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1. INTRODUCTION

The development of the physical principles of
amplification, generation, and detection of terahertz
electromagnetic radiation is one of the urgent prob�
lems determining the possibility of the advancement of
solid�state electronics toward ultrahigh performance.
Developments in solid�state devices based on resonant
tunneling effects, characterized by extremely low iner�
tia of the internal electronic processes, seem most
promising in this direction. Based on resonant�tun�
neling diodes (RTDs), the highest results in terms of
performance in solid�state electronics are achieved [1, 2].

A large number of works [3–10] are devoted to the
theoretical study of the interaction of electrons with an
ac electric field in RTD structures. We have indicated
only the most recent works in this field, directly related
to the subject of the present study. We will not dwell on
previous studies in this field, which are listed and ana�
lyzed in [3–10].

In [6–10], the theory of the interaction of electrons
with an ac electric field in RTD structures with
δ�functional barriers (infinitely large barrier height V
and infinitesimal barrier width b while retaining the
constant product Vb = α) was constructed. In [6–10],
it was shown that the amplification and generation of
an ac electric field in a wide frequency range, includ�
ing terahertz frequencies, are possible in such struc�
tures.

The objective of this study is to construct an analyt�
ical theory of the interaction of electrons with a strong
ac electric field in RTD structures with asymmetric
barriers of finite height and width.

2. SOLUTION OF THE SCHRÖDINGER 
EQUATION FOR ELECTRONS IN RTD 
STRUCTURES WITH ASYMMETRIC 

BARRIERS OF FINITE HEIGHT AND WIDTH 
IN A STRONG ac ELECTRIC FIELD

Let us consider a one�dimensional RTD structure
with two asymmetric barriers of finite height and width
(see the figure). An electron flux proportional to q2,
with energy ε differing slightly from the energy of the
resonance level εr (ε – εr = δ � εr) is directed to the
diode from the left (x < 0). The RTD region is under
an ac electric field E(t) with the frequency ω and
potential

(1)
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The electron wavefunction satisfies the Schrödinger
equation

(2)

where (see the figure)

(3)

We will solve Eq. (2) in the quasi�classical approxi�
mation in a relatively strong electric field. The condi�
tions of the applicability of such an approximation are
defined by the inequalities

εr � Γ, �ω; εr � eEa, (4)

where εr and Γ are the energy and half�width of the
resonance level. The behavior of the potential V(x) is
shown in the figure.

We present the solutions to Eq. (2) in the emitter
(x < 0), in the first barrier (0 < x < b1), in the quantum
well (b1 < x < a + b1), in the second barrier (a + b1 <
x < d), and in the collector (x > d), respectively, in the
form [9]

(5)

(6)

(7)
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∂t

������ �
2

2m x( )
������������∂

2Ψ

∂x2
��������– V x( )Ψ U x t,( )Ψ,+ +=

m x( ) m x 0< b1 x a b1+< < x d>, ,( ),=

m x( ) mb 0 x b1< < a b1 x d< <+,( ).=
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where

(10)

Substituting functions (5)–(9) into Eq. (2) for the
x ranges shown in the figure, we obtain the equations
for the functions Se(x, t), Sc(x, t), Sn(±vn, x, t),
Sw(±v, x, t),

(11)

(12)

(13)

Equations (11)–(13) are only valid if, after substi�
tuting wavefunctions (5)–(9) into the Schrödinger
equation (2), the terms containing the second deriva�
tives (quasi�classical approximation) and the squared
first derivatives (provided that the second inequality
in (4) is satisfied) of the functions Se(x, t), Sc(x, t),
Sn(±vn, x, t), Sw(±v, x, t) with respect to the coordi�
nate x can be neglected in them. The solutions to
Eqs. (11) are the arbitrary functions

(14)

of the parenthetical arguments.

The solutions to Eqs. (12) and (13) can be pre�
sented in the form [9]
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where

(18)

(19)

(20)

are particular solutions to the inhomogeneous equa�

tions (12) and (13), and the functions ,

, and  are general solu�

tions (arbitrary functions of the parenthetical argu�
ments) of the homogeneous equations (12) and (13)
(without the right part).

Taking into account Eqs. (14)–(20), wavefunc�
tions (5)–(9) are written in the form
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(25)

where SUW(±v, x, t) and SUn(±vn, x, t) are defined by

expressions (18)–(20), and , ,

, , 

are arbitrary tunneling functions whose interrelation is
determined from boundary conditions. Using
Eqs. (14)–(20), it is easy to verify that Eqs. (11)–(13),
their solutions (14)–(20), hence, the form of wave�
functions (21)–(25), are valid upon satisfaction of the
inequalities 2ka, 2knbn � 1, and inequalities (4).

Joining the wavefunctions Ψ(x, t) (see (21)–(25))
and the products Ψ'(x, t)/m(x) at the barrier bound�
aries, beginning from the boundary of the right (col�
lector) barrier and finishing at the left boundary of the
left (emitter) barrier (as a result, electron fluxes at the
barrier boundaries are joined), we obtain the equation

for the single tunneling function 

depending on eight biased arguments:
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(26)

where (see (18)–(20))

(27)

(28)

Relations (28) were obtained from (18)–(20) under
the conditions

(29)

which are satisfied in cases of practical interest right up
to frequencies of ω ≈ 1013 s–1. Under additional condi�
tions
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When joining wavefunctions (21)–(25) and prod�
ucts Ψ'(x, t)/m(x), a number of relations were also
obtained, which will be used in calculating the RTD
currents, i.e.
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Following the method used in [4, 5, 9], we present
the function F(z) in the form

(41)

where Φ0(z) satisfies the equation

(42)

Substituting (41) into (31), then multiplying by
ω/2πexp(ilωz), and integrating over z from 0 to 2π/ω,
we find the expansion coefficients Cn

(43)

Let us write the function Φ0(z) in the form

(44)

Substituting (44) into (42) and finding the coeffi�
cients bm, we find

(45)

From (34), we find (see (31))
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Substituting (46) into (45) and taking into account
(28), (29), we obtain
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Substituting (34) and (47) into (43), we find Yn with
an accuracy up to the terms of the order of (ωT)2,
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Taking into account (41)–(48), we write the tun�
neling function F(z) in the expanded form

(49)

The tunneling function F(z) has a sharp maximum
under the condition that the imaginary part of the res�
onant determinants Δn is zero, i.e., provided that
(see (32), (33), (43))

(50)

where
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For symmetric barriers, instead of (50), we obtain
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(see Eqs. (32), (33), (43)) in (ε – n�ω – εr)/εr � 1,
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⎛ ⎞ k1b1coth+

ε εr=

,=

Dr 4 k1b1 k2b2cothcoth 1
ξ1

���� ξ1–⎝ ⎠
⎛ ⎞ 1

ξ2

���� ξ2–⎝ ⎠
⎛ ⎞–

ε εr=

.=

kratan
2ξr

ξr
2 1–

����������� kbrb,coth=

ξr
mb

m
�����

εr

V εr–
�����������⎝ ⎠

⎛ ⎞
1/2

, kbr 2mb V εr–( )/�.= =

kr
2

4
Δn

���� 4 ReΔn εr( ) i ε n�ω– εr–( ) d
dε
����ImΔn

ε εr=
+

⎩ ⎭
⎨ ⎬
⎧ ⎫

1–

=

=  
Γ0

i δ n�ω–( ) Γ–
������������������������������

=  Γ0 dz ' Γ iδ– in�ω+( ) z z '+( ){ },exp

z–

∞–

∫

Γ0
4

d
dε
����ImΔn

⎩ ⎭
⎨ ⎬
⎧ ⎫

ε εr=

������������������������������ 4Γ
K1 K2 Z1 Z2–{ }ε εr=

�����������������������������������������������,= =
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(56)

(57)

(58)

Substituting (54) into (49) and using [11], we find
F(z) and |F(z)|2 in the integral representation (τ1 = z' – z),

(59)

Formulas (59) are similar to those obtained in [5, 9];
however, in our RTD model with asymmetric rectan�
gular barriers of finite height and width, which also
considers the difference of electron effective masses in
the quantum well and barriers, the quantities Γ, ε, δ
and their dependences on the structural parameters
are defined by other expressions (see (50)–(58)). In
particular, the terms exp(–knrbn) enter (50)–(58) (see
also (78)–(80)), which define the probability of elec�
tron tunneling through barriers.

Kn 2 knbncosh i ξn
1
ξn

����–⎝ ⎠
⎛ ⎞ knbn,sinh+=

Zn i ξn
1
ξn

����+⎝ ⎠
⎛ ⎞ knbn,sinh=

Γ
ReΔn εr( )

d
dε
����ImΔn⎝ ⎠
⎛ ⎞

ε εr=

�����������������������������– εr

K1 K2 Z1 Z2–{ }ε εr=

4R1rR2r k1rb1 k2rb2coshcosh
�������������������������������������������������������= =

× kra
1
4
�� Rnr

2– Vn

Vn εr–
������������� 1

ξnr

����� ξnr+⎝ ⎠
⎛ ⎞ knrbntanh

n 1 2,=

 

∑+
⎩
⎨
⎧

+ knrbn
εr

Vn εr–
������������� 1

ξnr

����� ξnr–⎝ ⎠
⎛ ⎞ 2 knrbntanh

2
–( )

⎭
⎬
⎫

1–

,

Rnr 1 1
4
�� 1

ξnr

����� ξnr–⎝ ⎠
⎛ ⎞ 2

knrbntanh
2

+
⎩ ⎭
⎨ ⎬
⎧ ⎫

1/2

,=

Kn
2 Zn

2– 4.=

F z( ) qΓ0Φ0 z( )e ika–
dτ1 Γ iδ–( )τ1–[ ]exp

0

∞

∫–=

× i W
�ω
������ ω z τ1+( )sin– ,exp

F z( ) 2 q2Γ0
2

dτ1 Γ iδ–( )τ1– i W
�ω
������ ω z τ1+( )sin–exp

0

∞

∫=

× dτ2 Γ iδ+( )τ2– i W
�ω
������ ω z τ3+( )sin+ .exp

0

∞

∫

3. CALCULATION OF RTD CURRENTS
IN A STRONG ac ELECTRIC FIELD

The electron current I through the wavefunction Ψ
is given by the formula

(60)

where i is the imaginary unit, e is the electron�charge
magnitude, � is Planck’s constant, and m(x) is the
electron mass.

Substituting wavefunctions (23), (21), (22), (24),
(25) into (60) and considering relations (35)–(40), we
obtain, respectively, the currents in the quantum well
IW(x, t), in the emitter Ie(t), in the first barrier I1(t), in
the second barrier I2(t), and in the collector Ic(t),

(61)

(62)

(63)

It follows from (61)–(63) that the problem is
reduced to calculation of the quantum�well current
IW(x, t) using formulas (59) which, following the cal�
culations in [9], we write in the form

(64)

(65)

The active current component proportional to
cosωt is calculated using the Fourier transform

(66)

I i e�
2m x( )
������������ Ψ*∇Ψ Ψ∇Ψ*–{ },–=

IW x t,( ) ev F z( ) 2 1
4
�� ξ2

1
ξ2

����+⎝ ⎠
⎛ ⎞ 2

+
⎩
⎨
⎧

=

����× k2b2 F z( ) 2 F z̃( ) 2–[ ]sinh
2

⎭
⎬
⎫

,

z
x a– b1–

v

������������������ t, z̃–
x a– b1–

v

������������������– t,–= =

Ie t( ) I1 t( ) IW b1 t,( ),= =

I2 t( ) Ic t( ) IW a b1+ t,( ).= =

F z( ) 2 q2Γ0
2

dτ1 Γ iδ–( )τ1–[ ]exp

0

∞

∫=

× dτ2 Γ iδ+( )τ2–[ ] iA ωzsin iB ωzcos+[ ]exp ,exp

0

∞

∫

A W
�ω
������ ωτ2cos ωτ1cos–[ ],=

B W
�ω
������ ωτ2sin ωτ1sin–[ ].=

ICW x( ) ω
π
��� dt ωtIW x t,( ).cos

0

2π/ω

∫=
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Substituting (61), (64), (65) into (66) and using the
formula

(67)

in which (see (65))

(68)

Jn[–2i(a+a–)1/2] is the Bessel function (n is the natural
number), we find the expression for the active current
(hereafter, we set evq2 = 1),

(69)

(70)

Introducing the variable t = τ2 – τ1 into (69) and
integrating over τ1, we finally obtain

(71)

where

(72)

(73)

ω
2π
����� dt inωt( ) a+eiω t a–e iω t–+( )expexp

0

2π/ω

∫

=  1
2π
����� dξ eiξ( )

n
2 a+a–( )

1/2
ξ λ+( )cos[ ]exp

0

2π

∫

=  in a–

a+
����⎝ ⎠
⎛ ⎞

n/2

Jn 2i a+a–( )
1/2

–[ ],

a+ 1
2
�� iB A–( ), a– 1

2
�� iB A+( ),= =

ξ ωt, eiλ a+

a–
����⎝ ⎠
⎛ ⎞

1/2

,= =

ICW x( ) 2iΓ0
2

dτ2 Γ iδ+( )τ2–[ ]exp

0

∞

∫=

× dτ1 Γ iδ–( )τ1–[ ]J1 2 W
�ω
������ ω

τ2 τ1–
2

������������sin⎝ ⎠
⎛ ⎞exp

0

∞

∫

× ω
τ2 τ1+

2
�������������cos

a b1 x–+
a

������������������ ω
Γ2

���� ω
τ2 τ1+

2
�������������sin+

⎩ ⎭
⎨ ⎬
⎧ ⎫

,

1
Γ2

���� 1
2
�� a
v

��� ξ2
1
ξ2

����+⎝ ⎠
⎛ ⎞ 2

k2b2.sinh
2

=

ICW x( )
4Γ0

2

ω2 4Γ2+
����������������� 2ΓS1 ωS2��–

⎩
⎨
⎧

=

+
a b1 x–+

a
������������������ ω

Γ2

���� ωS1 2ΓS2+( )
⎭
⎬
⎫

,

S1 dte Γt– J1 β ωt
2

�����sin⎝ ⎠
⎛ ⎞ δt ωt

2
�����,cossin

nπ/ω

n 1+( )π/ω

∫
n 0=

∞

∑=

S2 dte Γt– J1 β ωt
2

�����sin⎝ ⎠
⎛ ⎞ δt ωt

2
�����,sinsin

nπ/ω

n 1+( )π/ω

∫
n 0=

∞

∑=

(74)

The expression for the reduced current takes the
form

(75)

Using the above method, we also find the reactive
current ISW(x) and the direct current I0(β) in a strong
ac field,

(76)

(77)

Let us consider some limiting cases.

3.1. Resonant Tunneling in a Strong ac Electric Field

At ω = δ � Γ (quantum mode); ξnr � 1, knrbn � 1
(extremely strong barriers), from (55)–(58), (70),
(72), (73), using [12], we obtain (see (10) and (27)),

(78)

(79)

(80)

(81)

Having substituted (81) into (75), we find the
reduced current in the quantum well,

(82)

β eEa
�ω
�������� 1 2

b1

a
���+⎝ ⎠

⎛ ⎞ , e 0.>–=

ICW
4Γ0

2

ω2 4Γ2+
�����������������=

× 2ΓS1 ωS2– 1
2
�� ω
Γ2

���� ωS1 2ΓS2+( )+
⎩ ⎭
⎨ ⎬
⎧ ⎫

.

ISW x( )
4Γ0

2

ω2
4Γ2+

����������������� ωS1 2ΓS2�+
⎩
⎨
⎧

=

–
a b1 x–+

a
������������������ ω

Γ2

���� 2ΓS1 ωS2–( )
⎭
⎬
⎫

,

I0
Γ0

2

Γ
���� dte Γt– J0 β ωt

2
�����sin⎝ ⎠

⎛ ⎞ δt.cos

nπ/ω

n 1+( )π/ω

∫
n 0=

∞

∑=

Γ
8εr

kra
������ ξ1r

2 2k1rb1–( )exp ξ2r
2 2k2rb2–( )exp+[ ],=

Γ/Γ0
1
2
��

ξ1r

ξ2r

����� k2rb2 k1rb1–( )exp=

+
ξ2r

ξ1r

����� k1rb1 k2rb2–( )exp ,

Γ/Γ2
1
2
�� 1

ξ1r

ξ2r

�����⎝ ⎠
⎛ ⎞

2

2 k2rb2 k1rb1–( )[ ]exp+
⎩ ⎭
⎨ ⎬
⎧ ⎫

,=

S1
2
βΓ
������J1

2 β
2
��⎝ ⎠
⎛ ⎞ , S2

4
πβΓ
���������J2 β( ).= =

ICW
Γ0/Γ( )2

ω2 4Γ2+
����������������� 4Γ2 ω2 Γ

Γ2

����+⎝ ⎠
⎛ ⎞ 4

β
��J1

2 β
2
��⎝ ⎠
⎛ ⎞ .=
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For the symmetric barriers (k1rb1 = k2rb2),

(83)

Formula (83) is identical to formula (113) in [9].
At k2rb2 � k1rb1 (the collector barrier is stronger than
the emitter barrier; see (78)–(80)),

(84)

At k1rb1 � k2rb2 (the emitter barrier is stronger than
the collector barrier),

(85)

It follows from (83)–(85) that the reduced current
in the case of a stronger collector barrier is higher than
the reduced current in the case of a stronger emitter
barrier by one–two orders of magnitude (as estima�
tions show) and is two times higher than the reduced
current in the case of strong symmetric barriers.

In all three cases, the current decreases at β  0;
as β increases, the current runs over a number of max�
ima with decreasing height. The maxima are separated
by minima in which the current vanishes. The opti�
mum ac field amplitude at which the first current max�
imum is reached is determined from the equation

(86)

From (83) and (86), we obtain z0 = 1.36 and a max�
imum current

(87)

almost equal (in magnitude) to the constant resonant
current in the case of symmetric potential barriers, i.e.
(see (77)),

(88)

As shown below (see (107)), the current ICW(z0)
significantly exceeds the reduced current in the classi�
cal mode, the collector current, and somewhat
exceeds the reduced low�frequency current. Hence,
the interference of electrons in the RTD causes signif�
icant amplification and considerable electromagnetic�
radiation generation powers in the terahertz frequency
range ω � Γ.

ICW
4
β
��J1

2 β
2
��⎝ ⎠
⎛ ⎞ .=

ICW
8
β
��J1

2 β
2
��⎝ ⎠
⎛ ⎞ .=

ICW
8
β
��J1

2 b
2
��⎝ ⎠
⎛ ⎞Z12;=

Z12
V2 εr–
V1 εr–
������������ 2 k1rb1 k2rb2–( )–[ ].exp=

dICW z0( )
dz0

����������������� 0, J1 z0( ) 2z0J2 z0( ), z0
β
2
��.= = =

ICW z0( )
4J1

2 z0( )
z0

�������������� 0.84–= =

I0 β = 0 δ = 0 Γ0 = Γ, ,( ) 1.=

Substituting (78)–(81) into (76) and (77), we find
the reduced reactive current ISW and direct current
I0(β),

(89)

(90)

At symmetric barriers (see (78)–(80)),

(91)

At k2rb2 � k1rb1,

(92)

At k1rb1 � k2rb2 (see (85)),

(93)

Finally, let us calculate the dependence of the emit�
ter currents Ice, Ise and collector currents Icc, Isc on the
field amplitude E and frequency ω. At ω = δ � Γ, it
follows from (62), (63), (76), (78)–(81) that

(94)

(95)

(96)

(97)

ISW
8Γ0

2

βΓ ω2 4Γ2+( )
���������������������������� ω 1 Γ

Γ2

����–⎝ ⎠
⎛ ⎞ J1

2 β
2
��⎝ ⎠
⎛ ⎞

⎩
⎨
⎧

=

+
4Γ2 ω2Γ/Γ2+

πΓ
����������������������������J2 β( )

⎭
⎬
⎫

,

I0 β( )
Γ0

2

Γ2
����J1

2 β
2
��⎝ ⎠
⎛ ⎞ .=

ISW
8
π
��

J2 β( )
β

����������, I0 β( ) J1
2 β

2
��⎝ ⎠
⎛ ⎞ .= =

ISW
16
π
����

J2 β( )
β

����������, I0 β( ) 4Z21J1
2 β

2
��⎝ ⎠
⎛ ⎞ ,= =

Z21
V1 εr–
V2 εr–
������������ 2 k2rb2 k1rb1–( )–[ ].exp=

ISW
16
π
����Z12

J2 β( )
β

����������, I0 β( ) 4Z12J1
2 β

2
��⎝ ⎠
⎛ ⎞ .= =

Ice Icw b1( ) Γ
Γ2

����
Γ0

Γ
����⎝ ⎠
⎛ ⎞

2 8
β
��J1

2 β
2
��⎝ ⎠
⎛ ⎞ ,= =

Ise
16
π
���� Γ

Γ2

����
Γ0

Γ
����⎝ ⎠
⎛ ⎞

2J2 β( )
β

���������� Isw b1( ),= =

Icc Icw a b1+( ) 16
Γ0

ω
����⎝ ⎠
⎛ ⎞

2

= =

×
J1

2 β
2
��⎝ ⎠
⎛ ⎞

β
����������� x2 x 1 2

π
�� xarcsin–⎝ ⎠

⎛ ⎞ J1 βx( )d

0

1

∫–

⎩ ⎭
⎪ ⎪
⎨ ⎬
⎪ ⎪
⎧ ⎫

,

Isc 8
Γ0

Γ
����⎝ ⎠
⎛ ⎞

2Γ
ω
���

J1
2 β/2( )
β

���������������.=
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At β � 1 (weak field), the emitter and collector cur�
rents tend to zero; at β � 1 (strong field), the currents
decrease in proportion to W 2 (see (47)); e.g.,

(98)

The frequency dependence of the emitter and col�
lector current maxima (β ≈ 2.8) is described by the fol�
lowing relations

(99)

3.2. Non�Resonant Classical Mode (ω � Γ, δ; δ ≈ Γ)

In this case (see (72)–(75)), the reduced active cur�
rent in the quantum well is given by

(100)

(101)

(102)

Summation of series (101) and (102) under the
condition ω � Γ ≈ δ, π(Γ – iδ)/ω � 1 results in

(103)

(104)

(105)

With sufficient accuracy [9], we can write

(106)

Icc
1
π
��

4Γ0

W
�������⎝ ⎠
⎛ ⎞

2

.–=

Ice const, Ise const,= =

Icc
Γ
ω
���⎝ ⎠
⎛ ⎞

2

, Isc
Γ
ω
���.∝∝

ICW
2iΓ0

2

ω2
4Γ2+

����������������� 2Γ ω2

2Γ2

�������+⎝ ⎠
⎛ ⎞ S3 S3*–( )

⎩
⎨
⎧

–=

+ ω Γ
Γ2

���� 1–⎝ ⎠
⎛ ⎞ S4 S4*–( )

⎭
⎬
⎫

,

S3 dte Γ iδ–( )t– ωt
2

�����J1 β ωt
2

�����sin⎝ ⎠
⎛ ⎞ ,cos

nπ/ω

n 1+( )π/ω

∫
n 0=

∞

∑=

S4 dte Γ iδ–( )t– ωt
2

�����J1 β ωt
2

�����sin⎝ ⎠
⎛ ⎞ .sin

nπ/ω

n 1+( )π/ω

∫
n 0=

∞

∑=

S3 S3*– 4
3
��iπ

2Γδ

ω3
���������� dxJ1 βx( )ϕ x( ) 1 ϕ2 x( )–[ ],

0

1

∫=

S4 S4*– 4
3
��iπ

2Γδ

ω3
���������� dxx 1 x2–( )

1/2–

0

1

∫=

× J1 βx( )ϕ x( ) 1 ϕ2 x( )–[ ],

ϕ x( ) 1 2
π
�� x.arcsin–=

ϕ x( ) 1 ϕ2 x( )–[ ] x 1 x2–( )
1/2

.≈

Substituting integrals (103) and (104) calculated
with such accuracy (see [12]) into (100), we obtain
(ω � Γ ≈ δ)

(107)

Thus, the reduced current in the classical mode has
a small factor (Γ/ω)3 in comparison with the current in
the quantum mode. At symmetric barriers, the factor
Γ/Γ2(Γ0/Γ)2 = 1 (see (79), (80)), and formula (107) is
identical to formula (119) in [9]; at k2rb2 � k1rb1, the
factor Γ/Γ2(Γ0/Γ)2 = 2; at k1rb1 � k2rb2, the additional
small factor

(108)

appears in (107). The emitter and collector currents in
the nonresonant classical mode are

(109)

(110)

As follows from (110), the active collector current
changes sign at high frequencies. The reactive current
in the classical mode can be calculated using formu�
las (76), (72), (73), (101)–(106).

3.3. Calculation of Currents 
at the Low�Frequency Limit (ω � Γ)

In this case, as follows from (71)–(75),

(111)

where (see [12], p. 721)

(112)

At W � Γ,

(113)

ICW
2
3
��π

3δΓ2

ω3
������������ Γ

Γ2

����
Γ0

Γ
����⎝ ⎠
⎛ ⎞

2
J1

2 β
2
��⎝ ⎠
⎛ ⎞

β
����������� .=

Γ
Γ2

����
Γ0

Γ
����⎝ ⎠
⎛ ⎞

2

2
V2 εr–
V1 εr–
������������ 2 k1rb1 k2rb2–( )–[ ] � 1exp=

Ice
π3Γ2δ

3ω3
������������

Γ0
2

ΓΓ2

�������� 4
β
��J1

2 β
2
��⎝ ⎠
⎛ ⎞ ,=

Icc
8
3
��π

3Γ2δ

ω3
������������

Γ0
2

βω2
�������� J1

2 β
2
��⎝ ⎠
⎛ ⎞ ω

πΓ
������J2 β( )–

⎩ ⎭
⎨ ⎬
⎧ ⎫

.=

S2
ω

2Γ
�����S1 � S1, Icw 2Γ

Γ0

Γ
����⎝ ⎠
⎛ ⎞

2

S1,= =

S1 dte Γt– J1 Wt( ) δtsin

0

∞

∫=

=  
g0

1/4–

2W
���������� δ 1 1

1 α2+
���������������+⎝ ⎠

⎛ ⎞ 1/2
Γ 1 1

1 α2+
���������������–⎝ ⎠

⎛ ⎞ 1/2
–

⎩ ⎭
⎨ ⎬
⎧ ⎫

,

g0 Γ2 δ2– W2+( )
2

4Γ2δ2
, α+ 2Γδ

Γ2 δ2– W2+
�������������������������.= =

S1
ΓδW

Γ2 δ2+( )
2

�������������������, Icw
2Γ0

2δW

Γ2 δ2+( )
2

�������������������.= =
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At W � Γ,

(114)

It follows from (111)–(114), (78), (79) that the
current Icw does not change, if the asymmetric emitter
and collector potential barriers are interchanged. The
maximum current Icw at the low�frequency limit for
the case of symmetric barriers is about one third of the
direct resonant current; for the case of asymmetric
barriers, it is a significantly smaller fraction of the
direct resonant current.

3.4. Calculation of Currents in a Weak Electric Field 
(eEa � �ω, |β| � 1)

The active current in the quantum well is given by
formula (71), in which in the case at hand

(115)

(116)

(117)

At symmetric barriers (k2rb2 = k1rb1), the active cur�
rents in the quantum well, emitter, and collector are
given by the expressions

(118)

(119)

(120)

respectively, in which the reduced active current in the
quantum well is given by

(121)

At k2rb2 � k1rb1,

(122)

S1
δ

W2
������, Icw– 2

Γ0

Γ
����⎝ ⎠
⎛ ⎞

2Γδ

W2
������.–= =

J1 β ωt
2

�����sin⎝ ⎠
⎛ ⎞ β

2
�� ωt

2
�����,sin≈

S1
β
2
�� Γδω

Γ2 δ ω–( )2+[ ] Γ2 δ ω+( )2+[ ]
�������������������������������������������������������������,=

S2
βδω2

4
����������=

× 3Γ2 ω2 δ2–+

Γ2 δ2+( ) Γ2 δ ω–( )2+[ ] Γ2 δ ω+( )2+[ ]
�������������������������������������������������������������������������������� .

ICW x( ) ICW
Γ2 δ2 ω2 2ω2x/a–+ +

Γ2 δ2+
��������������������������������������������,=

Ice ICW
Γ2 δ2 ω2+ +

Γ2 δ2+
������������������������,=

Icc ICW
Γ2 δ2 ω2–+

Γ2 δ2+
������������������������,=

ICW

Γ2δ 1 2
b1

a
���+⎝ ⎠

⎛ ⎞ eaE

Γ2 δ ω–( )2+[ ] Γ2 δ ω+( )2+[ ]
�������������������������������������������������������������.–=

ICW x( ) ICW
Γ2 δ2 ω2–+( )Γ0

2
/Γ2 4ω2 a b1 x–+( )/a+

Γ2 δ2+
���������������������������������������������������������������������������������,=

(123)

(124)

At k1rb1 � k2rb2 (see (85)),

(125)

(126)

The reactive current in the quantum well is given by
formula (76) in which S1 and S2 are defined by expres�
sions (116) and (117).

For the case of symmetric barriers, reactive cur�
rents in the quantum well, emitter, and collector are
defined by the expressions (see (121))

(127)

(128)

At k2rb2 � k1rb1 (see (92)),

(129)

(130)

(131)

At k1rb1 � k2rb2 (see (84)),

(132)

(133)

(134)

Ice ICW
Γ2 δ2 ω2–+( )Γ0

2
/Γ2 4ω2+

Γ2 δ2+
�����������������������������������������������������,=

Icc ICW
Γ2 δ2 ω2–+( )Γ0

2
/Γ2

Γ2 δ2+
����������������������������������������.=

ICW x( ) 4ICW
Γ2 δ2 ω2 b1 x–( )/a+ +

Γ2 δ2+
���������������������������������������������Z12,=

Ice 4ICW Z12, Icc 4ICW
Γ2 δ2 ω2–+

Γ2 δ2+
������������������������Z12.= =

ISW x( ) ICW
ω
Γ
���

2Γ2 ω2 Γ2– δ2–( ) a b1 x–+( )/a+

Γ2 δ2+
������������������������������������������������������������������,=

Ise ICW
ω
Γ
���ω

2 Γ2 δ2–+

Γ2 δ2+
������������������������, Isc ICW

2Γω

Γ2 δ2+
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ISW x( ) ICW
2ω
Γ

������=

×
4Γ2Z21 ω2 Γ2– δ2–( ) a b1 x–+( )/a+

Γ2 δ2+
��������������������������������������������������������������������������,

Ise ICW
2ω
Γ

������
4Γ2Z21 ω2 Γ2– δ2–( )+

Γ2 δ2+
���������������������������������������������,=

Isc ICW
8Γω

Γ2 δ2+
��������������Z21.=

ISW x( ) ICW
2ω
Γ

������Z12=

×
4Γ2 ω2 Γ2– δ2–( ) a b1 x–+( )/a+

Γ2 δ2+
�������������������������������������������������������������������,

Ise ICW
2ω
Γ

������Z12
ω2 3Γ2 δ2–+

Γ2 δ2+
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Isc ICW
8Γω

Γ2 δ2+
��������������Z12.=
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4. CONCLUSIONS

The electron wavefunctions and tunneling function
were determined in a resonant�tunneling diode with
asymmetric barriers of finite height and width in a strong
electromagnetic field by solving the Schrödinger equa�
tions with boundary conditions expressing the equality
of the wavefunctions and electron fluxes at the barrier
boundaries. Using the tunneling functions, analytical
expressions were obtained for the active and reactive
polarization currents in the resonant�tunneling diode
structures in a strong electromagnetic field in both the
general case and a number of limiting cases (resonant
tunneling at the high�frequency (ω = δ � Γ) and low�
frequency (ω = δ � Γ) limits and the nonresonant
classical mode (ω = δ ≈ Γ).

It was shown that the dependences of the polariza�
tion currents, energy, and width of the resonance levels
on the structural parameters in the theory of a RTD
with barriers of finite height and width quantitatively
and qualitatively differ from the corresponding depen�
dences obtained in the theory of a RTD with δ�func�
tional barriers [6–10].

It was shown that in the quantum mode where δ =
ε – εr = �ω � Γ, the active alternating current in a
RTD with asymmetric barriers is negative and, at E ≈
2.8�ω/ea, reaches a maximum equal to 84% (in mag�
nitude) of the direct resonant current, I0(E = δ = 0) = 1,
if the probability of electron tunneling through the
emitter barrier is much higher than that of electron
tunneling through the collector barrier. Negative dif�
ferential resistance appears, which makes it possible to
amplify and generate electromagnetic waves. The
response power at the frequency ω = 1013 s–1 reaches
in this case (v = 5 × 107 cm/s, n = 1017 cm–3) Pc =
2.8�ωvn ≈ 104 W/cm2, the generation power reaches
106 W/cm2. For the case of symmetric barriers, the
active alternating current in the quantum mode
reaches a value equal (in magnitude) to 42% of the
direct resonant current.

If the probability of electron tunneling through the
emitter barrier is much lower than that of electron tun�
neling through the collector barrier, the active alter�
nating current becomes lower than the direct resonant
current by 1–2 orders of magnitude; the radiation�
generation power decreases to a similar extent.

At low frequencies (ω � Γ), polarization currents
in the RTD and the radiation�generation power are

independent of the ratio of the probabilities of electron
tunneling through the emitter and collector barriers.
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