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Abstract : In this study, the field induced direct tunneiing and phonon-assisted tunneling of electrons from the single quantum well based 
on the AIGaAs/OaAs heterojunction are reported. The barrier lowering due to the applied electric field favours electrons to tunnel out of the 
well fhe longitudinal optic phonon at a finite temperature scatters electrons to the continuum and then the electron escapes out of the well 
in the direction of the electric field. The thermally excited electrons also escape from the well by the thermionic process. The dark current 
IS calculated taking difierent field induced tunneling mechanisms. The electron absorbs photons and generates photo-current in the direction 
of the electric field. The magnitude o f the photo-current is an order of magnitude higher than the dark current.
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1. Introduction

Fabrication o f  infrared photo-detectors using the 
semiconductor quantum wells have been rapidly developed. 
Many experimental end theoretical activities have been 
carried to optimize efficiency o f these devices [I]. The 
important criterion for achieving efficient devices is that 
the photo-current o f these devices should be an order of 
magnitude higher than dark current [2], In order to find the 
key parameters for improving the device qualities, the 
modeling of the photo-current and dark current is needed. 
The calculation o f  photo-current requires quantum 
mechanical descriptions o f photon-assisted tunneling of  
electrons in a biased quantum well. On the other hand, the 
held induced direct tunneling, phonon-assisted tunneling 
and thermionic emission processes constitute the dark 
current.

The direct escape rate o f electrons dirough the tilted 
barrier in the quantum wells by the applied field has been 
studied using the analytic Airy function approaches [3]. 
However, these methods are very unstable at low field 
strength. In the numerical methods, the density o f states are
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calculated from the stabilization graph and the Stark shifted 
energies and lifetimes are obtained by fitting a Lorentzian 
with it [4]. However, compared to the Airy function method 
this procedure is quite involved and time consuming. We 
have therefore present a new method for calculating the 
direct tunneling rate. In this method the density o f states are 
calculated using as arbitrary energy dependent wave 
function. This method is simple to implement and can be 
extended to find field induced tunneling in quantum wires 
and dots.

While the direct escape rate is found to increase 
exponentially with increasing electric field, the phonon 
escape rate is important at low fields. The phonon-assisted 
tunneling constitutes the electron scattering with the 
longitudinal optic (LO) phonon, longitudinal acoustic phonon 
and interface LO phonon [5,6]. The electron does not couple 
witii the transverse phonon [7]. The scattering due to the 
longitudinal optic (LO) phonon is found to be significant 
over the longitudinal acoustic phonon [8]. The dominant 
LO phonon-assisted tunneling has been studied before by 
several groups treating LO phonon as a bulk mode [9 -1 1).
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However, these calculations involve several integrals which 
need large computational time. In our method we have 
simplified the integrals and found an expression which needs 
modest computational time.

In this paper we have studied the average escape rales 
from different tunneling mechanisms under applied electric 
fields in a single narrow rectangular QW based on AlGaAs/ 
GaAs heterojunction. This well contains a single bound state. 
This is because for the detector application the quantum 
well structure needs a single bound slate with excited state 
dose to the barrier height. The field induced tunneling rates 
arc then calcuhitcd to find the dark current and it is compared 
with the photo-current.

2. Methods of calculations and results

2,1, Direct tunneling :

The Schriidingcr equation for a bound state energy Eo is 
given by

( 1)

The Hamiltonian H in the effective mass equation under 
applied electric field is given by [ I2 |

H = + - + e F z . (2)
2 dz m (z) dz 2m (z)

Here, m*(z) is the position dependent effective mass with 
the well mass mly and barrier mass which arc the ctTeclivc 
masses of GaAs and AI^Gai^^As respectively. V(z) is the 
confinement potential with barrier height V̂ . k, is the 
transverse momentum of the two-dimensional electron gas 
and F is the electric field.

The method for finding resonance position £o and width 
G from the density of states has been formulated by several 
groups [3,10J.

The density of states at an arbitrary energy E  is defined 
as 13]

p ( £ ) [ j  ( 2 ) ]  =  5 ( £  -  E ' ) .  ( 3 )

The energy dependent wave function Vf(z) is reasonably 
approximated by the Taylor’s expansion as

f'f:(z ) = re „ (z )  + (E - E o ) 'r e ,( z ) , (4)

where (z) is the energy derivative of y£(z) at the bound 
state energy £o.

Differentiating cq. ( 1) with respect to £, we find (z) 
satisfying the equation

Naturally '£ f„(z) is normalized as

From eqs. (5) and (6) we obtain

£ v ' l ( z ) ( f / - £ o ) r j : „ ( z ) d z = l .

(61

(7 )

The normalization constant for is found from this
equation. Differentiating cq. (6) with respect to £  at 
we obtain

£ [ n ,  (z)'Fh., (z )+ •p /o .n , 0 . (X|

Substituting cq. (4) in cq. (3) and then using eqs. (6) ;md 
(8), the density of states is obtained as

^ ^ ^ ^ " ^ T + ( £ - £ o ) 2 yv

where ^

The exact form of the density of slates is usually, 
described by a Lorentzian

p(£) = p(£o) ( r / 2)2
( £ - £ „ ) - + ( r / 2 )2 - ( 11)

The resonance width G is obtained by comparing cq. (I I 
with cq. (9) as

r  =
J7T

( 12)

The initial energy including the two-dimensioniil 
transverse kcnetic energy is given by

E, = £o + ! '3 f
2nC

( 13)

The initial energy dependent escape rate due to the 
direct tunneling is obtained as \ / tj, ( E , ) =  r(E, ) l t i .  The 
escape rate is found by averaging over the initial carrici 
distributions as

_L
Zdt

y j d E , p ( E ,  ) f ( E ,  ) - : ^ ^ ^ / j d E ,p ( E i  ) f { E , ). ( 14)-

(5)

The numerical solution of the eq. (1) is based on the 
Fourier scries method [4]. The effect o f the artificial 
triangular potential created in the direction of the applit̂ î 
field is removed by a self-consistent method [4]. The 
effective masses in the well (mV) and barrier (mi) regions 
arc 0.067 mo and 0.095 m© respectively, where mo is the free 
electron mass. The A1 concentration ;i: is taken as 0.353 
which results the barrier height (V©) 340 meV. The width ol
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the well is taken as 40 A so that it contains one bound state 
at energy 170 meV.

1'he average escape rate due to the direct tunneling is 
shown in Figure I.

( 15)

rhe final energy Ef is given by

-  ^k '  + 2m% •

(16)

(17)

The electron LO phonon interaction expressed in die 
FrOlich form is described as [15J

(18)

where y is defined as 

4 e ^ m u i
r  = ■ ft’ ( £ - ^0

(19)

Here, i7  ^  the arbitrary volume of the quantum well. The 
0̂0 and are the high frequency and static dielectric 

constants ipf GaAs respectively.

Due t<|the two-dimensional nature of the electron gas in 
a quantuif well, the wave function is described as

(20)

where r, laid k, are transverse position and momentum 
respectively. A is the area of the two-dimensional gas. 

The s ^ a re  of the matrix element is derived as

f igure 1. Direct tunneling rate as a function of applied electric field
strength.

We find that it increases very rapidly with applied electric 
field. The behaviour o f the escape rate is understood in 
icrm s of the scmiclassical approximation [13] where it is 
explained that the rate increases exponentially with the 
applied electric fields.

2.2 Phonon-assisted tunneling :

The escape rate due to the LO phonon as a function of 
the initial energy is described in the Fermi golden rule 
a.s [14]

v - i . .  . .i2 .

■■ U a

X S { E f - E i  -^® L o).

where fuofx) the energy of the LO phonon, N{(o) is the 
Boson distribution function and q  is the momentum of  
phonon. £, and E/ are the initial and final states energies 
respectively. The electron-phonon coupling matrix element 

is defined as

2 +qj (21)
Ht

where = (22)

Combining the energy and momentum conservations in the 
transverse direction and solving for q, we obtain

X [S{.q, - Q * ) + S { q , - Q ^)], (23)

(24)where = - k ,  c o % 6 ± k , ^ J c o ^ ( 0 ) ^ - A ^ .

Here, A = (£ * .- £ o  ~ ^ r * ^ L o ) / ^ / a n d  ~ 
ti^k} j2m%. The initial energy dependent escape rate is 
obtained as

)[1 -  / ( £ ,  + )] )

X j^ dq ,0 (q , .£ , ,£ * .)  Z(<7,. £*.) (25)

where p -  ny. The expression for & {qt, E ,, £*.) is given by

f2^ 1

W + Q l  q l + Q - J (26)

Following die method of Harrison [IS], the integration over 
0  is simplified as

0 (^ j ,£ * .,£ * )  =

- 1/2

A)7 (27)
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The rate < is obtained by averaging over the carrier 
distributions in the initial state as described in eq. (14).

'Phe parameters used in this calculations are : ôo = 10 6, 
== 12.4 and hcoio ^ 35 meV. In Figure 2 the phonon- 

assisted tunneling rates are presented for various 
temperatures. While the direct tunneling rate increases 
exponentially with the electric fields, the phonon scattering 
rate does not change significantly with fields. As expected, 
the escape rates are highly temperature dependent.

Figure 2. Phonon-assisted electron escape rate as a function of electric 
field tor various temperatures, solid line : 50 K, dashed line : 77 K,
long-dashed line : T * ISOK and dotted line : T *= 200 K.

3. Dark current and photocurrent

3, /. Dark current :

Under the applied bias the source current passes to the drain 
via the quantum well and then returns to the source by the 
closed circuit. In the steady-state condition the source current 
is the same so that the dark current is governed by the 
emitted current from the well by the electric field. Therefore 
the strength o f the dark current depends on the two- 
dimensional carrier density (niJ) inside the well. The total 
current density is the combination o f the tunneling current 
density and thermionic current J,h

Jdark (i)' (28)

where the total escape rate is expressed as the sum of two. 
processes < 1/r > = < \ / t^ > + < l/r^* >.

Hie thermionic emission has an important contribution 
to the tunneling process o f electrons in the quantum well. 
The charge density outside the quantum well due to the 
thermal distribution is given by

„ ( 2 « ^ r
Jo

£ 1/2
(29)

+ 1

where Vo is the barrier height and is die chemical potential 
which is nearly temperature independent The thermionic 
current density is given by [11]

J a , = e n a , V d ,  (30)

where vj is the drift velocity. The expression for vj in the 
bulkGaAs [II].

V rf= /^ /[ l+ (;/F /v ,,) - ]V 2,

where /i is the low-field mobility with value 8000 cm  ̂v  s. 
V, is the saturation velocity. Both a  and v, are treated as two 
empirical parameters with values 2.7 and 2 x  10’ cm/sec 
respectively.

The dark current densities for various temperatures are 
shown in Figure 3.

Figure 3. Dark current vs electric fleld for various temperatures. Notatiom 
are the same as in Figure 2.

As observed here, the direct tunneling current density is 
dominant in the high field region whereas the phonon- 
assisted tunneling current density and thermionic current 

density are dominant in the low field region.

3.2. Photoctorent :

The photo-generated carriers at a given electric field 
produces photo-current. The photo-current is defined as [I]

,(.F) = ^ a i h a > ) d , (32)

wdiere Jo is die power, a(ha>) is the absorption coefficient 
and d  is the widdi o f the well. The absorption coefficient 
a(hw ) due to the bound-to-continuum transition is 
calculated as [16]

where 4 -
1

137 rf

x {1- / ( £ o + M .

I n ^ y m o )  ■

(3 3 ) '

(34) i
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riie optical matrix element for an incident photon polarized 
,n the :  direction is given by

Or,

where E f  =  E o + h a > - h ^ k } / 2 { \ / m ) , - X j

(35)

In Figure 4, we have compared photo-current calculated 
taking k  -  0-3 W with the dark current at temperature
50 K.

As shown in Figure 4, the strength o f the photo-current 
density is quite high compared to the dark current density. 
Therefore this well is suitable for fabricating photo-detectors.

I igiirc 4. Photocurrent as a function of electric field with infrared power
/;, 0 3 W/cm2

4. Conclusion

in the present work we have applied a new numerical metliod 
for finding quasi-bound energies and tunneling times under 
the applied electric field in a single rectangular quantum 
well fabricated from AlGaAs/GaAs heterojunction. The dark 
current is calculated using the field induced direct tunneling, 
fO phonon-assisted tunneling and thermionic emission

processes. The calculated photo-current shows that the dark 
current is not significant in this well so that this well is 
suitable for device applications.
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