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Abstract

The calculation model of tunneling current through GaN/InGaN/GaN heterostructure in InGaN-based LED using
the transfer matrix method employed to verify the result of calculation of tunneling current implemented
analytically. The analytical method applied through solving theoretically the Schrodinger equation, whereas, the
transfer matrix method divided the solution area into a less size of N segment compared to the observed potential
width size, where the potential energy of each segment was assumed constant. Verification employed to the
thickness of depletion region and bias voltage variations. The obtained result has shown that the analytical result
of calculation simmilar with the calculation result using transfer matrix method. The calculation model was then
extended to calculate the tunneling current for different temperature.
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1. Introduction

At present, microelectronic devices have better developed with their more amazing performance. The increase of
the device performance has been triggered by the smaller size device. Effort in minimizing the size of the device
and increasing the performance of the device will surely one day reach its stagnancy, especially when the device
cannot be minimized any longer, whereas the requirement to increase its performance should then be fulfilled.
To solve such problem, nowadays, the scope of the research material as main component device has been
directed to the searching of the new material that its characteristics are compatible to the device through
simulating the material-based devise characteristics, so the characteristics of the device can be predicted
beforehand without first fabricating the device. It will, of course, be more efficient and effective to be directed to
the effort of finding and searching new material.

Since 1999, InGaN-based LED’s have gained great attention and provide the impressive results due to their
highest external quantum efficiencies of 18% and 20% at low currents of 0.6mA and 0.1 mA, respectively
(Mukai et al, 1999). Although InGaN-based LEDs are already commercially available for visible light emission
such as in display and automotive lighting applications, further improvement of the light output power and the
external quantum efficiency are required (Chu et al., 2010). To find out the efficiency of LEDs, it would require
the study of electrical characteristics in advance. The electrical characteristics of LEDs can be obtained by
examining the p-n junction of heterostructure. In this study, the abrupt p-n junction is used by assuming that all
dopants are fully ionized. Barriers of an abrupt p-n heterojunction are greater than that of the graded junction due
to the formation of electron barrier at the abrupt junction. Furthermore, electrical characteristics of the LEDs are
conducted to determine the leakage current that occurs at high injection current density (Polyakov et al., 2004;
Schubert et al., 2006).

Study of the theory of electrical properties of GaN/InGaN/GaN heterostructure in InGaN based-LED
theoretically can be performed using carrier transport model such as diffusion-drift transport, energy transport,
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hydrodynamic, and quantum transport models. However, the most common model used is diffusion-drift
transport model (Pejcinovic et al., 1989).

With the shrinking of the devices size, the electron transport due to diffusion and drift becomes smaller than that
of the quantum transport, therefore the diffusion-drift transport can be ignored in the calculations and in other
word, only quantum transport included in the calculation. Quantum transport in the heterojunction structure can
be determined by solving Schrodinger equation. There are two kinds of methods can be used to solve the
Schrodinger equation, those are analytical (Lee, 1993) and semi-numerical methods (Mao, 2007). And it has
been proved that the transfer matrix method (TMM) is more accurate than the conventional finite difference
methods (Abdolkader et al., 2004). To examine the analytical formula obtained, in this paper the tunneling
current through GaN/InGaN/GaN heterostructure in InGaN-based LED was also calculated using TMM.

2. Theoretical Model
2.1 Tunneling Current Calculation Using Analytical Methods

The Schrodinger equation that should be solved to obtain the behavior of electron in the anisotropic
heterostructure is (Hasanah, 2008):

Hy(r)= Ey(r). ey
H is Hamiltonian namely:

H:( L pe “2+U(z)]’ 2)

w0

m; and m, are effective mass of the electron perpendicular and parallel to the interface, respectively, p is
momentum vector and U(r) is potential energy. Figure 1 shows the potential profile in z-direction. The
electrons come from region I toward potential barrier (in region II) where the effective mass of electron only
depend on the z-direction. The wave function in Eq. (1) is (Hasanah, et al., 2008):

y(r) = p(z) exp(=iyz) exp(i(k, x + k,y)) Q)
The wave function in Eq. (3) satisfies the following one-dimensional Schrédinger equation:
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is the energy of incident electron in z-direction, lgr and 7 are the wave vector and the transverse coordinate,
respectively, of the electron in the plane parallel to the interface, m, ., is effective mass of electron
perpendicular to the interface in the GaN region.

The longitudinal energy of electron in the InGaN region then can be written as:

272
EzInGaN —F— h *kr (6)
. 2m1nGuN
m,,c.v cffective mass of electron parallel to the interface in the InGaN region.
While the total energy of tunneling electron has to be constant, therefore:
L Wk] n’k}
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In the GaN and InGaN regions, Schrodinger equation along the tunneling direction can be written as:
2 2
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Figure 1. Energy-band diagram of InGaN / GaN abrupt p-n junction

From Eq. (3), (4) and (5), it can be obtained:
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2.2 Calculation of Tunneling Current Using Transfer Matrix Method (TMM)

The transmission coefficient can be calculated using transfer matrix method (TMM). The TMM is a very
common semi-numerical method in Physisc and Mathematics to solve the problem when the total system can be
divided into N subsystems that interact only with neighboring subsystems. In this case, the TMM is used to solve
the Schrédinger equation when the solution region of potential energy is divided into N segments. The width of
each segment much smaller than that of the actual potential, while the potential energy in each segment is
assumed to be constant as shown in Figure 2. If the number of segments increase, the approximation potential
will reach the actual potential. The Schrodinger equation of each segment could be solved through applying the
exponential function, that then arranged in a set of matrices that contain the boundary conditions at each segment
interface. The transmission coefficient is then calculated from the set of matrices. The calculation is done for the
abrupt p-n heterojunction, where its resistance is greater than that of the graded junction due to the existence of
electron barrier formed by abrupt junction, as shown in Figure 2. The solid line shows the actual potential profile
while the dotted line represents the approximation potential used to solve the Schrédinger equation using the
TMM.

Actual potential
\ — — - Approximation potential
qJ ]

= S \

Ve

0 d dz z

Figure 2. The GaN/InGaN potential profile divided into N segments that applied in the calculation of the
coefficient transmission using transfer matrix method (TMM)

The wave function of electron regardless to the time of each area that become the solution of Schrodinger
equation of the approximation potential as many as N segments can be written as:

kxx+kyy)

yi(z) = (Aleiklz + Ble_iklz )e_mze_i( z<0, (11.a)

v;(2)= (Amekmz + B, ek’ )e‘W 22 ilkoxsky) g2 g, (11.b)
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vy ()= (ANeik3z " BNe—ik3z )e—i}/lze—i(kxx+ky}’) d, <z<d,, (11.c)

where A4;, B;, A,,, B.., Ay and By are constants, withm =2, ..., N-1.

To simplify the calculation, the constant value of A, is taken as 1, and By is zero, because it is assumed that
there is no reflection in the interface of segment. The wave number k,, for the region 0 <z <d,, is stated as
follows:

K2 = 2m, O k2 (12)
m h2 1
whereas the wave number, &, for the decrease of potential barrier, on d; <z < d, is
31:27};[0 1 (CD—e(I)+VBCZ)—aZZ‘I klz' (13)
h azz,Z d2 azz,Z

The boundary conditions and continuity at each segment of the interface have to be applied. If there is N number
of segment, then the number of interface points are (N-1) items, hence the number of boundary conditions are
2(N-1) items.

The result of application of boundary condition at the point of z; is:
ei(k| -7z e_i(kl +71)7) 1
alei(k1_71)21 _ale—i(k1+71)zl B - (14)
e(kz —72)7) e—i(k2+}/2)zl A
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where q =" and a, =2
m, m,

The result of application of boundary condition at the point of z ,toz, . is:
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And the result of application of boundary condition at the point of z, is:
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From Eq. (16)-(14), it can be obtained the following equation:

o) ) "
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And electron transmission coefficient, ¢ can be calculated from
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R (18)

While the electron transmittance 7 can be obtained from:

T=t*t, (19)
Where ¢* is the conjugate of transmission coefficient, ¢.

Tunneling current can be calculated using equation below (Khairurrijal et al., 2006):

(20)

s [ 1T(E:)[]EfL(E)—fR(E)dEU,]dE’

270 a,

where T(E.) is the electron transmittance as a function of longitudinal energy E. and E,y is the transversal energy.
The functions of Fermi distribution on the left and the right contacts, are:

= ! (21
Ju(E) 1+exp[(E—E,, )/ kT]

and

- 1 , (22)
S#(E) 1+ exp[(E — E )/ kT

which denote the probability of electron energy, E is occupied. Er; and Err each respectively is left and right
side fermy energy.

3. Results and Discussion

The calculation of transmitance and tunneling current trough abrupt p-n heterojunction of GaN/InGaN in
InGaN-based LED has been performed. The discontinuity band between GaN and InGaN regions is around 0.2
eV, that because of the potential barrier height. The value of electron effective mass in InGaN is higher than that
of in GaN, and bias voltage of Vy is given to the p-n junction.

The tunneling current of electrons through abrupt p-n heterojunction of InGaN/GaN with barrier thickness of 10
nm and 50 nm, and bias voltage (Vg ) varied from 0 to 100 mV resulted by analytical and semi-numerical
method using TMM calculations are shown in Figure 3 and 4, respectively.

The result of tunneling current calculated using the transmittance obtained by analytical method equals to that of
semi-numerical method using TMM. Furthermore, Figure 5 shows that the tunneling current of electron tends to
decrease by the increase in the potential barrier thickness. This is caused by the increased in effective potential in
Eq. (10) that would cause the decrease in transmittance and tunneling current of electron. For this case, the
calculation result of tunneling current using analytical transmittance equals to that of that its transmittance was
calculated using TMM.
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Figure 3. The tunneling current through abrupt p-n heterojunction of InGaN/GaN with the barrier thickness of 10
nm, and bias voltage varied from 0 until 100 mV, resulted from analytical and TMM calculation
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Figure 4. The tunneling current through abrupt p-n heterojunction of InGaN/GaN with the barrier thickness of 50
nm, and bias voltage varied from 0 until 100 mV, resulted from analytical and TMM calculation
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Figure 5. The tunneling current of abrupt p-n heterojunction of InGaN/GaN at varied barrier thicknesses of 10,
25 and 50 nm and bias voltage of 0 tol5 mV resulted from analytical calculation.

The formulation of tunneling current is then applied to calculate the tunneling current in different temperatures
as shown in Figure 6. This calculation is also applied in the abrupt p-n heterojunction with varied temperatures
of 150 K, 300K and 500K for Vg varied from 0 to 100 mV, and the depletion thickness of 20 nm. From this
study, the result shows that the tunneling current tends to decrease by the increase in temperature.
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Figure 6. The tunneling current of abrupt p-n heterojunction of InGaN/GaN with varied temperatures of 150 K,
300K and 500K for depletion thickness of 25 nm and varied bias voltage from 0 to100 mV
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4. Conclusion

This research employed the calculation of tunneling current through GaN/InGaN/GaN heterostructure in
InGaN-based LED by inserting the quantum effect. Tunneling current resulted from the calculation of analytic
transmittance equals to that of calculated from the transmittance using the transfer matrix method. The results of
the calculation show that the increase in depletion thickness causes the decrease in the tunneling current while
the increase in voltage bias causes the increase in the tunneling current. The obtained model was then applied to
calculate the tunneling current in different temperature, where the increase in temperature causes the decrease in
the tunneling current.
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