
(0.614+0.01) eV at 200K respectively. It was observed that the Schottky barrier height increases
with temperature and at high temperature the diode showed the non ideality [30]. Somnath Mahato
et al. has investigated electrical parameters of Au/V,0s/n-Si Schottky diode by Current-Voltage
(I-V) and Capacitance-Voltage (C-V) characterstics in the temperature range of 150K to 300K
and found the values of ideality factor and barrier height as 2.04 and 0.83 eV at 300 K and 6.95
and 0.39 eV at 150 K respectively[31]. Beside this I-V and C-V characterstics are widely used to
study the influence of temperature on barrier height and ideality factor of Schottky diodes with
different ranges of temperature[29].

It is an established fact that experimental study is always costly and time consuming.
Therefore numerical investigations can play an important role in this regard. In literature, several
numerical methods have also been discussed for extraction of Schottky diode parameters and
these results have showed enough accuracy and high degree of certainty/assurance [32]. Durmus
Ali Aldemir et al. measured barrier height and ideality factor of Ni/n-GaAs Schottky diode by
using conventional 1-V method, Norde method, generalized Norde method and Cheung function in
the temperature range of 60K to 320K [33]. M. Khalid et al. determined Schottky barrier diode
characteristics of Pt/SiC by using Sentausurs TCAD tools [34]. But to the best of authors
knowledge and belief niether experimental nor any numerical work has been conducted as yet
beyond the temperature range of 673K.

This study mainly deals with numerical investigation of electrical parameters of ZnO
based Schottky diode in the temperature range of 300K-1000K. This investigation has been
performed by using MATLAB programing. The simulation program produced acceptable range of
parameters magnitudes with additional advantage of accurately modeled physical parameters in
forward bias. Numerically obtained results of ZnO based Schottky diode in the temperature range
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of 300K-1000K have also been compared by using thermionic emission model(T.E.M.) and
Cheung function(C.F.) to find the barrier height and ideality factor.

2. Theoretical models

The I-V and C-V describes the transport properties of a Schottky diode and inverse surface
layer showed strong influence on the transport properties of a Schottky diode [35]. ZnO based
Schottky diode was considered to determine the transport properties numerically and two different
models were used for comparison of results in the temperature range of 300K-1000K. A typical
T.E.M. shown in equation (1) was used for the calculation of electrical parameters of Schottky
diode.

| = PeQV-n0p) _ pp—Qnop (1)
Where
P = AR'T? and Q = —
nKT

2.1. Typical T.E.M.

It is well known that, the mechanism of current transport in a Schottky diode can be
defined by standard T.E.M. as shown in equation (1), while saturated current |, is expressed in
equation (2).

%
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Here K is Boltzmann constant, T is temperature in Kelvin, A is the area of Schottky contact
and R is Richardson constant for ZnO (32 A/cm®K?), n is an ideality factor and @,is the barrier
height of the Schottky diode.

The |-V characterstics of ZnO based Schottky diode in the temperature range of 300K-
1000K are shown in Figure 1. It can be clearly seen in Figure 1(a) that the exhibited nonlinear
exponential rise and the built-in potential is in the range of 0.6-1.0. Moreover, it is clear from
Figure 1(a) that, the built-in potential is decreasing with rise in temperature. This variational effect
might be due to the low resistance against the rising values of the temperature, because the reverse
saturation current is almost 8.36x10°A, showing the weak resistance. The calculated values of the
ideality factor, barrier height, buitl-in potential and the reverse saturation current via T.E.M. are
slightly different than the values calculated throught the C.F.. But all these values have good
consistancy with previously published experimental work [36]. In Figure 1(b) the intercept of
linear portion of Inl-V curves used to obtain the values of saturated current. Whereas the values
of barrier height of Schottky diode were calculated by using the calculated values of saturated
current in equation (3).
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The values of ideality factor were calculated by using equation (4)

n =i (i) @

where % is expressing the value of slope of straight line region of the forward bias and it is

extracted from Fig. 1(b). The semi-log plot of ZnO based Schottky diode as a function of
temperature can be seen in Fig. 1(c). As the current trasnport mechanism in Schottky diode
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exhibits the domination of thermionic emission due to linear nature of semi-log plot of I-V at
different values of temperature ranging from 300K-1000K. In forward bias due to the presence of
resistance in series corresponding to the every value of temperature the direction of current flow in
the curvature region is downward.
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Fig. 1. Current-Voltage characterstics of Schottky diode in the temperature range
of 300K-1000K: (a) I-V(b) Inl-V (c) Semilogl-V.

2.2.C.F.

Electrical characteristics of Schottky diode are influenced by a very important parameter
which is series resistance . T.E.M. was only used to calculate ideality factor (n) and barrier height
(d) without considering the effect of series resistance. For non linear and linear region of 1-V
characterstics, n and ¢, are both important parameters but in forward bias 1-V characterstics, series
resistance is important in downward curvature . Cheung expressed a function to calculate series
reistance by I-V characteristics of Schottky diode [37].The following equations from (5) to (7) are
associated to the C.F.

av nkT

MZ IRS+T (5)
nKT I

H(D =V —==In(;) (6)

H(I) = IR; + n@, (7)

Here Rs is the series resistance. Using equation (5) %versus I plot was drawn by using
data obtained from the downward curvature region of Inl-V plot in the temperature range of 300K
-1000K. Fig. 2 is exhibiting the linear relationship between % (V) and I(A). It is in good

agreement with published reports . It can be seen that the behaviour in magnitudes of both
parameters is same while the temperature is changing. This indicats that the fabricated device will
work with consistency. The slope and intercept of equation (5) are showing the values of series
resistance and ideality factor respectively.
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Fig. 2. %vs current curve of the ZnO fabricated Schottky diode.
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H(l) versus | plot revealed in Fig. 3 is drawn by using the values of ideality factor
calculated from intercept of equation (5). It is indicating that the relationship of C.F. to the current
is also linear in this temperature range. No noticeable change except the small linear distance was
observed in the temperature variation. The slope and intercept of these straight lines gives series
resistance and barrier height respectively against the wide range of temperature from 300K-1000K.

3. Comparison among the transportation through T.E.M. and C.F.
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Fig. 3. Cheung function as a function of current .
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The comparison between the calculated values of ideality factor and barrier height
obtained by using T.E.M and C.F. is shown in Table 1. All parameters are calculated by using
T.E.M and C.F. via MATLAB programing.

Table 1. comparison of calculated values of Schottky diode parameters by using MATLAB.

Temperature Thermionic emission model Cheung function
(K) avidini-1 H(D)-1
L(MA) [ B,EY) | n [ R@ | n | R [ BieV)
300 8.36x10™" | 085 | 177 | 824 | 161 | 857 0.35
400 1.21x10° 1.06 1.70 7.65 1.59 8.12 0.48
500 1.74x10° 1.23 1.62 7.06 1.54 7.73 0.62
600 2.49x10” 1.36 1.55 6.48 1.48 7.38 0.77
700 3.74x10° 1.40 1.48 5.89 1.42 7.07 0.92
800 5.48x107 1.41 1.41 5.30 1.36 6.79 1.06
900 8.08x10™ 1.60 1.35 4.72 1.32 6.49 1.22
1000 1.21x10° 1.64 1.29 4.13 1.26 6.28 1.37
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Fig. 4 is describing the barrier height of fabricated Schottky diode as a function of
temperature. Numerical calculations were performed by using the T.E.M. and C.F. It can be
observed from the figure that the calculated values of barrier height via T.E.M were moderately
rising with rise in the temperature and the calculated values were in the range of 0.85 eV to 1.64
eV. While the values obtained through the C.F. along with rise of temperature were varying in the
range of 0.35 eV to 1.37 eV. All these values are in good agrement with many previouly published
reports of experimental work [35,36]. The comparision of both values is revealing the saturation
tendancy of barrier heights. A minor difference was found in the comparison, but both have close
consistancy with lot of published articles of experimental work [33]. This can be concluded from
the obtained results that the barrier height of diodes will increase with the increase in temperature
and therefore the performance of the device will be much better due to the less resistance in
transportation.
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Fig. 4. Barrier height as a function of temperature.

Fig. 5 is expressing the relationship of ideality factor as a function of temperature. The
ideality factors were calculated by using the T.E.M. and C.F. The values obtained through both
models showed the similar trend from low temperature to high range of temperature. The values of
ideality factors were decreasing with rise in temperature and going to be saturated after attaining
1.7 via T.E.M. and 1.6 via C.F. The comparison between the obtained values clearly indicates that
ideality factor decreases with increase in temperature. These calculated values also showed good
aggrement with many published reports [38].
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Fig. 5. Ideality factors as a function of temperature.

Fig. 6 is revealing the comparison of series resistance calculated through % -1 and H(I)-1

graphs as a function of temperature. The obtained values in both cases showed the similar trend
from low temperature to high range of temperature. Fig. 6 is clearly showing the similarity in the
values of series resistance calculated by equation (5) and(7) and the value of series resistance
decreases with increasing temperature.
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Fig. 6. Series resistance as a function of temperature.

4. Conclusions

This study will not only open the gate for the numerical investigation beyond the
temperature range of 673K, but the obtained results proved that instead of doing experimental
work at macro level it is better to use numerical simulations to save both time and cost. In the
temperature range of 300K—-1000K the electrical parameters like barrier height, ideality factor and
series resistance of Schottky diode were investigated. The barrier height and ideality factor have
been calculated through MATLAB by utilizing thermionic emission model and Cheung function.

Results obtained through both models were compared and it was found that barrier height
increases and ideality factor decreases with increase in temperature. More over the I-V
characterstics showed strong dependence on temperature. The series resistance was also been
calculated by using different equations of Cheung function and it was observed that the value of
series resistance decreased with increase in temperature.

Refrences

[1] A. Khan, M. A. Abbasi, M. Hussain, Z. H. Ibupoto, J. Wissting, O. Nur,and M. Willander,
Applied Physics Letters 101(19), 193506 (2012).
[2] A. Khan, M. A. Abbasi, J. Wissting, O. Nur, M. Willander, Physica Status Solidi - Rapid
Research Letters 07(11), 980 (2013).
[3] A. Khan, M. Hussain, O. Nur, M. Willander, E. Broitman, Physica Status Solidi (A)
Applications and Materials 212(03) ,579 (2015).
[4] Y. C. Chao, K. P. Cheng, C. Y. Lin, Y. L. Chang, Y. Y. Ko, T. Y. Hou, C. Y. Huang,
W. H. Chang, C. A. J. Lin, Scientific Reports 8(1), (2018).
[5] K. Devi, Alakanandana, V. V. A Lakshmi, Asia Pacific Journal of Research 01, 45 (2018).
[6] M. Hussain, M. A. Abbasi, A. Khan, O. Nur, M. Willander, Energy Harvesting and Systems
01(01-02), 19 (2014).
[7]W. 1. Park, J. S. Kim, G. C. Yi, M. H. Bae, H. J. Lee, Applied Physics Letters 85(21),
5052 04).
[8] C. Soci, A. Zhang, B. Xiang, S. A. Dayeh, D. P. R. Aplin, J. Park, X. Y. Bao, Y. H. Lo,
D. Wang, Nano Letters 7(4), 1003 (2007).
[9] M. S. Arnold, P. Avouris, Z. W. Pan, Z. L. Wang, The Journal of Physical Chemistry B
107(3), 659 (2003).
[10] B. A. Buchine, W. L. Hughes, F. L. Degertekin, Z. L. Wang, Nano Letters 06(6),
1155 06).
[11] Z. Khurelbaatar, K. H. Shim, J. Cho, H. Hong, R. V. Reddy, C. J. Choi, Materials
Transactions 56(1), 10 (2014).
[12] M. A. Mayimele, J. J. V. Rensburg, F. D. Auret, M. Diale, Physica B: Condensed Matter 480,
58 (2016).
[13] H. Ozerli, I. Karteri, S. Karatas, S. Altindal, Materials Research Bulletin 53, 211 (2014).



406

[14] A. Khan, M. Hussain, O. Nur, M. Willander, Journal of Physics D: Applied Physics 47(34),
345102(9 pages) (2014).

[15] M. Hussain, A. Khan, M. A. Abbasi, O. Nur, M. Willander, Micro and Nano Letters 09(8),
539014).

[16] A. Khan, M. Hussain, O. Nur, M. Willander, Chemical Physics Letters 612, 62 (2014).

[17] D. Look, Materials Science and Engineering: B 80(1-3), 383 (2001).

[18] E. Keskenler, M. Tomakin, S. Dogan, G. Turgut, S. Aydin, S. Duman, B. Giirbulak, Journal
of Alloys and Compounds 550, 129 (2013).

[19] L. Rajan, C. Periasamy, V. Sahula, Perspectives in Science 08, 66 (2016).

[20] R. C. Neville, C. A. Mead, Journal of Applied Physics 41(9), 3795 (1970).

[21] A. B. Yadav, A. Pandey, S. Jit, IEEE Electron Device Letters 35(7), 729 (2014).

[22] S. Aydogan, K. Cmar, H. Asil, C. Coskun, A. Tiiriit, Journal of Alloys and Compounds
476(1), 913 (2009).

[23] C. Periasamy, P. Chakrabarti, Journal of Vacuum Science and Technology B:
Microelectronics and Nanometer Structures 27(05), 2124 (2009).

[24] J. Osvald, Zs. J. Horvath, Applied Surface Science 234(1-4), 349 (2004).

[25] G. Wisz, I. Virt, P. Sagan, P. Potera, R. Yavorskyi, Nanoscale Research Letters 12,
253(1) (2017).

[26] B. J. Coppa, R. F. Davis, R. J. Nemanich, Applied Physics Letters 82(3), 400 (2003).

[27] J. Osvald, J. Kuzmik, G. Konstantinidis, P. Lobotka, A. Georgakilas, Microelectronic
Engineering 81(02), 181(2005).

[28] B. Akkal, Z. Benamara, A. Hamza, A. Talbi, B. Gruzza, Materials Chemistry and Physics
85(01), 27(2004).

[29] M. Faisal, M. Asghar, K. Mahmood, M. Willander, O. Nur, P. Klason, Applied Mechanics
and Materials 313, 270(2013).

[30] H. M. Jaber Al-Ta’ii, Y.A. Amin, V. Periasamy, Sensors 15(3), 4810 (2015).

[31] S. Mahato, D. Biswas, L. G. Gerling, C. Voz, J. Puigdollers, AIP Advances 7(8),
085313(1) (2017).

[32] P. Kaushal, S. Chand, International Journal of Electronics 103(6), 937(2016).

[33] D. A. Aldemir, A. K&kce, A. F. Ozdemir, Sakarya University Journal of Science 21(06),
1286 17).

[34] M. Khalid, S. Riaz, S. Naseem, Materials Today: Proceedings 2(10, Part B), 5225 (2015).

[35] M. Sharma, S. K. Tripathi, Journal of Applied Physics 112(2), 024521(1) (2012).

[36] N. Kaymak, O. E. Orhan, S. B. Ocak, S. Birkan, AIP Conference Proceedings 1935(1),
160002(1) (2018).

[37] S. K. Cheung, N. K. Cheung, Applied Physics Letters 49, 85 (1986).

[38] K. Alfaramawi, Digest Journal of Nanomaterials and Biostructures 05(04),933 (2010).



