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Abstract. A theory for the activationless generation–recombination current density in type II
heterojunctions such as InAs/GaSb is developed on the basis of the 8×8 k·p matrix Hamiltonian
(the Bodnar model). The activationless recombination rate and current–voltage characteristics
of an InAs/GaSb heterojunction are calculated. It is found that under a forward bias the current
density increases with increasing applied voltage, finally becoming non-linear. At small applied
voltages, the current–voltage characteristics are linear and the heterojunction has the properties
of an Ohmic contact. This is in agreement with the experimental results.

1. Introduction

There has been considerable interest in the study of InAs/GaSb type II heterostructures
and superlattices using molecular-beam epitaxy techniques (Sakakiet al 1977, Kono and
McCombe 1997). The transport and optical properties of these systems have been the
subject of various experimental and theoretical investigations (Bastard 1988). InAs/GaSb
superlattices exhibit an interesting semiconductor-to-semimetal transition (Sakakiet al 1977,
Barneset al 1993). Recently we found that the semiconductor-to-semimetal transition in
InAs/GaSb superlattices depends not only on the layer thickness but also on the anisotropy of
the band structure of the samples and the band overlap of the two constituent semiconductors
(Lau and Singh 1996a, b).

In direct-gap semiconductors, an electron from the conduction band can make a transition
down to the valence band and subsequently recombines with a hole via the emission of a
photon. This process is calleddirect recombination. On the other hand, in the case of
indirect-gap semiconductors, the emission of a photon due to the recombination of an
electron and a hole usually involves the emission of a phonon to satisfy conservation of
momentum. This process is calledindirect recombination. It is important to note that both
processes occur in the presence of a third particle such as a photon, phonon, or impurity. The
aim of the present paper is to propose a theory for electron–hole recombination processes
which do not require the presence of a third particle. These types of recombination process
can occur in semimetallic type II heterostructures such as InAs/GaSb. In A/B type II
heterostructures, the conduction band of the A semiconductor lies beneath the valence band
of the B semiconductor. This negative, or crossed-gap configuration of A/B heterostructure
leads to a charge transfer between the A and B semiconductors which generates intrinsic
carriers (electrons and holes) on either side of the interface. Due to the band overlap between
the conduction band of A and the valence band of B, there are activationless recombination
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Figure 1. The potential band-edge profile of an InAs/GaSb heterojunction.

processes which do not require the presence of any third body. Therefore, we call this
activationless recombination.

We have developed a theory for the current density due to the activationless generation–
recombination processes in type II heterojunctions. Analytical expressions for the
activationless generation rate, recombination rate, and current density were derived in the
framework of the envelope function approximation based on the Bodnar model (Bodnar
1978). We numerically calculated the recombination rate, current–voltage characteristics,
and conductance of an InAs/GaSb heterojunction. In addition, we also calculated the current
density as a function of the temperature of the heterojunction. We found that under a forward
bias the current density increases with increasing applied voltage, eventually becoming non-
linear. We also found that the current–voltage characteristics are linear at a small voltage.
This implies that the InAs/GaSb heterojunction has the properties of an Ohmic contact for
low voltages, in agreement with the experimental results (Esaki 1980).

2. Theory

We consider the Bodnar 8× 8 k · p matrix Hamiltonian (Bodnar 1978). This model
includes the electron–hole interaction along with non-parabolicity and anisotropy of the
band structure, whereas the Kane model does not include the latter effect (Bastardet al
1991, Seileret al 1977). The Bodnar model has been extensively used by Singh and
Wallace (Wallace 1979, Singh and Wallace 1983) and others (Lamrani and Aubin 1987) to
calculate the optical and transport properties of narrow-gap semiconductors. The electronic
structure of semiconductors such as InAs and GaSb can be described by a pseudoangular
momentumJ and its projectionJz along thez-axis. The06 symmetry corresponds to
(J, Jz) = ( 1

2,± 1
2), the08 symmetry corresponds to (J, Jz) = ( 3

2,± 3
2) and (J, Jz) = ( 3

2,± 1
2),

and the07 symmetry corresponds to (J, Jz) = ( 1
2,± 1

2). Furthermore, theJz = ± 3
2 states
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correspond to the heavy particles—08 heavy holes (HH), and theJz = ± 1
2 states correspond

to the light particles—06 electrons,08 light holes (LH), and07 spin–orbit split-off holes
(Bastardet al 1991).

Here we consider an A/B semiconductor heterostructure which is grown along thez-
axis and in which electrons are free to move in theX–Y plane. The potential profile
of an InAs/GaSb semimetallic heterojunction is shown in figure 1. The potential steps
Vs(z), Vp(z), andVδ(z) shown in the figure arise from the band offsets of the conduction
and valence band edges across an interface due to the mismatch of the band gaps at the
interface. HereVs(z) = V0 + EA

0 is the 06 offset, Vp(z) = V0 + EA
0 is the 08 offset,

and Vδ(z) = V0 + EA
0 + 1A − 1B is the 07 offset, whereV0 is the band overlap,EA

0
and 1A respectively are the energy gap and the spin–orbit coupling parameters of the
InAs semiconductor, andEB

0 and1B respectively are the energy gap and the spin–orbit
coupling parameters of the GaSb semiconductor. The energy zero is taken at the06 edge,
which is the bottom of the bulk InAs conduction band. The potential can be written as
Vs,p,δ(z) = Vs,p,δY (z) whereY (z) = 0 for z 6 0, andY (z) = 1 for z > 0. Note that the
zero of thez-axis is taken at the interface of the heterojunction. We modify the Bodnar
Hamiltonian for type II heterostructures, and it is written as

Vs(z) 0 E

√
2
3P‖kz −

√
1
3P⊥k+ 0

√
1
3P‖kz

√
2
3P⊥k+

0 Vs(z) 0
√

1
3P⊥k−

√
2
3P‖kz D −

√
2
3P⊥k−

√
1
3P‖kz

D 0 A 0 0 0 0 0√
2
3P‖kz

√
1
3P⊥k+ 0 B 0 0 −

√
2
9δ 0

−
√

1
3P⊥k−

√
2
3P‖kz 0 0 B 0 0 −

√
2
9δ

0 E 0 0 0 A 0 0√
1
3P‖kz −

√
2
3P⊥k+ 0 −

√
2
9δ 0 0 C 0√

2
3P⊥k−

√
1
3P‖kz 0 0 −

√
2
9δ 0 0 C


(1)

where the diagonal elementsA, B, andC are

A = −EA
0 + Vp(z)

B = −EA
0 −

2

3
δ + Vp(z)

C = −EA
0 −1A − 1

3
δ + Vδ(z)

and we have made the replacements

D = P⊥k+ E = P⊥k−
for reasons of space. Herek± =

√
1/2(kx ± iky). kx, ky, andkz are the components of the

wavevectork alonga [100], b [010], andc [001] respectively.P‖ andP⊥ which are taken
to be the same in the two semiconductors are the non-zero matrix Kane elements, andδ is
the crystal-field anisotropy parameter (Singh and Wallace 1983). In equation (1) we have
set h̄ = 1, c = 1, e = 1, andm0 = 1. The eight-component eigenvectors(|φ1〉, . . . , |φ8〉)
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of the above Hamiltonian within each layer of the heterostructure are written as

|φ1〉 = g−1
0 (P⊥k−|φ3〉 +

√
2/3P‖kz|φ5〉 −

√
1/3P⊥k+|φ6〉 +

√
2/3P‖kz|φ7〉

+
√

2/3P⊥k+|φ8〉)
|φ2〉 = g−1

0 (
√

1/3P⊥k−|φ4〉 +
√

2/3P‖kz|φ5〉 + P⊥k+|φ6〉 −
√

2/3P⊥k−|φ7〉
+
√

2/3P‖kz|φ8〉)
|φ3〉 = g−1

1 P⊥k+|φ1〉
|φ6〉 = g−1

1 P⊥k−|φ2〉
|φ4〉 = (g1+ 2δ/3)−1(−

√
2/3P⊥k−|φ1〉 +

√
2/3P‖kz|φ2〉 −

√
2/3δ|φ8〉)

|φ5〉 = (g1+ 2δ/3)−1(
√

2/3P‖kz|φ1〉 +
√

1/3P⊥k−|φ2〉 −
√

2/3δ|φ7〉)
|φ7〉 = g−1

2 (
√

1/3P‖kz|φ1〉 −
√

2/3P⊥k+|φ2〉 −
√

2/3δ|φ4〉)
|φ8〉 = g−1

2 (
√

2/3P⊥k−|φ1〉 +
√

1/3P‖kz|φ2〉 −
√

2/3δ|φ5〉)

(2)

whereg0 = E − Vs, g1 = E + EA
0 − Vp, andg2 = E + EA

0 +1A + δ/3− Vδ.
From equation (2), we get two coupled equations in|φ1〉 and |φ2〉 within each layer of

the system: [
h11 h12

h21 h22

] [ |φ1〉
|φ2〉

]
= 0. (3)

The matrix elements of the equation above are given by

h11 = P 2
⊥(k−g

−1
1 k+ + k+g−1

1 k− + k+D−1g5k− + k−D−1g5k+)/2+ P 2
‖ (kzD

−1g4kz)− g0

(4a)

h12 =
√

2P‖P⊥(k−D−1g6kz − kzD−1g6k−)/3 (4b)

where

h11 = h22 h12 = h†21

g3 = E + EA
0 +1A − Vδ g4 = E + EA

0 + 21A/3− 2Vδ/3− Vp/3

g5 = E + EA
0 +1A/3− Vδ/3− 2Vp/3 g6 = 1A − Vδ + Vp

D = γ /g0g1 γ = g0g1(g1g2+ 2δg3/3).

By requiring continuity of the wavefunctions and the probability current across the
interface between the two layers, we obtain the boundary conditions given by Lau and
Singh (1996a, b). Using these boundary conditions, we calculate the reflected amplitude
(Cr) and transmitted amplitude (Ct) for the wavefunctions. The results are

Cr =
kA
z ζ

A − kB
z ζ

B

kA
z ζ

A + kB
z ζ

B
Ct =

2kA
z

kA
z ζ

A + kB
z ζ

B
(5)

where ζ = f2g0/γ , and kz = (γ − f1k
2
⊥)f

−1
2 . Note that the incident amplitude of the

wavefunction is taken to be unity.
With the help of equation (3) and the probability currents defined by Singh and Wallace

(1983), we obtain the probability currents for the incident wave (Ji ), reflected wave (Jr),
and transmitted wave (Jt) at the interface as follows:

Ji = 2P 2
‖ (g

A
1 + 2gA

3 )k
A
z /(3DA)

Jr = −JiC
†
rCr

Jt = 2P 2
‖C
†
t Ct(g

B
1 + 2gB

3 )k
B
z /(3DB).

(6)
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Finally, using the expressions forJi , Jr, andJt, we obtain the following expressions for the
reflection coefficient (R) and transmission coefficient (T ):

R = (kA
z ζ

A − kB
z ζ

B)2

(kA
z ζ

A + kB
z ζ

B)2
T = 4kA

z ζ
AkB

z ζ
B

(kA
z ζ

A + kB
z ζ

B)2
. (7)

One can easily see that equation (7) satisfies the conditionT + R = 1 as required by
conservation of probability current. Note that due to the in-plane translational invariance,
the in-plane wavevector (k⊥ = (kx, ky)) is the same in both the A and B layers. We have
also obtained the expressions forT andR for the case in which an external magnetic field
is applied perpendicular to the plane of the interface. The results are given in the appendix.

Now we define the activationless recombination rate per unit energy for electron–hole
pairs at the heterointerface as the electron flux crossing from the A layer to the B layer.
Note that the recombination processes take place only within the band-overlap region, that is,
within the energy intervalE = [0, V0]. The expression for the activationless recombination
rate per unit energy is written as

Rr(E) =
∫ kp

0
dk⊥ k⊥ρA(E, k⊥)TA→B(E, k⊥)vA

z (E, k⊥) (8)

whereTA→B(E, k⊥) is the coefficient of transmission from A to B,ρA(E, k⊥) = [∂kA
z /∂E]

is the electron density of states of the A layer, andvA
z (E, k⊥) = [∂kA

z /∂E]−1 is the
velocity of the electron incident from the A layer propagating in the positivez-direction.
The upper integration limit for the in-plane wavevectork⊥ in equation (8) is given by
kp = min[kA max

⊥ , kB max
⊥ ], where min stands for the minimum value ofkA max

⊥ = (γA/f
A
1 )

1/2

and kB max
⊥ = (γB/f

B
1 )

1/2. By taking the upper bound of thek⊥-integration to bekp, the
condition for electrons crossing the interface without total reflection is automatically taken
into account.

Similarly the expression for the activationless generation rate per unit energy is written
as

Rg(E) =
∫ kp

0
dk⊥ k⊥ρB(E, k⊥)TB→A(E, k⊥)vB

z (E, k⊥) (9)

whereTB→A(E, k⊥) is the coefficient of transmission from B to A,ρB(E, k⊥) = [∂kB
z /∂E]

is the electron density of states of the B layer, andvB
z (E, k⊥) = [∂kB

z /∂E]−1 is the velocity
of the electron incident from the B layer propagating in the negativez-direction. When
the system is in thermal equilibrium, the generation rate is equal to the recombination rate,
i.e., Rg(E) = Rr(E). In other words, in thermal equilibrium, the electron flux due to the
generation processes is exactly compensated by the electron flux due to the recombination
processes.

Finally, we calculate the current–voltage characteristics of a type II heterojunction. If
a voltage is applied to the heterojunction, then the system is no longer in an equilibrium
condition, i.e., the Fermi level will no longer be constant throughout the system. As a
consequence, there is a net current flow through the interface (Shiket al 1998). Hence, the
recombination current density crossing the interface from A to B is written as

JA→B =
∫ V0

0
Rr(E)fA(E − µA)

[
1− fB(E − µB)

]
dE. (10)

Similarly, the generation current density crossing the interface from B to A is given by

JB→A =
∫ V0

0
Rg(E)fB(E − µB)

[
1− fA(E − µA)

]
dE (11)
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wherefA,B(E) is the Fermi distribution function andµA,B is the Fermi level. Since the
generation and recombination processes take place only within the band-overlap region, we
must integrate the above expressions over the band-overlap region, i.e.,E = [0, V0]. When
an external potential (V ) is applied, the net current density is written asJnet= JA→B−JB→A

and the external potential satisfiesV = µA − µB. The conductance per unit area at the
interface is simply given byG = Jnet/V .

Figure 2. The domain of integration inkp and E (shaded region) for the generation–
recombination current density in an InAs/GaSb heterojunction.

3. Results and discussion

In this section, we present the results of numerical calculations for the activationless
recombination rate, and current–voltage characteristics of an InAs/GaSb heterojunction.
The band overlap between the conduction band of the InAs semiconductor and the valence
band of the GaSb semiconductor is approximately 0.15 eV, and the electrons and the holes
are located in the InAs and the GaSb semiconductors, respectively. The following are
numerical values for the parameters used in our calculations:V0 = 0.15 eV, δ = 0 eV,
Ep⊥ = 22.40 eV,Ep‖ = 22.40 eV,EA

0 = 0.42 eV,1A = 0.38 eV,EB
0 = 0.81 eV, and

1B = 0.755 eV. In the calculation of the recombination rate and current density one has
to calculate the integration limitkp. In figure 2 we plot the calculated values ofkp as a
function of energyE. It is important to note that, when(kp, E 6 0.102 eV) is outside the
shaded region in figure 2,kA

z is imaginary whereaskB
z is real. On the other hand, when

(kp, E > 0.102 eV) lies outside the shaded region,kA
z is real whilekB

z is imaginary.
Using equation (8), we can calculate the dimensionless recombination rateRr/Rr(max)

as a function of energyE, whereRr(max) is the maximum value of the recombination rate
Rr. The results are presented in figure 3. The recombination rateRr(E) vanishes at the
band edges, i.e.E = 0 andE = V0. This can be easily understood from equation (8),
namely the recombination rateRr(E) is directly proportional to the transmission coefficient
TA→B(E, k⊥) given by equation (7). The values of the transmission coefficient are zero at
the energiesE = 0 andE = V0, which correspond to the conduction band edge of the InAs
semiconductor and the valence band edge of the GaSb semiconductor, respectively. Since
there is no band mixing at the band edges, the band overlap between the wavefunction in
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Figure 3. The calculated dimensionless recombination rateRr/Rr(max) as a function of the
energyE.

the InAs semiconductor and that in the GaSb semiconductor vanishes atE = 0 andE = V0.
Hence the recombination rate becomes zero at the end points.

Figure 4. The calculated dimensionless generation–recombination current densityJnet/Jmax as
a function of applied voltageV at temperature of 100 K (solid line) and 400 K (broken line).

Next we calculate the current–voltage characteristics of an InAs/GaSb heterojunction.
We show the calculated dimensionless current densityJnet/Jmax as a function of applied
voltageV for two different temperatures in figure 4. HereJmax is the maximum value of
the current densityJnet. The solid and broken lines correspond to the temperatures 100 K
and 400 K, respectively. Under forward bias, i.e. forV > 0, the current densityJnet

increases with increasing applied voltageV , becoming non-linear and eventually saturating
at a voltage approximately equal to 0.38 V. Note that when the applied voltage is zero, the
Fermi level of the InAs semiconductor is the same as that of the GaSb semiconductor. As
a result, the net current densityJnet is zero atV = 0 as shown in the figure.

Under reverse bias, i.e. forV < 0, the current density also increases with increasing
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Figure 5. The calculated dimensionless conductanceG/Gmax as a function of applied voltage
V at a temperature of 100 K.

Figure 6. The calculated dimensionless generation–recombination current densityJnet/Jmax as
a function of temperatureT with applied voltageV = 0.025 V.

applied voltageV , becoming non-linear and saturating at a voltage approximately equal
to −0.27 V. It is important to note that at small applied voltages, i.e. for|V | 6 0.02 V,
the current–voltage characteristics are essentially linear. This implies that the InAs/GaSb
heterojunction under small applied voltages has the properties of an Ohmic contact, in
agreement with the experimental results (Esaki 1980). In addition, we show the calculated
dimensionless conductanceG/Gmax as a function of applied voltageV at a temperature of
100 K in figure 5, whereGmax is the maximum value of the conductanceG.

Finally, the dimensionless current densityJnet/Jmax as a function of temperatureT is
shown in figure 6 for a constant applied voltage 0.025 V under forward bias. The figure
shows that the current density is inversely proportional to the temperature of the system. As
the temperature increases, the number of electrons available for recombination decreases;
thus the current density decreases with increasing temperature.
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Appendix

In this appendix, we consider the case in which an external magnetic field is applied
perpendicularly to the plane of the interface. To take into account heterostructures grown
in an arbitrary crystal direction, we define an angleθ between the growth axis and the
c-axis corresponding to the [001] crystal direction (Singh and Wallace 1983). The energy
dispersion relation within each layer is written as

γ (En) = 2n+ 1

l2

√
f1A1+ f1f

−1
2 A1k

2
z ±

P⊥1
3l2

A3

where

A1 = f1 sin2[θ ] + f2 cos2[θ ]

A2 = (f1− f2) sin[θ ] cos[θ ]

A3 = [P 2
⊥(En + E0+ δ)2 cos2[θ ] + P 2

‖ (En + E0)
2 sin2[θ ]]−1

and l is the usual cyclotron radius, andn is the Landau quantum number.
Following the same method as described in the theory section, we found the values of

the reflected and transmitted amplitudes:Cr = C+/C− andCt = C/C−, where

C = 2λkA
z ζ

A
1 (α

†
AαA + β†AβA)

C± = (kA
z ζ

A
1 α
†
AαA ± ζA

2 α
†
AαA ± ζA

3 α
†
AβA + kA

z ζ
A
1 β
†
AβA ± ζA

2 β
†
AβA ± ζA

3 β
†
AαA)

∓ λ(kB
z ζ

B
1 α
†
AαB + ζB

2 α
†
AαB + ζB

3 α
†
AβB + kB

z ζ
B
1 β
†
AβB

+ (ζB
2 )
†β
†
AβB + (ζB

3 )
†β
†
AαB)

with

λ = (α†AαB + β†AβB)
−1 α = sin[τn] β = cos[τn]

τn = tan−1[tan[θP‖g1/P⊥g7]]

ζ1 = (f1 sin2[θ ] + f2 cos2[θ ])g0γ
−1

ζ2 = [(f1− f2)g0γ
−1 sin[θ ] cos[θ ] + i 3P 2

⊥g0g6g7γ
−1 sin[θ ]][2n+ 1]

ζ3 = P‖P⊥g0g1g6[(cos2[θ ] +
√

2 sin2[θ ])+ i cos[θ ]](2n+ 1)/(
√

2γ ).

The transmission and reflection coefficients are given byT = Jt/Ji and R = Jr/Ji ,
respectively. HereJt = JB

+C
†
t Ct, Jr = JA

−C
†
rCr, andJi = JA

+ , where

J± =
[

1

2
(P 2
⊥/g1)(sin[θ ] ± h cos[θ ]) sin[θ ] ± 2

3
(P 2
‖ g3/D)(cos[θ ] ∓ h sin[θ ]) cos[θ ]

+ 1

6
(P 2
⊥g8/D)(sin[θ ] ± h cos[θ ]) sin[θ ]

± 1

3
(P 2
‖ g1/D)(cos[θ ] ∓ h sin[θ ]) cos[θ ]

+ 1

3
(P 2
⊥g7/D)(sin[θ ] ± h cos[θ ]) sin[θ ]][ kzα

†α + kzβ†β]
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+ 1

3
(P‖P⊥/D)[kzα†β + kzβ†α][(g8− g7)(sin[θ ] ± h cos[θ ]) sin[θ ]

± (g1− g3)(cos[θ ] ∓ h sin[θ ]) cos[θ ]

]
+ CC

with

h = (f2− f1) sin[θ ] cos[θ ]/(f2 cos2[θ ] − f1 sin2[θ ])

and whereCC stands for the complex conjugate.
The recombination rate per unit energy is given by

Rr(En) = 1

4π2

Nmin∑
n=0

√
(2n+ 1)l−1ρA(En)TA→B(En)v

A
z (En)

whereNmin is defined asNmin = min[nA
max, n

B
max]. The expression fornmax is obtained from

the dispersion relation and is written as

nmax= Round

[
1

2
[(l2γ ∓ P⊥1A3/3)(f1A)

−1/2− 1]

]
where Round[ ] indicates rounding the argument to the nearest non-negative integer. Finally
using Rr(En) together with equation (10), one can calculate the current density for the
heterojunction in the presence of an external magnetic field.
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