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Some semiconductor photonic devices show large discontinuities in the band structure.
Short tunnel paths caused by this band structure may lead to an excessive tunnelling
current, especially in highly doped layers. Modelling of this tunnelling current is there-
fore important when designing photonic devices with such band structures. The tradi-
tional Kane’s tunnelling model can only be applied to homostructures. An extension to
heterostructures is developed to study interband tunneling probability in InP-based het-
erostructures and the resulting tunnelling current is calculated.

Introduction

We are developing a membrane-based photonic device with a highly doped (N, = 10! —
10"%cm™3) junction which will be operated in reverse bias. In highly doped reverse bi-
ased pn-junctions significant tunneling current can occur. Because cooling of devices
in membranes is still a problem it is important that the device has a low tunneling cur-
rent and therefore a low power consumption. Most research on Band-To-Band Tunneling
(BTBT), such as Kane’s model [1], applies only to homojunctions, while InP-based pho-
tonic devices often contain heterojunctions with large discontinuities in the band structure
at material interfaces. Figure 1 shows the band structure of a highly-doped reverse-biased
pin heterojunction. It is clear that the discontinuities in the conduction and valance bands
have a large influence on the tunneling probability of electrons across the junction. In
this paper we describe how to model the tunneling current in heterojunctions and how to
determine the breakdown voltage due to tunneling.

Theory

Band-To-Band tunneling in highly doped p-n junctions can be significant if the tunneling
path (at constant electron energy) from valance band to conduction band is sufficiently
small. The tunneling path starts at the classical turning point x, where the electron energy
equals the valance band edge energy, the tunneling path stops at the classical turning point
x. where the electron energy equals the conduction band edge energy. This tunneling path
is indicated by the dotted line in Figure 2a. The WKB approximation is used to calculate
the probability of tunneling P: [2]

P=|T|* ~exp <—2/xc\k(X)’dX) ) (D

with T the transmission coefficient and k(x) the wavevector. A triangular barrier is based
on the assumption that a tunneling electron suddenly changes its potential energy at xy [3,
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Figure 1: (a) Band diagram of a reverse-biased pin heterojunction with matching tunnel-

ing probability (b). The shortest paths show the highest probability.

p. 484]. A more realistic barrier follows from the one-dimensional two-band Schrédinger
equation and yields a parabolic barrier [4]:

mw=%¢i§wuw—ExE—a@», @)

with m, the reduced mass as defined in [3, p. 484] and E the energy of the electron.
Assuming a constant electric field &, |k(x)| can be rewritten as [3, 4]:

2
ko) =+ %((%) —(qux)z), 3)

and centering x, and x. around O we have [3]:

v v VI
T ~exp (—2/1/2 |k(x)|dx> = exp <—th—@@ ; 4)

where [ = Eq/(g&). Tunnel paths through a heterogeneous junction experience a discon-
tinuity of k(x) at the interface because E,, m,, the permittivity € and the electron affinity
X. are different in each material. The discontinuity is shown in Figure 2b. We split the
integral in two parts:

Xe =11 /24xy l/2—xc
[r@iae= [ @i [ e@dr=he) the:©)
—Xy —11/2 h/2

As the two integrals are similar (the integrals equal the surface of a section of a semi-
circle, Figure 2b):

e —li/2+4x / 5
_q mr,i / i 9 /.
L(x)=—,| —= — ) —x'=dx’; 6
0 =55 5 (%) ©
—1i/2
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Figure 2: Energy band diagram of two semiconductor junctions. The tunneling path is
indicated by the dotted line and the shaded area represents the integral over the wavevector
for the electron with energy E.

we can write down a general solution /;(x) for both:
2 2
q&  [2my; i i l;
Ii(x) =12 Ly (P ) o (x-2 7
) =35 Eqg: <x 2) \/(2 72 @

2
q& [2m,; (1 . 2
N L 1—2x).
7 . (2) arcsm( -

Using this solution, the tunneling probability through the heterojunction is:

P exp (=26 (xy) — 2D (xc)) (8)

Effect of Transverse Energy

The model in (2) assumes that all the energy of the electron can be used for tunneling. In
reality the transverse energy E | cannot be used for tunneling [4]. Solving the two-band
Schrédinger equation to include E | yields the substitution: E. — E.+E |, Ey— Ey,—E|
and Eg — Eo +2E | in k(x):

k(x) :1\/EgiLzrh(Ec(x)—kEL—E)(E—Ev(x)—|—EL). ©)

The tunneling probability now depends both on the total energy E and the transverse
component of the energy E | of the electron. E | varies between 0 and Eg, where Ej is the
smaller of E| and E; (as defined in Figure 1) [1]. Note that the introduction of the trans-
verse energy does not change the classical turning points x, and x.. For completeness, the
tunnel current is given by [4, 5]:

qmy

EV’ Es
=7 3/ ’(FC(E)—Fv(E))/ T(E,E,)dE dE, (10)
2n°n’ JE,, 0

where E., is the edge energy of the conduction band at the n-side of the junction and E
the valance band at the p-side.

Vp
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Figure 3: Breakdown voltage as a function of doping. Higher doping and narrower intrin-
sic region d; have a lower breakdown voltage.

Numerical Study

In the previous sections we assumed a constant electric field in (3). In practice this is only
the case in intrinsic semiconductor layers. If the electric field is constant, T(E,E ) has
an analytic solution, but in other cases we need to calculate the tunneling probability and
total tunneling current numerically from (9) and (10). We can now define the breakdown
voltage due to tunneling as the voltage at which the tunnel current exceeds a threshold.
From experience we set the breakdown current at 3mA; higher current is found to cause
thermal damage to our membrane devices. Results are shown in Figure 3 for a pin junc-
tion with doped Q1.25 regions and intrinsic InP region. High electric fields cause high
tunneling probability, the result is a decrease of the breakdown voltage with increasing
doping and narrower intrinsic region.

Summary

We present a theoretical model of tunneling probability across hetero junctions and the
resulting tunneling current. The results were used to determine the breakdown voltage due
to tunneling for a InP-based hetero pin junction. This model can be used for membrane
photonic devices where high electric fields are used and where heating effects should be
minimized.
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