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[57] ABSTRACT
A semiconductor device comprises a superlattice semi
conductor portion having a plurality of pairs of super- 
lattice semiconductor thin films for forming step differ
ences of band edge energy. The pairs of the thin films 
are laminated such that parameters which determine the 
structure of the thin films are monotonically changed in 
the direction of the lamination of the thin films. Elec
trodes are disposed to apply an electric field across both 
ends of the superlattice semiconductor portion. The 
semiconductor device has a good negative resistance 
characteristic and a large design freedom of semicon
ductor device.
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1 4,620,

SEMICONDUCTOR DEVICE
BACKGROUND OF THE INVENTION

1. Field of the Invention 5The present invention relates to a semiconductor
device having a differential negative resistance in re
sponse to an electric field applied thereto.

2. Description of the Prior Art
A semiconductor device exhibiting a differential neg

ative resistance (referred to as negative resistance) is 
used in a variety of circuits, for example, switching 
circuits, oscillation circuits, amplifier circuits, detector 
circuits, frequency mixer circuits or the like. It has been 
desired that such a semiconductor device can flexibly 15 
be designed according to any specification of a circuit 
to which the semiconductor device is applied.

Various types of negative resistance devices have 
been produced. Some notable devices of this type re
cently proposed are Gunn effect devices, tunnel diodes, 20 
perfectly periodic superlattice structure devices, or the 
like.The Gunn effect device is made of direct-gap com
pound semiconductor such as GaAs or InP. In this 
device, the Gunn effect is determined solely by the 25 
energy band structure of the material, so that it is diffi
cult to modify any characteristic of the Gunn effect 
artificially. Therefore, the Gunn effect limits the design- 
able range for an electric field providing negative resis
tance, a current density, a size of the Gunn effect de- 30 
vice, an electron density, and so on. For this reason, it is 
very difficult to flexibly design the Gunn effect device 
in accordance with any specifications of an electric 
circuit to which the Gunn effect device is applied.

A tunnel diode utilizes the tunnel phenomonon of 35 
electrons through the p-n junction to which impurities 
of high concentration are doped. Therefore, the nega
tive resistance characteristic is determined solely by the 
energy band structure of the semiconductor to be used. 
This feature extremely restricts a design freedom of the 40 
tunnel diode and thus it is difficult to design the tunnel 
diode in accordance with any specifications of an elec
tric circuit to which the tunnel diode is applied.

A semiconductor device with a perfectly periodic 
superlattice structure is disclosed in U.S. Pat. Nos. 45 
3,626,328 and 3,626,257 by L. Esaki et al.

Such a superlattice structure will be given with refer- . 
ence to FIGS. 1 and 2. FIG. 1 schematically illustrates 
a potential 1 formed dependent on the band edge energy 
for electrons produced by the perfectly periodic super- 50 
lattice structure (referred to merely as superlattice here
inafter), the allowed bands 2 in the superlattice based on 
the potential 1 (referred to as a miniband), and forbid
den gaps 3 in the superlattice (referred to as minigaps).
In FIG. 1, the abscissa represents a distance x and the 55 
ordinate represents an energy E for electrons.

Further, the minibands 2 and the minigaps 3 formed 
in connection with the potential 1 shown in FIG. 1 are 
schematically illustrated. In the figure, the period of the 
potential 1 is designated by d, and the height or ampli- 60 
tude of the potential 1 by Vo. Further, the minigaps 3 
and the minibands 2, as illustrated, are only the first to 
third ones from the bottom, for the simplicity of illustra
tion. When an electric field is applied to the superlattice, 
the potential 1, the minigaps 3, and the minibands 2 in 65 
FIG. 1 are varied as shown in FIG. 2.

In FIG. 2, the potential 1, the minibands 2, and the 
minigaps 3 are tilted down in the X direction due to the

application of the electric field. The electron e at the 
bottom edge of the first miniband 2, or at point PI, 
moves back and forth between points PI and P2 of the 
first miniband 2. In order that this oscillating motion 
causes the negative resistance in the superlattice, all of 
the electrons in the superlattice must repeat the oscilla
tion motions simultaneously, in the same direction, and 
in a synchronizing manner. For this purpose, it is neces
sary to minimize the scattering by the lattice vibrations 
and the doped impurities. Further, the potential 1 must 
be designed so as to reduce the number of electrons 
which tunnels through, for instance, the second minigap 
3 to reach point P3 in FIG. 2. In order to obtain the 
negative resistance in the superlattice in this manner, 
some measure must be taken to minimize such scattering 
and tunnelling of electrons. This makes the device de
sign remarkably difficult.

In the case of injecting electrons into the superlattice, 
it can not always be assured that such electrons effi
ciently enter the superlattice to completely penetrate 
through the superlattice, even if it is possible that elec
trons with certain energy can be present in the superlat
tice. Actually, according to the simulation conducted 
by the inventors, the perfect reflection of electrons was 
easily realized, whereas the penetration of electrons 
therethrough is low in efficiency.

SUMMARY OF THE INVENTION
With the above in view, it is an object of the present 

invention to provide a semiconductor device which has 
a large design freedom in accordance with specifica
tions of electric circuit design to which the semiconduc
tor device is applied, little restriction in manufacturing, 
and a good negative resistance characteristic, and is 
insensitive to various types of scatterings of electrons.

It is another object of the present invention to pro
vide a semiconductor device with a negative resistance 
characteristic, which is flexibly applicable for various 
type of electric circuits such as switching circuits, am
plifying circuits, oscillation circuits, detection circuits, 
and frequency mixing circuits.

It is yet another object of the present invention to 
provide a semiconductor device with a modified super
lattice structure in which with application of electric 
field to the superlattice structure, the miniband is tilted 
in the superlattice stacking direction.

It is a further object of the invention to provide a 
semiconductor device in which the superlattice is lami
nated with an anti-reflection layer which is anti-reflec
tive for electrons from a view point of quantum phe
nomenon, to enable electrons injected into the CHIRP 
superlattice to efficiently penetrate through the CHIRP 
superlattice.In order to achieve the above objects, a semiconduc
tor device according to the present invention comprises 
a CHIRP superlattice semiconductor portion having a 
plurality of pairs of CHIRP superlattice semiconductor 
thin films for forming step differences of band edge 
energy, of which the pairs of the thin films are lami
nated such that parameters which determine the struc
ture of the thin films are monotonically changed in the 
direction of the lamination of the thin films; and elec
trodes are disposed to apply an electric field across both 
ends of the CHIRP superlattice semiconductor portion.

This type of modulated CHIRP superlattice will be 
referred to as “CHIRP” (coherent hetero interfaces for 
reflection and penetration) superlattice, hereinafter.
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Here, the minibands of the CHIRP superlattice semi

conductor thin films may be changed.
It is preferable that the thickness of each pair of the 

CHIRP superlattice semiconductor thin films is 
changed in the lamination direction. Thickness ratios of 
the thin films in the respective pairs can be varied.

It is preferable that a band edge energy of one of the 
thin films in each pair is changed with respect to that of 
the other.

It is also preferable that thickness ratios of the thin 
films in the respective pairs are varied.

A homogeneous semiconductor layer may be dis
posed between the semiconductor portion and at least 
one of the electrodes. Here, a low carrier concentration 
semiconductor layer may be disposed between the ho
mogeneous semiconductor layer and the CHIRP super
lattice semiconductor portion. An anti-reflection por
tion can be disposed adjacent to the CHIRP superlattice 
semiconductor portion, and the homogeneous semicon
ductor layer can be disposed between the anti-reflection 
portion and one of the electrodes. The anti-reflection 
portion may include a semiconductor portion which is 
disposed adjacent to the homogeneous semiconductor 
layer, and the composition of which changes continu
ously. Here, the composition of the semiconductor por
tion can gradually change in a graded manner. The 
anti-reflection portion may be disposed between the 
homogeneous semiconductor layer and one of the elec
trodes.

According to another aspect o f the present invention, 
a semiconductor device comprises a CHIRP superlat
tice semiconductor portion having a plurality of pairs of 
CHIRP superlattice semiconductor thin films for form
ing step differences of band edge energy, of which the 
pairs of the thin films are laminated such that parame
ters which determine the structure of the thin films are 
monotonically changed in the direction of the lamina
tion of the thin films; electrodes disposed to apply an 
electric field across both ends of the CHIRP superlat
tice semiconductor portion; and an anti-reflection por
tion which is disposed between the CHIRP superlattice 
semiconductor portion and at least one of the elec
trodes, and which has a structure which gradually 
changes to correspond substantially to the structure of 
the CHIRP superlattice semiconductor portion in the 
vicinity of the CHIRP superlattice semiconductor por
tion.

The anti-reflection portion may be formed by a 
CHIRP superlattice semiconductor having a plurality 
of pairs of CHIRP superlattice semiconductor thin films 
for forming step differences of band edge energy. Here, 
the pairs of the thin films can be laminated such that 
parameters which determine the structure of the thin 
films are monotonically changed in the direction of the 
lamination of the thin films and the thicknesses of the 
thin films in each of the plurality of pairs can substan
tially be equal to one another in the lamination direc
tion. A band edge energy of one of the thin films in each 
pair can be changed with respect to that of the other. 
The CHIRP superlattice may be formed by a pair of 
different semiconductor thin films.

The anti-reflection portion may be formed by a 
CHIRP superlattice semiconductor having a plurality 
of pairs of CHIRP superlattice semiconductor thin films 
for forming step differences of band edge energy. The 
pairs of the thin films can be laminated such that param
eters which determine the structure of the thin films are 
monotonically changed in the direction of the lamina

3
tion of the thin films. The thickness of each pair of the 
CHIRP superlattice semiconductor thin films can be 
changed in the lamination direction.

The anti-reflection portion may be formed by a 
CHIRP superlattice semiconductor having a plurality 
of pairs of CHIRP superlattice semiconductor thin films 
for forming step differences of band edge energy. The 
pairs of the thin films can be laminated such that param
eters which determine the structure of the thin films are 
monotonically changed in the direction of the lamina
tion of the thin films, the thicknesses of the thin films in 
each of the plurality of pairs can substantially be equal 
to one another in the lamination direction. A band edge 
energy of one of the thin films in each pair can be 
changed with respect to that of the other. Thickness 
ratios of the thin films in the respective pairs can be 
varied with respect to each other.

Other objects and features of the invention will be 
apparent from the following description taken in con
junction with the accompanying drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a potential diagram illustrating potentials of 

a conventional superlattice structure;
FIG. 2 is a potential diagram illustrating potentials of 

the superlattice structure when an electric field is ap
plied to the superlattice structure;

FIGS. 3A-3E schematically illustrate the step differ
ence of the band edge energy;

FIG. 4 is a schematic diagram showing an embodi
ment of a semiconductor device according to the pres
ent invention;

FIG. 5A is an enlarged schematic diagram showing 
an embodiment of a semiconductor device according to 
the present invention having a CHIRP superlattice 
structure with gradually changing periodicity;

FIG. 5B is a potential diagram illustrating a potential 
for the structure shown in FIG. 5A;

FIG. 5C is an energy diagram illustrating minibands 
and minigaps formed by the potential of the CHIRP 
superlattice structure;

FIG. 6A is an enlarged schematic diagram showing 
an embodiment o f a semiconductor device according to 
the present invention having a CHIRP superlattice 
structure with an amplitude modulated potential;

FIG. 6B is a potential and energy diagram illustrating 
a potential, minibands' and minigaps formed by the 
structure shown in FIG. 6A;

FIG. 7A is an enlarged schematic diagram showing 
an embodiment of a semiconductor device according to 
the present invention having a CHIRP superlattice 
structure with a modulated ratio of film thicknesses;

FIG. 7B is a potential and energy diagram illustrating 
a potential, minibands and minigaps formed by the 
structure shown in FIG. 7A;

FIG. 8 is a graph illustrating dependence of mini- 
bands and minigaps on the periodicity in a superlattice 
made of periodically alternating thin layers of two dif
ferent semiconductors, the results being obtained by 
computer calculation;

FIGS. 9A-9D illustrate potentials, minibands and 
minigaps in the semiconductor device with a CHIRP 
superlattice structure when a voltage is applied to the 
CHIRP superlattice structure;

FIG. 10 illustrates a current-voltage characteristic of 
the CHIRP superlattice structure;

FIG. 11 is a diagram illustrating computer simulation 
results of the relationship between the transmissivity of
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4.620.206
electrons passing through the CHIRP superlattice 
structure and an electric field applied thereto;

FIG. 12 is a schematic diagram showing an embodi
ment of a semiconductor device according to the pres
ent invention in which a low carrier concentration semi- 5 
conductor layer is arranged between the homogeneous 
semiconductor and the semiconductor with a CHIRP 
superlattice structure;FIG. 13 is a potential and energy diagram illustrating 
a potential, minibands and minigaps as given by the 10 
structure shown in FIG. 12;FIG. 14 is a potential and energy diagram illustrating 
a modification of the potential formed by the CHIRP 
superlattice structure;FIGS. 15A and 15B are graphical representations of a 15 
relationship of electron transmissivity vs. voltage as 
given by the minibands and minigaps in FIG. 14, and a 
relationship of current vs. voltage;

FIG. 16A is a schematic diagram showing another 
embodiment of a semiconductor device with an anti- 20 
reflection region according to the present invention;

FIG. 16B is an enlarged schematic diagram showing 
a detailed structure of the anti-reflection region and the 
superlattice in FIG. 16A;FIG. 16C is a potential and energy diagram illustrat- 25 
ing a potential, minibands and minigaps formed by the 
structure shown in FIG. 16A;FIG. 17A is a schematic diagram of a modification of 
the semiconductor device shown in FIG. 16A in which 
a graded semiconductor and a superlattice are used for 30 
the anti-reflection portion;

FIG. 17B is an enlarged schematic diagram showing 
a detailed structure of an anti-reflection portion com
posed of the graded semiconductor and the CHIRP 
superlattice; 35FIG. 17C is a potential and energy diagram illustrat
ing a potential, minibands and minigaps formed by the 
structure shown in FIG. 17A;

FIG. 18A is an enlarged schematic diagram showing 
a structure of a modification of the semiconductor de- 40 
vice shown in FIG. 16A in which the CHIRP superlat
tice forms an anti-reflection portion;

FIG. 18B is a potential and energy diagram illustrat
ing a potential, minibands and minigaps of the semicon
ductor device shown in FIG. 16A; 45

FIG. 19 is a schematic diagram showing a structure 
of a modification of the semiconductor device shown in 
FIG. 12 in which the CHIRP superlattice for anti- 
reflection portion used in FIG. 16 is additionally used 
for the anti-reflection portion; 50

FIG. 20 is a schematic diagram showing a structure 
of a modification of the semiconductor device shown in 
FIG. 12 in which the combination of the anti-reflection 
portion semiconductors shown in FIG. 17 is addition
ally used for the anti-reflection portion; and 55

FIGS. 21A-21C illustrate, each, the combination of a 
potential and energy diagram and electron reflectivity 
in the superlattice, obtained by computer simulation.

DETAILED DESCRIPTION OF THE 60
PREFERRED EMBODIMENTS

First, explanation will be made of the formation of 
the potential 1 as shown in FIG. 1 with referring to 
FIGS. 3A-3E.FIGS. 3A-3C illustrate step differences of band edge 65 
energy formed by the hetero-junction obtained by a 
combination of two kinds of semiconductors A and B 
selected from various types of semiconductors, and

5 FIGS. 3D and 3E illustrate step differences of band 
edge energy formed by impurity doping. In the figures, 
C designates the lower edge of a conduction band, V 
the upper edge of a valance electron band, and E/Fer- 
mi’s energy. A  combination of semiconductors A and B 
which is classified as the type shown in FIG. 3A may be 
obtained by combining the following semiconductors:

ALGaj _ jcA s—GaAs, AlAs—GaAs, Si—Ge, A1S- 
b—GaSb, AlxGai—xSb—GaSb, AlAs—Ge, ALG ai—*. 
As—Ge, ALGaj-^As—Al^Gai_j,As (x>y), GaAs—I- 
nAs, InxGai _*As—InAs, In^Gai _*As—In^Gai ->As 
(x>y), InP—InAs, InP^Asi-*—InPjAsi-j> (x>y), 
CdTe—InSb, CdxHgi_^Te—InSb, AlxIn i_xS- 
b—Al^Ini_^Sb (x>y), In^Gaj _ xAs^Pi In2Gaj 
2A suPi_ u (x< z, y<u).A combination of semiconductors A and B which is 
classified as the type shown in FIG. 3B may be obtained 
by combining the semiconductors:

GaSb—InSb, InxGai _ 2Sb—InSb, In^Gai- XS-
b—Inj,Gai _j>Sb (x<y), Si—InAs, Si—In^Gai _ xAs, 
GaSb—InAs, AlSb—InPs, AlSb—CdTe, AlAs—CdTe. 
The following semiconductors may be combined as a 
combination of semiconductors A and B for providing 
the step difference of band edge energy of FIG. 3C:

Ge—GaAs, InAs—AlSb, In2A li_ 2As—AlSb, InS- 
b—InAs, GaSb—InAs, GaAs—InP, Si—GaP, Si- 
—ZnSe, Si—CdTe.In FIGS. 3D and 3E, the combinations of two con
ductivity characteristics are used. The combination of 
semiconductors A  and B in FIG. 3D corresponds to the 
n-n+ type semiconductors, and that of FIG. 3E corre
sponds to the p-n type semiconductors.

The semiconductors A and B may be monocrystalline 
semiconductor or amorphous semiconductor.

Also in FIGS. 3A-3C, each semiconductor may be of 
n or p conductivity type.Accordingly, a number of further methods are avail
able for the formation of step differences of band edge 
energy. The superlattice may be formed by suitably 
combining the semiconductors selected from the above- 
described groups, so that the potential 1 is formed as 
shown in FIG. 1 by the step difference of band edge 
energy. In the conduction band, the step difference of 
band edge energy provides the potential 1 for electrons. 
In the valence electron band, the step difference of band 
edge energy provides the potential 1 for holes. There
fore, the discussion on the potential 1 for electrons is 
correspondingly applicable to the potential 1 for holes, 
if n conductivity type is replaced by p conductivity 
type, and E by — E. In the following explanation, only 
the potential 1 for electrons will be referred to for ease 
of explanation.Reference is made to FIG. 4 showing an embodiment 
of a semiconductor device according to the present 
invention. In the figure, reference numerals 4 and 10 
designate lead wires, 5 and 9 electrodes, 6 and 8 n-type 
homogeneous semiconductors, and 7 a semiconductor 
with a CHIRP (coherent heterointerfaces for reflection 
and penetration) superlattice structure.

An enlarged structure of the portion of the semicon
ductor 7 shown in FIG. 4 is shown in detail in FIG. 5A. 
In FIG. 5A, thin layers of two different semiconductors 
la  and 7b are alternately multilayered by combining 
semiconductors capable of forming the step differences 
of the band edge energy shown in FIGS. 3A-3E. The 
multilayered semiconductor thin layers la  and lb  may 
be formed by an epitaxial growth method such as the 
molecular beam epitaxy method and the organometallic

6
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chemical vapor deposition method (MOCVD method). 
The thickness of pairs of the semiconductor thin layers 
la  and lb  may be modulated with gradually changing 
periodicity in a manner such that the thickness is gradu
ally reduced from the n-type homogeneous semicon
ductor 6 to the n-type homogeneous semiconductor 8. 
The modulated period of the superlattice are denoted as 
di, d2, —, d/, —, d„ with suffixes in FIG. SB. The thickness ratio of the pair of the semiconductor thin layers la  
and lb  in one superlattice period may be set to be equal 
to each other.

The n-type homogeneous semiconductor 6 may be 
selected so that its potential 6' has the same level as that 
of the potential formed by the semiconductor layer lb. 
It is not always necessary that the potential 6' formed by 
the semiconductor 6 is made equal in level to that 
formed by the semiconductor layer lb. The n-type semi
conductor 6 may be selected according to a negative 
resistance characteristic as required and an electric 
circuit to which the semiconductor device is applied.

The n-type homogeneous semiconductor 8 may be 
selected so that the potential 8' formed by the semicon
ductor 8 has the same level as that of the potential 
formed by the semiconductor layer la.

In the semiconductor device thus constructed, a po
tential 11 formed in the modulated superlattice struc
ture between the n-type homogeneous semiconductors 
6 and 8 is profiled as illustrated in FIG. 5B.

At the present stage of understanding in this field, it is 
impossible to exactly and perfectly grasp the energy 
states of electrons for the potential 11. However, the 
miniband 2 and the minigap 3 associated with the poten
tial 1 of the superlattice made of periodically alternating 
thin layers of two different semiconductors and having 
the same period as the ith period d, are deemed to be the 
minibands 12 and the minigaps 13 in the vicinity of the 
ith period of the modulated superlattice, respectively, as 
illustrated in FIG. 5C. In FIG. 5C, the miniband 12 and 
the minigap 13 show the first to third minibands and the 
first to third minigaps, respectively, when those are 
considered-to be analogous to those of the periodical 
superlattice in a local sense. No minibands and minigaps 
in further higher energy state are illustrated for the 
simplicity of illustration.

FIG. 6A shows a modification of the semiconductor 
device shown in FIG. 4, in which a composition of the 
semiconductor 7 with a CHIRP superlattice structure is 
modulated. In the figure, only five pairs of CHIRP 
superlattice semiconductor layers la  and lb  are illus
trated for the ease of illustration, but the number of the 
pairs of the semiconductor thin layer may be increased 
according to a negative resistance design. While main
taining the layer thicknesses of the pair of the semicon
ductor thin layers la  and lb, the band edge energy of 
the layer lb  may gradually be increased with respect to 
the band edge energy of the layer la, so that a potential 
profile 16 as illustrated in FIG. 6B is obtained.

In FIG. 6B, d represents a period of the superlattice, 
and di and d2 the thicknesses of the semiconductor thin 
layers la  and lb, respectively.

The semiconductor layer la  may be formed by GaAs, 
and the layer lb  by AlxG ai_xAs. The potential 16 can 
be obtained by epitaxial growth method while gradually 
increasing x of AlxGai _ xAs.

Alternatively, Ge may be used for the layer la  and 
Gei ̂ S i*  for the layer lb. The value x of the Gei-^Si* 
of the layers lb  can gradually be increased toward the 
homogeneous n-type semiconductor 8.

7
The potential 16 may also be obtained by decreasing 

the impurity concentration in the semiconductor layer 
lb, even if the layers la  and lb  are made of a single 
semiconductor.

The layers la  and lb  can be formed by the combina
tion of semiconductors capable of forming the step 
differences of the band edge energy as shown in FIGS. 
3A-3E.

The local minibands 14 and the local minigaps 15, as 
formed by the potential 16, are as illustrated in FIG. 6B. 
The minibands 14 and the minigaps 15 are slanted from 
the n-type homogeneous semiconductor 6 toward the 
n-type homogeneous semiconductor 8.

FIG. 7A shows another modification of the semicon
ductor device shown in FIG. 4, in which the thickness 
ratio of the semiconductor thin layers la  and lb  of the 
semiconductor 7 with a CHIRP superlattice structure is 
modulated. In this modification, the thickness ratios of 
the pairs of the thin layers la  and lb  are gradually 
changed, while the period d is fixed, as shown in FIG. 
7A. Then, a potential 17 is profiled, as illustrated in 
FIG. 7B. In the figure, dj-d9 represent thicknesses of 
the layers lb  With this modulation of the thickness ratio 
of the semiconductor layers la  and lb, the minibands 18 
and the minigaps 19, in a local sense, may be slanted 
from the n-type homogeneous semiconductor 6 toward 
the n-type homogeneous semiconductor 8, as shown in 
FIG. 7B. While in this modification, only nine pairs of 
the thin layers la  and lb  are illustrated by way of 
example, the number of the layer pairs may of course 
be changed according to the negative resistance char
acteristic as required and an electrical circuit to which 
the semiconductor device is applied.

Three modulation manners of the semiconductor 
with a CHIRP superlattice structure have been shown 
in FIGS. 5A, 6A and 7A. In the first embodiment 
shown in FIG. 5A, only the period of the potential 11 is 
modulated, while fixing the thickness ratio of the semi
conductor layers la  and lb, as shown in FIGS. 5A and 
5B. In the second embodiment shown in FIG. 6A, the 
amplitude of the potential 16 is modulated by appropri
ately selecting the combination of the semiconductors, 
as shown in FIGS. 6A and 6B. In the third embodiment 
shown in FIG. 7A, the thickness ratio of the semicon
ductor pairs are modulated so as to gradually change 
the width of the potential well in the potential 17, as 
shown in FIGS. 7A and 7B. Additional modifications of 
the semiconductor 7 with a CHIRP superlattice struc
ture based on the embodiment shown in FIG. 4 can be 
obtained by combining two of the above three modula
tion manners or combining the above three modifica
tions in a manner that the energy width, the energy 
value, the slope, and so on of the minibands 18 and the 
minigaps 19 are selected according to a negative resis
tance characteristic as required and an electrical circuit 
to which the semiconductor device is applied.

Further, in the semiconductor thin layers la  and lb  
shown in FIGS. 5A, 6A and 7A, it is not essentially 
required that the spatial relation between the semicon
ductor thin layers la  and lb  changes abruptly from the 
thin layer la  to the thin layer lb  and vice versa. The 
boundary may change based on a proper function with 
respect to distance x, such as sin x or cos x or the like. 
What is most important in the present invention is to 
modify or change the periodicity of the superlattice of 
the perfectly periodically alternating type. Any type of 
a periodical function of the potential for a superlattice
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4,620,206
may be modulated to form a semiconductor 7 with a 
CHIRP superlattice structure.

FIG. 8 graphically illustrates the results of computer 
calculation of the minibands 2 and the minigaps 3 in the 
perfectly periodical superlattice shown in FIG. 1. In the 5 
graph, the abscissa represents

in the form of energy, while the ordinate indicates elec
tron energy. The upper abscissa represents a change of 
the period d of the superlattice. Here, m* in

is representative of the effective mass of electron, and n 
is representative of the value of Planck’s constant di
vided by 2tt.If it is assumed that the width of the high potential 
part in each period of the potential 1 is di and the low 25 
potential part is d2, d = d i+ d 2. The calculation results 
of FIG. 8 are obtained in case of d i= d 2. The fourth and 
subsequent minigaps and minibands are not illustrated in 
FIG. 8, for the simplicity of illustration. As seen from 
the graph, as the period d becomes smaller, the mini- 30 
band 2 becomes larger. Also when di is not equal to d2, 
the miniband 2 and the miniband 3 can be calculated 
with respect to the period d by the similar calculation 
method. Accordingly, the minibands 12, 14 and 18 and 
the minigaps 13, 15 and 19 in the CHIRP superlattice 33 
structure can be determined in a local sense. Therefore, 
the minibands 12,14 and 18 and the minigaps 13,15 and 
19 in the CHIRP superlattice structure can be designed 
according to a negative resistance characteristic as re
quired and an electrical circuit to which the semicon- 40 
ductor device is applied, by using an energy chart as 
shown in FIG. 8.

It is seen from the above energy chart that the mini
band 2 and the minigap 3 formed by the superlattice 
structure are spatially slanted if the superlattice struc- 45 
ture is appropriately modulated.

Next, explanation will be made of the behavior of the 
CHIRP superlattice structure when an electric field is 
applied to the structure by way of an example of the 
CHIRP superlattice structure with a periodicity modu- 50 
lation shown in FIG. 5A.In FIG. 9A, reference numeral 22 designates a poten
tial. The potential 22 can be formed in a manner de
scribed above. In FIG. 9A, the potentials 6' and 8' ^re. made of then-type homogeneous semiconductors 6 and 55
8 shown in FIG. 4. Here, di-dio indicate modulated 
periods and may be designed to be di > d 2> — >dio- As 
for electrons, electrons in the n-type homogeous semi
conductor 6 is typically represented by e on the poten
tial 6'. The periods di to dio of the potential 22 may be 60 
so chosen that the first and second minigaps 20 and the 
first and second minibands 21 are tilted from the poten
tial 6' toward the potential 8'.

Electron densities of the n-type homogeneous semi
conductors 6 and 8 may be chosen so that their poten- 65 
tials 6' and 8' are not tilted when a voltage V 1 is applied 
across the electrodes 5 and 9 in FIG. 4, as shqwn in 
FIG. 9B.

Therefore, most of the voltage Vi is applied to the 
CHIRP superlattice structure, and accordingly, the 
potential of the CHIRP superlattice is tilted, as shown 
in FIG. 9B. At this time, the minibands 21 and the mini
gaps 20 are simultaneously tilted. The electron e on the 
potential 6' can tunnel through the lower edge of the 
second minigap 20 to reach the electrode 9, i.e. the 
potential 8'. This means that a current flows between 
the electrodes 5 and 9.

When the voltage is further increased up to V2, the 
electron e can view the second minigap 20 over the 
entire space of CHIRP superlattice structure as shown 
in FIG. 9C. At this time, the electron e cannot exist in 
the second minigap 20. The electron e, which is to ema
nate from the electrode 5, is reflected by the minigap 20 
to return to the electrode 5. As a result, no current flows 
between the electrodes 5 and 9.

When a further increased voltage V3 is applied across 
the electrodes 5 and 9, as shown in FIG. 9D, the elec
tron e tunnels through the upper edge of the second 
minigap 20 to reach the electrode 9.

The relationship between the current and the voltage, 
as described with reference to FIGS. 9A-9D, is illus
trated in FIG. 10.In FIG. 10, currents Ii and I3 flow when voltages V 1 
and V3 are applied across the electrodes 5 and 9, 
whereas no current flows when the voltage V 2 is ap
plied across the electrodes 5 and 9. If the polarity of the 
applied voltage is reversed, electron e emanates from 
the electrode 9 instead of the electrode 5, and most of 
the thus emanating electrons are reflected by the first 
minigap 20, so that a current hardly flows. Thus, a 
voltage-current characteristic when the voltage is ap
plied across the electrodes 5 and 9 of the semiconductor 
device shown in FIG. 4 may be determined to follow 
curves 23 and 24 in FIG. 10.

Further, a negative resistance can be observed in the 
voltage range between Vi and V 2. A curve profile of 
the lower voltage portion in the curve 23 and the curve 
24 shows that the semiconductor device shown in FIG. 
4 has rectification characteristics.

To confirm the prediction of FIG. 10, computer sim
ulation was carried out by solving the Schroedinger 
equation with respect to an electron e in the potential 22 
in FIG. 9. The result of the computer simulation is 
shown in FIG. 11.In FIG. 11, the abscissa represents an electric field in 
the CHIRP superlattice. A corresponding voltage can 
be obtained by multiplying the electric field by the 
length of the CHIRP superlattice structure, i.e., (di + d 2 
+  . . .  +dio) in FIG. 9. The ordinate represents a trans

missivity of an electron e, which emanates from the 
potential 6', passes through the CHIRP superlattice 
structure to reach the potential 8'. In the computer 
simulation, the ith period d/ of the CHIRP superlattice 
structure was expressed by the following equation. 
Here, a thickness ratio dj/di of the semiconductor thin 
layers was |.

2 (i)
= ‘ *> + * * «

where m* is the effective electron mass, n is the value 
of Planck’s constant divided by 2it, Vo the height of the 
potential shown in FIG. 9, q the elementary charge, E4
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the intensity of electric field, and x,- the distance from 
the potential 6' to the ith period d/.

As seen from FIG. 11, the electron transmissivity is 
zero when the electric field is Ed, and under this condi
tion the electrons are perfectly reflected. The curve 25 
in FIG. 11 can be converted to the curve 23 in FIG. 10, 
if the electron transmissivity is multiplied by the current 
flowing between the potentials 6' and 8' in FIG. 9 in 
accordance with Ohm’s law.

If the thickness ratio df/di in FIG. 9A, is not a spe
cific value like but an arbitrary value a, equation (1) 
can be replaced by the following equation (2).

11

In this case, a transmissivity curve of an electron e 
similar to the curve 25 in FIG. 11 can be obtained. 
Other suitable methods than those of the equations (1) 
and (2) are also available for formation of the potential 
22.

Reference is now made to FIG. 12 schematically 
illustrating a semiconductor device in which a low  
carrier concentration semiconductor layer is disposed 
adjacent to a modulated superlattice structure, i.e. a 
semiconductor with a CHIRP superlattice structure. In 
FIG. 12, the same reference numerals are used to desig
nate like or equivalent portions in FIG. 4. In the figure, 
reference numeral 27 designates a low carrier concen
tration semiconductor layer provided between the n- 
type homogeneous semiconductor 6 and the semicon
ductor 7 with a CHIRP superlattice structure.

FIG. 13 illustrates a potential diagram formed by the 
semiconductor device shown in FIG. 12. The potential 
may be formed as shown by a potential 29 by the uni
form semiconductor 27. While in the semiconductor 
device, the semiconductor 7 with a CHIRP superlattice 
structure has a gradually changing or modulating perio
dicity as indicated by the potential 28, it is evident that 
the amplitude modulation as shown in FIG. 6A, the 
thickness ratio modulation as shown in FIG. 7A or the 
combination thereof is also applicable for this semicon
ductor device.

The potential 6' may be formed by the n-type homo
geneous semiconductor 6; the potential 29 by the uni
form semiconductor 27; the potential 28 by the semicon
ductor 7 with a CHIRP superlattice structure; and the 
potential 8' by the n-type homogeneous semiconductor
8. Further, the minigap 30 and the miniband 31 may be 
formed by the potential 28. An electron e, which is 
emitted from the n-type homogeneous semiconductor 6 
to the low carrier concentration semiconductor of the 
potential 29, can pass through the miniband 31 without 
being reflected at the edge of the second minigap 30, 
when a low voltage is applied across the electrodes 5 
and 9. Further, even when the applied voltage is larger 
than that providing the perfect reflection of electrons, 
the low carrier concentration semiconductor may be 
tilted to lower the second minigap in terms of energy of 
the CHIRP superlattice adjacent to the low carrier 
concentration semiconductor. Therefore, the electrons 
e can enter the miniband 31 without being reflected at 
the edge of the second minigap 30. Therefore, the elec
tron transmissivity is increased considerably and the 
negative resistance characteristic is greatly improved as 
well. A  computer simulation was performed to obtain 
the transmissivity in this semiconductor device, and its

result is indicated by the curve 26 in FIG. 11. This 
curve 26 shows that the transmissivity is greatly im
proved in comparison to the curve 25.

N-type homogeneous semiconductors 6 and 8 and the 
semiconductor 7 with a CHIRP superlattice structure 
may form the potentials 6', 34 and 8' schematically 
illustrated in FIG. 14. The miniband 33 and the minigap 
32 may be formed by the potential 34. Here, it is as
sumed that W i is the energy from the potential 8' to the 
upper edge u of the first minigap 32 and W2 is the en
ergy from the potential 8' to the lower edge 1 of the 
second minigap 32. It is also assumed that Wc is the 
energy of the potential 6'.

In FIG. 14, when a voltage V applied across the 
n-type homogeneous semiconductors 6 and 8 is in
creased, the first minigap 32 prohibits the passage of the 
electrons e from the n-type homogeneous semiconduc
tor 6 through the semiconductor 7, until the upper edge 
u of the minigap 32 has the same energy as the potential 
6'. When the energy at the point u is decreased below 
the potential 6' by the increased voltage V, the electrons 
e can pass through the first miniband 33, i.e., the elec
trons e can pass through the semiconductor 7 with a 
CHIRP superlattice structure. When the voltage V is 
further increased and the energy at the point 1 approxi
mates to the potential 6', the electrons e must pass 
through the second minigap 32. As a result, the trans
missivity is decreased.

These behaviors are depicted as a curve 35 in FIG. 
15A. In the figure, the abscissa represents voltage, while 
the ordinate represents transmissivity.

In FIG. 15B, a curve 36 illustrates a current-voltage 
characteristic corresponding to the transmissivity varia
tion illustrated in FIG. 15A. In the graph, reference 
numeral 37 indicates a leakage current, 38 indicates a 
current flowing according to Ohm’s law, and 39 a cur
rent flow when the polarity of the applied voltage is 
reversed. The curves 36 and 39 also indicate a rectifying 
function. FIG. 15B illustrates a negative resistance 
which is different from that of FIG. 10.

If the low carrier concentration semiconductor layer 
27 shown in FIG. 12 is provided between the n-type 
homogeneous semiconductor 6 and the semiconductor 
7 with the CHIRP superlattice structure having a char
acteristic illustrated in FIG. 14, the current-voltage 
characteristic shown in FIG. 15B can be improved.

To obtain the negative resistance characteristic as 
illustrated in FIG. 10 or FIG. 15B in the semiconductor 
device with a CHIRP superlattice structure, it is essen
tial that the minibands and the minigaps, which are 
produced by the potentials 22 and 34 of the CHIRP 
superlattice structure are slanted along the distance x in 
terms of energy. The potential 22 and the potential 34 of 
the CHIRP superlattice structure may be formed by 
modulating the period, the amplitude, the thickness 
ratio, or any combination thereof.

According to the present invention, a semiconductor 
device with negative resistance characteristic is formed 
by the combination of semiconductors with any desired 
potential in a manner that the height of the potential 
formed by the homogeneous semiconductor 6, the 
height of the potential formed by the low carrier con
centration semiconductor 27, the forms of the mini
bands and the minigaps formed by the semiconductor 
with the CHIRP superlattice structure 7, and the height 
of the potential formed by the n-type semiconductor 8 
are appropriately chosen. Therefore, a semiconductor
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device with any desired negative resistance can be de
signed and manufactured in accordance with a desired 
electric circuit such as switching circuit, oscillator, 
amplifier, detector, frequency converter and so on.

Alternatively, a plurality of the semiconductor de
vices with a CHIRP superlattice structure can be ap
propriately combined, with one of them being used for 
electron anti-reflection introductory portion. In this 
case, a current-voltage characteristic of the other 
CHIRP superlattice is greatly improved. Embodiments 
of this type will be discussed in detail.

FIG. 16A shows this type of embodiment of a semi
conductor device according to the present invention in 
which a CHIRP superlattice semiconductor 41 of the 
type shown in FIG. 6A is disposed adjacent to the 
CHIRP superlattice semiconductor 7 of the type shown 
in FIG. 5A. The design parameters in both the end 
portions of the CHIRP superlattice semiconductor 41 
are chosen to be substantially equal to or to be close to 
those of the homogeneous semiconductor 6 and the 
CHIRP superlattice semiconductor 7, so that the 
CHIRP superlattice semiconductor 41 has a potential 
distributed as illustrated in FIG. 16C.

More specifically, as shown in FIGS. 16B and 16C, 
the step difference of band edge energy and the thick
nesses of each pair of semiconductor layers 41a and 41 6, 
and the thickness ratio thereof during each one period 
in the end portion of the CHIRP superlattice semicon
ductor 41, which is adjacent to the CHIRP superlattice 
semiconductor 7, are made substantially equal to or 
close to those of the CHIRP superlattice semiconductor 
7. On the other hand, the step difference of the band 
edge energy of each pair of the layers 41a and 41 6 in the 
end portion of the CHIRP superlattice semiconductor 
41 adjacent to the n-type homogeneous semiconductor 
6 is decreased to have the band edge energy approxi
mate to the band edge energy 6' of the homogeneous 
semiconductor 6. The step difference of the band edge 
energy in the CHIRP superlattice semiconductor 41 is 
so distributed to gradually change to approximate to 
those of the homogeneous semiconductor 6 and the 
CHIRP superlattice semiconductor 7 on both sides of 
the semiconductor 41.

An electric field required to produce a nonlinear 
current-voltage characteristic in the CHIRP superlat
tice semiconductor 41 may be chosen to be higher than 
that for the CHIRP superlattice semiconductor 7. 
Therefore, this semiconductor device may be designed 
so that the CHIRP superlattice semiconductor 7 domi
nantly produces the non-linear characteristic of the 
semiconductor device.

It is considered that, in this combined type of the 
CHIRP superlattice, minibands 44 and minigaps 45 are 
formed by the potential distribution as illustrated in 
FIG. 16C. Therefore, the discontinuity in the miniband 
structure between the CHIRP superlattice semiconduc
tor 7 and the homogeneous semiconductor 6 is re
moved, and accordingly the quantum mechanical elec
tron reflection at the interface between the semiconduc
tors 7 and 6 is remarkably reduced. As a result, the 
difference between the current which flows when the 
semiconductor device is conductive and the current 
which flows when it is in a negative resistance is in
creased. In this embodiment, the CHIRP superlattice 
semiconductor 41 serves as an anti-reflection portion 
from a viewpoint of quantum phenomenon.

While in this embodiment, only the seven layers 41a 
and 416 are illustrated for the CHIRP superlattice semi-

13 conductor 41 as an anti-reflection portion, for the sim
plicity of illustration, any number of the layers such as 
more than seven layers or one or two layers may be 
used according to required electrical characteristics for 

5 an anti-reflection portion.
Another embodimeat of a semiconductor device with 

another type of anti-reflection portion which is made of 
a graded semiconductor 51 with a gradually changing 
composition and of a CHIRP superlattice semiconduc- 

10 tor 52 composed of plural pairs of semiconductor layers 
52a and 526 and having gradually changing step differ
ences of band edge energy is shown schematically in 
FIG. 17A and FIG. 17B. Both the semiconductors 51 
and 52 are substituted for the CHIRP superlattice semi- 

15 conductor 41 in FIG. 16A and are sandwiched between 
the CHIRP superlattice semiconductor 7 and the n-type 
homogeneous semiconductor 6. The graded semicon
ductor 51 is so provided as to have the band edge en
ergy corresponding to the band edge energy 6' of the 

20 homogeneous semiconductor at the interface with the 
adjacent homogeneous semiconductor 6, and to the 
band edge energy of the lower edge of the first mini
band 56 of the CHIRP superlattice semiconductor 52 at 
the interface with the CHIRP superlattice semiconduc- 

25 tor 52. Therefore, a potential distribution of the graded 
semiconductor 51 has a slope 55 as illustrated in FIG. 
17C.The CHIRP superlattice semiconductor 52 is so de
signed on both sides thereof as to have design parame- 

30 ters corresponding to those of the graded semiconduc
tor 51 and the CHIRP superlattice semiconductor 7. 
More specifically, as shown in FIGS. 17B and 17C, the 
step difference of band edge energy and the thickness of 
each pair of the semiconductor layers 52a and 526, and 

35 the thickness ratio during each one period in the end 
portion of the CHIRP superlattice semiconductor 52 
which is adjacent to the CHIRP superlattice semicon
ductor 7, are made substantially equal to or close to 
those of the CHIRP superlattice semiconductor 7. On 

40 the other hand, the step difference of the band edge 
energy of each pair of the layers 52a and 526 in the end 
portion of the CHIRP superlattice, which is adjacent to 
the graded semiconductor 51, is so decreased to have 
the band edge energy corresponding to the band edge 

45 energy 55 of the graded semiconductor 51. The semi
conductor device thus arranged have effects similar to 
those of the semiconductor device shown in FIGS. 16A 
and 16B. The combination of the graded semiconductor 
51 and the CHIRP superlattice semiconductor 52 con- 

50 stitute an anti-reflection portion from a viewpoint of 
quantum phenomenon.The potential distribution in this embodiment pro
vides, as illustrated in FIG. 17C, a miniband 56 and a 
minigap 57 extending from the graded potential portion 

55 55 to the superlattice semiconductor 7.
Alternatively, the superlattice semiconductor 41 

shown in FIGS. 16A may be replaced by a superlattice 
semiconductor modulated in the manner explained with 
reference to FIGS. 7A and 7B. This modification will 

60 be explained with reference to FIGS. 18A and 18B, 
which respectively illustrate its scheme and a potential 
distributed by the scheme. In FIG. 18A, reference nu
meral 61 denotes a CHIRP superlattice semiconductor 
modulated in the manner explained with reference to 

65 FIGS. 7A and 7B. The semiconductor with the CHIRP 
superlattice structure 61 has pairs of layers 61a and 616. 
A potential 62 as illustrated in FIG. 18B is formed by 
changing the thickness ratio between the layers 61a and

14
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616. In FIG. 18B, reference numeral 63 designates mini
bands, and 64 minigaps.

When the semiconductor with the CHIRP superlat
tice structure 7 of FIG. 7A is used to form the anti- 
reflection portion, it is necessary to satisfy the interface 
condition thereof with the adjacent homogeneous semi
conductor 6. That is, the thickness ratio of the CHIRP 
superlattice of the anti-reflection portion at the end 
portion during one period must be designed in a manner 
that the film having the same band edge energy as that 
of the homogeneous semiconductor is sufficiently larger 
than that of the film having the band edge energy differ
ent from that of the adjacent homogeneous semiconduc
tor.

Referring now to FIGS. 19 and 20, there are schemat
ically illustrated two further embodiments of a semicon
ductor device according to the present invention, each 
of which corresponds to semiconductor device shown 
in FIG. 12 with an additional provision of an anti-reflec
tion portion structured as mentioned above. The em
bodiment shown in FIG. 19 uses the CHIRP superlat
tice semiconductor 41 for the anti-reflection portion. 
The embodiment shown in FIG. 20 uses the graded 
semiconductor 51 and the CHIRP superlattice semicon
ductor 52 for the anti-reflection portion.

A current difference due to the negative resistance 
can be increased by the CHIRP superlattice semicon
ductor 41 or the combination of the graded semicon
ductor 51 and the CHIRP superlattice semiconductor 
52 arranged between the homogenenous semiconductor 
27 and the CHIRP superlattice semiconductor 7. In 
those embodiments, it is to be noted that those semicon
ductors 41, 51 and 52 are designed so as to satisfy the 
interface conditions with the homogeneous semicon
ductor 27 and the CHIRP superlattice semiconductor 7.

Also in the complicated type CHIRP superlattice 
structures with the anti-reflection portions, as shown in 
FIGS. 19 and 29, the CHIRP superlattice structure 
shown in FIG. 6 or 7 may be used for the CHIRP super
lattice semiconductor 7. Further, the CHIRP superlat
tice semiconductor 41 or 52 as the anti-reflection por
tion may be replaced by the CHIRP superlattice struc
ture shown in FIG. 5 or FIG. 7.

To confirm the advantageous effects of the anti- 
reflection portion, a computer simulation was per
formed by solving the Schroedinger equation for the 
electrons. The results of the computer simulation are 
shown in FIGS. 21A to 21C. In the figures, diagrams on 
the left side in FIGS. 21A-21C illustrate potentials, 
miniband and minigaps of the superlattice, while on the 
right side, reflectivities of electrons when they are in
jected into the superlattice potential from the left side 
are plotted with respect to electron energy.

As seen from FIG. 21A, when electrons are injected 
into the perfect periodic superlattice from the left side, 
the quantum mechanical reflection allows only 50% of 
the injected electrons to penetrate into the first mini
band. However, when the potential of the CHIRP 
superlattice is used as the anti-reflection portion, the 
reflection at the first miniband is substantially reduced 
to zero, and hence most of the injected electrons can 
penetrate therethrough from a viewpoint of quantum 
phenomenon, as shown in FIGS. 21B and 21C.

Thus, the simulation showed that the anti-reflection 
portion of the CHIRP superlattice is very effective in 
order to enhance the penetration of electrons and can 
enlarge the current difference in the current-voltage

15
characteristics. This results in a large improvement of 
injection efficiency.

What is claimed is:
1. A  semiconductor device comprising
a superlattice semiconductor portion having first and 

second ends and including a plurality of laminated 
pairs of semiconductor thin films arranged along an 
axis perpendicular to the interface thereof thereby 
forming a potential profile along said axis deter
mined by the stepped differences between the band 
edge energies of the thin films forming each of said 
pairs, said potential profile having virtual miniband 
and minigap energy states associated therewith and 
being defined by at least one of the thickness, 
chemical composition and dopant materials of said 
thin films, at least one of the thickness, chemical 
composition and dopant materials of said thin films 
being modulated in the direction of said axis 
whereby said miniband and minigap energy states 
are monotonically changed in the direction of said 
axis for every pair of said thin films; and

electrodes coupled to the first and second ends of said 
superlattice semiconductor portion for applying an 
electric field thereacross.

2. A semiconductor device according to claim 1, 
wherein the thickness of each pair of said semiconduc
tor thin films changes at the interfaces thereof.

3. A semiconductor device according to claim 1, 
wherein the chemical compositions of said pairs of semi
conductor thin films vary sequentially along said axis, 
the potential height of one pair being different in said 
axial direction from the potential height of an adjacent 
pair.

4. A  semiconducotr device according to claim 1, 
wherein the ratios of the thicknesses of the thin films in 
sequentially disposed pairs are varied along said axis.

5. A semiconductor device according to claim 2, 
wherein the ratios of the thicknesses of the thin films in 
said sequentially disposed pairs are varied along said 
axis.

6. A semiconductor device according to claim 3, 
wherein the ratios of the thicknesses of the thin films in 
said sequentially disposed pairs are varied along said 
axis.

7. A semiconductor device according to claim 1, 
wherein a homogeneous semiconductor layer is inter
posed between said superlattice semiconductor portion 
and at least one of said electrodes.

8. A semiconductor device according to claim 7, 
wherein the thickness of each pair of said semiconduc
tor thin films changes at the interfaces thereof.

9. A semiconductor device according to claim 7, 
wherein the chemical compositions of said pairs of semi
conductor thin films vary sequentially along said axis, 
the potential height of one pair being different in said 
axial direction from the potential height of an adjacent 
pair.

10. A semiconductor device according to claim 7, 
wherein the ratios of the thicknesses of the thin films in 
said sequentially disposed pairs are varied along said 
axis.

11. A  semiconductor device according to claim 7, 
wherein a low carrier concentration semiconductor 
layer, the carrier concentration of which is lower than 
that of said homogeneous semiconductor layer, is inter
posed between said homogeneous semiconductor layer 
and said superlattice semiconductor portion.
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12. A semiconductor device according to claim 11, 
wherein the thickness of each pair of said semiconduc
tor thin films changes at the semiconductor interfaces 
thereof.13. A semiconductor device according to claim 11, 5 
wherein the chemical compositions of said pairs of semi
conductor thin films vary sequentially along said axis, 
the potential height of one pair being different in said 
axial direction from the potential height of an adjacent

17

pair.14. A semiconductor device according to claim 11,
wherein the ratios of the thicknesses of the thin films in 
said sequentially disposed pairs are varied along said 
axis. 1515. A semiconductor device comprising

a superlattice semiconductor portion having first and 
second ends including a plurality of laminated pairs 
of semiconductor thin films arranged along an axis 
perpendicular to the interfaces thereof forming a 20 
potential profile along said axis determined by the 
stepped differences between the band edge ener
gies of the thin films forming each of said pairs, said 
potential profile having virtual miniband and mini
gap energy states associated therewith and being 25 
defined by at least one of the thickness, chemical 
composition and dopant materials of said thin films, 
at least one of the thickness, chemical composition 
and dopant materials of said thin films being modu
lated in the direction of said axis whereby said 30
miniband and minigap energy states are monotoni- 
cally changed in the direction of said axis for every 
pair of said thin films;

electrodes coupled to the first and second ends of said 
superlattice semiconductor portion for applying an 
electric field thereacross; and 

an anti-reflection portion interposed between said 
superlattice semiconductor portion and at least one 
of said electrodes, one end portion of said anti- 4Q 
reflection portion in the vicinity of said superlattice 
semiconductor portion having a potential profile 
which is similar to the potential profile formed by 
said superlattice semiconductor portion, the other 
end of said anti-reflection portion having a uniform 45 
potential profile and the middle region between 
said one end and the other end of said anti-reflec
tion portion having a potential profile which re
sides in the middle of said potential profiles in the 
end portions of said anti-reflection portion. 50

16. A  semiconductor device according to claim 7, 
wherein an anti-reflection portion is disposed adjacent 
to said superlattice semiconductor portion, and said 
homogeneous semiconductor layer is interposed be

tween said anti-reflection portion and one of said elec
trodes.17. A  semiconductor device according to claim 7, 
wherein an anti-reflection portion is interposed between 
said homogeneous semiconductor layer and one of said 
electrodes.18. A semiconductor device according to claim 15, 
wherein said anti-reflection portion is formed by a 
superlattice semiconductor including a plurality of lam
inated pairs of semiconductor thin films arranged along 
an axis perpendicular to the interfaces thereof and form
ing a potential profile along said axis determined by the 
stepped differences between the band edge energies of 
the thin films forming each of said pairs, said potential 
profile having virtual miniband and minigap energy 
states associated therewith and being defined by at least 
one of the thickness, chemical composition and dopant 
materials of said thin films, at least one of the thickness, 
chamical composition and dopant materials of said thin 
film s being modulated in the direction of said axis 
whereby said miniband and minigap energy states are 
monotonically changed in the direction of said axis for 
every pair of said thin films.

19. A semiconductor device according to claim 18, 
wherein the thickness of each pair of said semiconduc
tor thin films changes at the semiconductor interfaces 
thereof.20. A  semiconductor device according to claim 18, 
wherein the chemical compositions of said pairs of semi
conductor thin films vary sequentially along said axis, 
the potential height of one pair being different in said 
axial direction from the potential height of an adjacent 
pair.21. A  semiconductor device according to claim 18, 
wherein the ratios of the thicknesses of the thin films in 
said sequentially disposed pairs vary along said axis.

22. A semiconductor device according to claim 19, 
wherein the ratios of the thicknesses of the thin films in 
said sequentially disposed pairs vary along said axis.

23. A  semiconductor device according to claim 20, 
wherein the ratios of the thicknesses of the thin films in 
said sequentially disposed pairs vary along said axis.

24. A  semiconductor device according to claim 18, 
wherein said superlattice semiconductor portion is 
formed by a pair of different semiconductor thin films.

25. A  semiconductor device according to claim 16, 
wherein said anti-reflection portion includes a semicon
ductor portion which is disposed adjacent to said homo
geneous semiconductor layer, the composition of said 
semiconductor portion changing continuously.

26. A  semiconductor device according to claim 25, 
wherein said composition of said semiconductor portion 
gradually changes in a graded manner.j|c * * * *

60

65


