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(57) ABSTRACT

An oscillator includes a resonator section structured such that
a dielectric is interposed between first and second conductors
and such that the first and second conductors are electrically
connected to a resonant tunneling diode, a capacitor section
structured such that the dielectric is interposed between the
first and second conductors, a line section configured to elec-
trically connect the resonator section and the capacitor sec-
tion in parallel to each other, and a resistor section configured
to electrically connect the first and second conductors to each
other. A first position of the resonator section and a second
position of the capacitor section are connected to each other
by the line section so that the first position and the second
position are substantially electrically equivalent to each other
in a wavelength range larger than a wavelength of an electro-
magnetic wave that resonates in the resonator section.
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OSCILLATOR

TECHNICAL FIELD

[0001] The present invention relates to an oscillator includ-
ing a resonant tunneling diode (RTD) that generates an elec-
tromagnetic wave.

BACKGROUND ART

[0002] A resonant tunneling diode (RTD) is an example of
aterahertz oscillator of a current injection type that generates
anelectromagnetic wave in a frequency range of 30 GHz to 30
THz (referred to as terahertz wave in this description). The
RTD is capable of generating the terahertz wave at a room
temperature using an electromagnetic wave gain based on
electron transition between subbands in a semiconductor
quantum well structure.

[0003] Patent Literature 1 (Japanese Patent Laid-Open No.
2007-124250) discloses a terahertz oscillator formed by
accumulating an active layer composed of a double-barrier
RTD and a planar slot antenna resonator on a semiconductor
substrate. The oscillator generates an electromagnetic wave
by stimulated emission in a range of negative differential
resistance in a current-voltage (I-V) characteristics of the
RTD.

[0004] The terahertz oscillators including the RTD are well
known that parasitic oscillations in bias circuit arise. The
parasitic oscillation is an oscillation at a frequency other than
the desired resonant frequency, which is determined by the
structure of the resonator, in a terahertz frequency band.
Therefore, the parasitic oscillation causes a reduction in an
oscillation output at the desired resonant frequency.

[0005] Accordingly, Non Patent Literature 1 (IEEE Micro-
wave and Guided Wave Letters, Vol. 5, No. 7, July 1995, pp
219-221) discloses a method of arranging a stabilizing circuit
between a bias power supply and an RTD. The stabilizing
circuit includes a resistor and a capacitor arranged in parallel
to the RTD, and serves to reduce the impedance of a resonant
circuit at all of the frequencies other than the resonant fre-
quency. The stabilizing circuit is positioned within lambda/4
(lambda is a wavelength corresponding to the desired reso-
nant frequency in the terahertz frequency range) from the
RTD.

[0006] Patent Literature 1 also discloses a stabilizing cir-
cuit including a parallel resistor having the structure of a
bismuth resistor and parallel capacitors having a metal-insu-
lator-metal (MIM) layered structure. These components are
integrated on the same substrate together with the RTD and
the slot antenna resonator to generate an oscillation in a
terahertz frequency range.

[0007] Patent Literature 2 (Japanese Patent Laid-Open No.
2006-101495) discloses a terahertz oscillator in which an
RTD and a microstrip resonator (resonator including two
conductors and a dielectric interposed therebetween) are inte-
grated on the same substrate.
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[0008] PTL 1: Japanese Patent Laid-Open No. 2007-
124250

[0009] PTL 2: Japanese Patent Laid-Open No. 2006-
101495
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Non Patent Literature

[0010] NPL 1: IEEE Microwave and Guided Wave Letters,
Vol. 5, No. 7, July 1995, pp 219-221

SUMMARY OF INVENTION

[0011] Also in the terahertz oscillator disclosed in Patent
Literature 2, the stabilizing circuit including the parallel resis-
tor and the parallel capacitor as disclosed in Non Patent
Literature 1 can be provided to suppress the parasitic oscilla-
tion.

[0012] However, according to Patent Literature 2, the struc-
ture of the resonator will be changed if the stabilizing circuit
is directly positioned within lambda/4 from the RTD. There-
fore, there is a risk that the oscillation output level will be
reduced. In addition, there is also a risk that the pattern of the
radiated electromagnetic wave will be disturbed.

[0013] In view of the above-described problems, the
present invention provides a terahertz oscillator in which an
RTD and a resonator such as microstrip are integrated and
which can generate a stable oscillation in a terahertz fre-
quency range.

[0014] According to an embodiment of the present inven-
tion, an oscillator for oscillating an electromagnetic wave,
includes a resonator section including a resonant tunneling
diode, a dielectric in contact with the resonant tunneling
diode, and first and second conductors, the resonator section
being structured such that the dielectric is interposed between
the first and second conductors and such that the first and
second conductors are electrically connected to the resonant
tunneling diode; a capacitor section structured such that the
dielectric is interposed between the first and second conduc-
tors; a line section configured to electrically connect the reso-
nator section and the capacitor section in parallel to each
other; and a resistor section configured to electrically connect
the first and second conductors to each other. A first position
of'the resonator section and a second position of the capacitor
section are connected to each other by the line section so that
the first position and the second position are substantially
electrically equivalent to each other in a wavelength range
larger than a wavelength of an electromagnetic wave that
resonates in the resonator section.

[0015] According to another embodiment of the present
invention, an oscillating element for oscillating a terahertz
wave, includes a resonator section including an active layer
that generates the terahertz wave by carrier transition between
subbands, first and second conductors that are electrically in
contact with the active layer, and a dielectric that is interposed
between the first and second conductors and in contact with
the active layer; a capacitor section structured such that the
dielectric is interposed between the first and second conduc-
tors; a line section configured to electrically connect the reso-
nator section and the capacitor section in parallel to each
other; and a resistor section configured to electrically connect
the first and second conductors to each other. A first position
of'the resonator section and a second position of the capacitor
section are connected to each other by the line section so that
the first position and the second position are substantially
electrically equivalent to each other in a wavelength range
larger than a wavelength of the terahertz wave that resonates
in the resonator section.

[0016] As described above, in the oscillator according to
the present invention, the first position of the resonator sec-
tion and the second position of the capacitor section are



US 2012/0001698 Al

connected to each other by the line section. The connection is
provided such that the first and second positions are substan-
tially electrically equivalent to each other in a wavelength
range that is larger than the wavelength of the electromagnetic
wave that resonates in the resonator section.

[0017] This structure is substantially equivalent to the
structure in which a stabilizing circuit is directly arranged on
the resonator section. Accordingly, the parasitic oscillation
can be suppressed in the wavelength range that is larger than
the resonant wavelength (in the frequency range that is lower
than the resonant frequency). Therefore, the stability of oscil-
lation output in the terahertz frequency range can be
improved.

BRIEF DESCRIPTION OF DRAWINGS

[0018] FIG. 1A is a sectional view of an oscillator accord-
ing to an embodiment.

[0019] FIG. 1B is a schematic diagram illustrating a circuit
equivalent to the oscillator according to the embodiment.
[0020] FIG. 1C is a schematic diagram illustrating the
structure of an oscillator according to another embodiment.
[0021] FIG. 2A is an external view illustrating a first
example.

[0022] FIG. 2B is a sectional view of FIG. 2A taken along
line IIB-TIV.

[0023] FIG.3A s graph illustrating an example of the result
of admittance analysis.

[0024] FIG. 3B is another graph illustrating an example of
the result of admittance analysis.

[0025] FIG. 4A is an external view illustrating a modifica-
tion of the oscillator according to the first example.

[0026] FIG. 4B is an external view illustrating another
modification of the oscillator according to the first example.
[0027] FIG.5A is aschematic diagram illustrating an oscil-
lator according to a second example.

[0028] FIG. 5B is a sectional view of FIG. 5A taken along
line VB-VB.
[0029] FIG. 6A is a schematic diagram illustrating another

modification of the oscillator according to the first example.
[0030] FIG. 6B is a schematic diagram illustrating another
modification of the oscillator according to the first example.

DESCRIPTION OF EMBODIMENTS

[0031] Oscillators according to embodiments will be
described with reference to FIGS. 1A to 1C. FIG. 1A is a
sectional view of an oscillator according to an embodiment.
FIG. 1B is a schematic diagram illustrating a circuit equiva-
lent to the oscillator according to the embodiment. FIG. 1C is
a schematic diagram illustrating the structure of an oscillator
according to another embodiment. The structure of an oscil-
lator (or an oscillating element) according to the present
invention is not limited to the structures described below. The
oscillator includes a resonator section 12. The resonator sec-
tion 12 is structured as described below. The resonator section
12 includes a resonant tunneling diode (RTD) 11 for gener-
ating an electromagnetic wave. According to the present
invention, a negative resistance device, such as a Gunn diode,
can of course be used instead of the RTD as an active layer
that generates the electromagnetic wave (in particular, a tera-
hertz wave). Alternatively, according to the present invention,
an active layer (for example, quantum cascade laser) that
generates the electromagnetic wave by carrier transition
between subbands can be used as an active layer that gener-
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ates the electromagnetic wave (in particular, a terahertz
wave). The resonator section 12 also includes a dielectric 14
that is in contact with the resonant tunneling diode (RTD) 11.
The resonator section 12 has a structure in which the dielec-
tric 14 is interposed between a first conductor 16 and a second
conductor 17. The first conductor 16 and the second conduc-
tor 17 are electrically connected to the resonant tunneling
diode (RTD) 11. The resonator section 12 can be structured
such that a first dielectric 108 is interposed between a first
electrode 106 and a second electrode 107, as will be described
in detail below with reference to FIG. 1C.

[0032] The RTD 11 has a negative differential resistance in
current-voltage characteristics thereof. The dielectric 14
interposed between the first and second conductors 16 and 17
has a capacitance C determined on the basis of the distance
between the first and second conductors 16 and 17 and the
cross-sectional area thereof. The dielectric 14 also has an
inductance [ determined on the basis of the length of the first
and second conductors 16 and 17. The RTD 11 and the reso-
nator section 12 are electrically connected in parallel to each
other. A resonant circuit is formed by the RTD H, the capaci-
tance C, and the inductance L.

[0033] The above-described electromagnetic wave can be
an electromagnetic wave in a frequency range of 30 GHz to 30
THz. Such an electromagnetic wave is referred to also as a
terahertz wave in this description.

[0034] The oscillator also includes a capacitor section 19.
The capacitor section 19 has a structure in which the dielectric
14 is interposed between the first and second conductors 16
and 17. The dielectric 14 interposed between the first and
second conductors 16 and 17 has a capacitance determined on
the basis of the distance between the first and second conduc-
tors 16 and 17 and the cross-sectional area thereof. The
capacitor section 19 can be structured such that a second
dielectric 113 is interposed between a third electrode 111 and
a fourth electrode 112, as will be described in detail below
with reference to FIG. 1C.

[0035] The oscillator also includes a line section 13. The
line section 13 is structured such that the resonator section 12
and the capacitor section 19 are electrically connected in
parallel to each other.

[0036] A resistor section 24 is provided to be electrically
parallel to the capacitor section 19. The resistor section 24 is
electrically connected to the first conductor 16 and the second
conductor 17.

[0037] A first position 31 (port 1) of the resonator section
12 and a second position 32 (port 2) of the capacitor section
19 are connected to each other by the line section 13. The
connection is provided such that the first and second positions
31 and 32 are electrically equivalent to each other in a wave-
length range that is larger than the wavelength of the electro-
magnetic wave (standing wave) that resonates in the resonator
section 12. This structure is substantially equivalent to the
structure in which a stabilizing circuit is directly arranged on
the resonator section.

[0038] Accordingly, the parasitic oscillation can be sup-
pressed in the wavelength range that is larger than the reso-
nant wavelength (in the frequency range that is lower than the
resonant frequency). Therefore, the stability of oscillation
output in the terahertz frequency range can be improved. In
addition, in the oscillator according to the embodiment of the
present invention, the frequency range in which oscillation
can be generated can be adjusted by adjusting the length of the
line section 13 and the capacity of the capacitor section 19.
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[0039] The first position 31 on the first electrode 106 in the
resonator section 12 and the second position 32 on the third
electrode 111 in the capacitor section 19 can be connected to
each other by the line section 13, as will be described in detail
below with reference to FIG. 1C.

[0040] Theline section 13 can be a quarter lambdaline. The
quarter lambda line is a line having a length substantially
equal to lambda/4, where lambda is a wavelength of the
resonating electromagnetic wave (standing wave) that reso-
nates in the resonator section 12. Lambda can be a wavelength
corresponding to the desired oscillation frequency. In the case
where the line section 13 is a quarter lambda line, the line
section 13 can be connected to the resonator section 12 at an
arbitrary position thereof. The first position 31 (port 1) can be
located at a node of the standing wave that resonates in the
resonator section 12. In such a case, the length of the line
section 13 can be set to an arbitrary length.

[0041] As in the embodiment described below with refer-
ence to FIG. 1C, the first conductor 16 can be constituted by
different conductors (the first electrode 106, the third elec-
trode 111, and a line 103). Thus, the first conductor 16 is not
particularly limited as long as it is electrically uniform
between the resonator section 12, the capacitor section 19,
and the line section 13. The resistor section 24 is preferably
disposed at the outer periphery of the third electrode 111 in
the capacitor section 19. The third electrode 111 in the capaci-
tor section 19 can be structured so as to surround the first
electrode 106 in the resonator section 12 along the plane in
which the resonator section 12 is disposed. In addition, a
plurality of line sections 13 can be provided, and the line
sections 13 can be arranged symmetrically to each other with
respect to the resonator section 12. In addition, a power sup-
ply 25 that applies a voltage to the RTD 11 and a feeder line
114 that electrically connects the power supply 25 to the
second position 32 can be provided. The resonator section 12
can include a patch antenna. These structures will be
described in detail below with reference to FIG. 1C. The
oscillator according to the present invention can also be struc-
tured such that the oscillator generates an electromagnetic
wave as a high-frequency signal instead of radiating the elec-
tromagnetic wave into the space.

[0042] An oscillator 100 according to another embodiment
will be described with reference to FIG. 1C. The oscillator
100 mainly includes an RTD 101, a resonator 102, the line
103, a stabilizing circuit 104, and a bias power supply 105.
[0043] In the oscillator 100 according to the present
embodiment, the resonator 102 includes two electrodes and a
dielectric interposed therebetween. The first electrode 106 in
the resonator 102 and the third electrode 111 in a capacitor
section 109 are connected to each other by the line 103 at a
node of the standing wave that resonates in the resonator 102.
Accordingly, port 2, which is electrically equivalent to port 1
on the first electrode 106 in a wavelength range larger than the
resonant wavelength lambda, appears on the third electrode
111. A parallel resistor section 110 is connected to port 2. This
is substantially equivalent to the state in which the stabilizing
circuit 104 into port 1. Since the line 103 is provided, the
stabilizing circuit 104 does not cause a loss in the standing
wave that resonates in the resonator 102. First, the resonator
102 (resonator section 12) will be described. The resonator
102 includes the first electrode 106, the second electrode 107,
and the first dielectric 108. The first dielectric 108 is inter-
posed between the first electrode 106 and the second elec-
trode 107, and an electromagnetic wave in the first dielectric
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108 forms a standing wave. The RTD 101 is, for example,
disposed in the first dielectric 108, and is electrically con-
nected to the first electrode 106 and the second electrode 107
so that a bias is provided. The electrodes 106 and 107 can be
composed of conductive plates (good conductors) and are
desirably composed of metal plates.

[0044] The stabilizing circuit 104 includes the capacitor
section 109 (capacitor section 19) and the parallel resistor
section 110 (resistor section). The capacitor section 109
includes the third electrode 111, the fourth electrode 112, and
a second dielectric 113. The second dielectric 113 is inter-
posed between the third electrode 111 and the fourth elec-
trode 112, and the capacitor section 109 has a metal-insulator-
metal (MIM) capacitor structure in which a metal layer, a
dielectric layer, and a metal layer are stacked together in that
order. The capacitance of the capacitor section 109 is desired
to be as large as possible. Therefore, the second dielectric 113
can be made of a material having a high dielectric constant
and a small thickness. The second electrode 107 and the
fourth electrode 112 have the same electrostatic potential, and
are grounded in the present embodiment. The parallel resistor
section 110 is a resistor having linear or non-linear resistance
characteristics in the current-voltage characteristics. One end
of the parallel resistor section 110 is connected to the third
electrode 111, and the other end thereof'is grounded. One end
of'the bias power supply 105 (power supply 25) is connected
to the third electrode 111 by the feeder line 114, and the other
end thereof is grounded.

[0045] To supply a bias to the RTD 101, it is necessary to
connect the bias power supply 105 to the first electrode 106 in
the resonator 102. In this case, it is required that no loss is
caused in the resonant electromagnetic field in the resonator
102 and no interference with the pattern of the radiated elec-
tromagnetic wave occurs. Non Patent Literature 1 discloses a
structure of a stabilizing circuit in which the parallel capacitor
and the parallel resistor are disposed between the RTD 101
and the bias power supply 105.

[0046] According to the oscillator of the present embodi-
ment, the above-described requirements are satisfied by elec-
trically connecting the resonator 102 and the capacitor sec-
tion 109 to each other by the line 103. One end of the line 103
is connected to port 1 on the first electrode 106 where a node
of'the standing wave in an electromagnetic field that resonates
in the resonator 102 is located. The other end of the line 103
is connected to port 2 on the third electrode 111 of the capaci-
tor section 109.

[0047] The length LL of the line 103 can be lambda/4 (quar-
ter lambda line). In such a case, leakage of a high-frequency
wave from the antenna resonator can be effectively reduced.
In addition, a series resistance component of the RTD 101 can
be reduced.

[0048] This can be understood from an admittance Y, of
port 1, which can be calculated as follows.

(Math. 1)

Yy 1=Y103(Y247Y 103 tan(beta™L))/(Y 034/ Y2, tan

(beta*L)) (1)
[0049] In the above expression, beta is 2*pi/lambda, and
Y05 is the characteristic admittance of the line 103. An
admittance Y ,, of port 2 can be determined as a combined
admittance of the capacitor section 109 and the parallel resis-
tor section 110. According to the solution of Expression (1),
port 1 and port 2 are substantially electrically equivalent to
each other in a wavelength range larger than the resonant
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wavelength, and the structure is substantially equivalent to
that in which the stabilizing circuit 104 is connected to port 1.
As is clear from an example of an analysis result shown in
FIG. 3A,Y, is at a minimum when the length L of the line
103 is, for example, exactly equal to lambda/4. Therefore, no
loss is caused by the stabilizing circuit 104 in the resonant
electromagnetic field in the resonator 102. In this case, it is
not necessary to reduce the loss level to zero as long as the loss
level is equal to or less than a certain level. Therefore, the
length L of the line 103 can be set to a length close to
lambda/4. In addition to lambda/4, the length [ may also be
set to 3*lambda/4, 5*lambda/4, etc., which are obtained by
multiplying lambda/4 by (2m-1), where m is a natural num-
ber. In addition, if port 1 is at a node of the standing wave in
the electromagnetic field that resonates in the resonator 102,
the length of the line 103 can be set to an arbitrary length. For
example, the parasitic oscillation at a high frequency
(lambda) can be suppressed when the length L is set to about
lambda,/2. Here, lambda is the wavelength of the standing
wave, and lambda, is a wavelength of the electromagnetic
wave that resonates in the resonator 102 and satisfies
lambda,<lambda. In addition to lambda,/2, the length L may
also be set to lambda,, 3*lambda,/2, etc., which are obtained
by multiplying lambda,/2 by n, which is a natural number.
The width of the line 103 is set such that the characteristic
impedance of the line 103 can be increased and the line 103
does not serve as a large series resistance for the RTD 101.

[0050] In the wavelength range larger than the resonant
wavelength (lambda), port 2 is expanded to the entire area of
the third electrode 111, owing to the capacitor section 109.
Therefore, in the present embodiment, for example, the par-
allel resistor section 110 and the feeder line 114 can be con-
nected to the third electrode 111 at arbitrary positions on the
third electrode 111. Ifthe parallel resistor section 110 and the
feeder line 114 can be arranged at arbitrary positions on the
third electrode 111, the stabilizing circuit 104 and lead wires
from the bias power supply 105 can be easily arranged in the
oscillator 100.

[0051] According to Non Patent Literature 1, the resistance
of' the parallel resistor can be equal to or slightly smaller than
the absolute value of the negative differential resistance.
More specifically, the resistance can be set to several ohms to
several tens of ohms. To obtain such a resistance from a
relatively stable resistor, such as a metal or an alloy, the size
of the resistor is set in the order of several tens to several
hundreds of micrometers. Thus, the size of the parallel resis-
tor is close to the size of the resonator 102 (in the order of 100
micrometers). If the parallel resistor section 110 is disposed
near the RTD 101, there is a high possibility that an interfer-
ence with the pattern of the radiated electromagnetic wave
will occur. Since the resistance of a parallel resistor is rela-
tively low, the parallel resistor generates heat when a current
flows therethrough in the oscillating operation. Therefore, if
the parallel resistor section 110 is disposed near the RTD 101,
there is a possibility that the characteristics of the RTD 101
will be changed by heat. In addition, because of the scales of
the components, it is difficult to directly connect the lead line
for supplying abias to the resonator 102 while minimizing the
loss in the resonant electromagnetic field in the resonator 102.
However, in the oscillating operation, it is essential to supply
a bias from the bias power supply 105 to the RTD 101 that
serves as the oscillation source.

[0052] In the oscillator 100 according to the present
embodiment, the resonator 102 and the capacitor section 109
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are connected to each other by the line 103, so that the con-
necting points of the parallel resistor section 110 and the
feeder line 114 can be expanded to the entire area of the third
electrode 111. This allows versatile layout without causing an
interference with the pattern of the radiated electromagnetic
wave. For example, even when the parallel resistor section
110 is relatively large and has a relatively low resistance, the
parallel resistor section 110 can be arranged at the outer
periphery of the third electrode 111 at a position distant from
the RTD 101. As a result, the parasitic oscillation can be
suppressed without causing the RTD 101 to be influenced by
heat, and the stability of the oscillating operation can be
improved.

[0053] Thus, according to the structure of the oscillator 100
of the present embodiment, although the resonator is com-
posed of two electrodes and a dielectric, the stabilizing circuit
104 can be provided while minimizing the loss in the resonant
electromagnetic field and the interference with the pattern of
the radiated electromagnetic wave. Therefore, a bias can be
supplied from the bias power supply 105 to the RTD 101 in
the resonator 102, and the parasitic oscillation can be sup-
pressed by the stabilizing circuit 104. As a result, the oscilla-
tor 100 of the present embodiment is capable of performing
an oscillating operation in the terahertz range.

[0054] The resonator 102 can be shaped such that the third
electrode 111 surrounds the first electrode 106. Alternatively,
a portion of the first conductor 16 in the capacitor section 19
can be arranged so as to surround a portion of the first con-
ductor 16 in the resonator section 12 along the plane in which
the resonator section 12 is disposed. In such a case, the elec-
tromagnetic wave can be emitted from the resonator in a
shaped state.

[0055] Inaddition, a plurality of lines 103 (line section 13)
can be provided, and the lines 103 can be arranged symmetri-
cally to each other with respect to the resonator 102 in the
left-right direction. The resonator 102 is not particularly lim-
ited as long as the resonator 102 includes two electrodes and
a dielectric interposed therebetween. For example, a micros-
trip resonator, a patch antenna, etc., can be used.

EXAMPLES

[0056] Examples of the present invention will now be
described in detail.

First Example

[0057] An oscillator according to a first example will be
described with reference to FIGS. 2A to 4B. FIG. 2A is an
external view illustrating the first example. FIG. 2B is a
sectional view illustrating the first example. FIGS. 3A and 3B
are graphs illustrating an example the result of admittance
analysis of the oscillator according to the first example. FIGS.
4 A and 4B are external views illustrating modifications of the
first example.

[0058] The structure of an oscillator 200 according to the
first example will now be described. The oscillator 200
according to the first example is a terahertz oscillator formed
on a substrate 230 and is mainly composed of an RTD 201, a
patch antenna resonator 202, lines 203a and 2035, an MIM
structure 209, and a bismuth resistor 210.

[0059] The RTD 201 has a triple-barrier quantum well
structure.

[0060] First Barrier Layer: AlAs, 1.3 nm

[0061] First Quantum Well Layer: InGaAs, 7.6 nm
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[0062] Second Barrier Layer: InAlAs, 2.6 nm

[0063] Second Quantum Well Layer: InGaAs, 5.6 nm
[0064] Third Barrier Layer: AlAs, 1.3 nm

[0065] The first quantum well layer, the second barrier

layer, and the second quantum well layer are made of InGaAs/
InAlAs (not shown) that are lattice-matched to an InP(100)
surface. The first barrier layer and the third barrier layer are
made of AlAs that is not lattice-matched to InP. The first and
third barrier layers are thinner than a critical film, and serve as
high-energy barriers. The triple-barrier quantum well struc-
ture is sandwiched from above and below by spacer layers
(not shown) made of non-doped InGaAs and electric contact
layers (not shown) made of n+InGaAs. In addition, the thus-
obtained structure is sandwiched from above and below by
contact layers 220a and 2205 made of heavily doped n++In-
GaAs. Thus, the RTD 201 is obtained. The RTD 201 has a
mesa structure with a diameter of about 2 micrometers, and is
formed by an ICP-RIE method using chlorinated pesticide.
The RTD 201 is electrically connected at upper and lower
sections thereof to a first electrode 206, which is a part of an
upper electrode layer 221, and a GND electrode 207 con-
nected to the contact layer 2205. Accordingly, a bias that is
necessary for the oscillating operation can be supplied to the
RTD 201. Owing to the photon-assisted tunneling phenom-
enon, the RTD 201 according to the first example provides
current-voltage characteristics in which the current density is
1,=280 kA/em?, the peak-to-valley ratio is about 3, and the
negative differential resistance is about —22 ohms.

[0066] The patch antenna resonator 202 according to the
first example is capable of efficiently emitting a terahertz
wave to the space, and the resonator structure of the patch
antenna resonator 202 is advantageous in the case of produc-
ing arrayed resonators or high-output-level resonators. In the
patch antenna resonator 202, factors that determine the oscil-
lation frequency include the parameters of the material and
structure, such as the type and thickness of the dielectric
material, the length of each side of the patch antenna, and the
size and position of the RTD. The patch antenna resonator 202
includes the first electrode 206, the GND electrode 207, and
a dielectric layer 208. The dielectric layer 208 is interposed
between the first electrode 206 and the GND electrode 207,
and a standing electromagnetic wave is formed in the dielec-
tric between the first electrode 206 and the GND electrode
207. The first electrode 206 is a part of the upper electrode
layer 221, and is formed as a conductive patch in a pattern of
a 150*150 micrometer square. The RTD 201 is embedded in
the dielectric layer 208, and is sandwiched from above and
below by the first electrode 206 and the GND electrode 207.
The RTD 201 is disposed at a position displaced from the
center of the first electrode 206 by 40 micrometers along line
1IB-IIB, so that impedance matching is achieved between the
patch antenna resonator 202 and the RTD 201.

[0067] The upper electrode layer 221 is composed of metal
layers of Ti/Pd/Au (20 nm/20 nm/200 nm) formed by a lift-off
method, and is known as a low-resistance ohmic electrode on
heavily doped n++InGaAs. In the first example, the first elec-
trode 206, a third electrode 211, a layer section 223a, and a
layer section 2235 are formed integrally with each other in the
upper electrode layer 221.

[0068] The diclectric layer 208 is made of benzocy-
clobutene (BCB), which is known as a low-loss material for
high-frequency electromagnetic waves. The dielectric layer
208 has a thickness of 3 micrometers, and is formed by
spin-coating and dry etching. The dielectric layer 208 serves
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to insulate the upper electrode layer 221 and the GND elec-
trode 207 from each other for a direct current. In the first
example, components corresponding to the first dielectric 108
in the resonator 102, the second dielectric 113 in the capaci-
tor, and a dielectric (not shown) in the line 103 shown in FI1G.
1C are formed integrally with each other in the dielectric layer
208. The GND electrode 207 is composed of metal layers of
Ti/Pd/Au/Ti (20 nm/20 nm/200 nm/20 nm) formed by a lift-
off method. The GND electrode 207 corresponds to the sec-
ond electrode 107 and the fourth electrode 112 having the
same potential shown in FIG. 1C, and is grounded. The GND
electrode 207 is connected to a GND line 226 arranged on, for
example, a printed board 227 through a GND line 225 formed
by wire bonding.

[0069] In the oscillator 200 according to the first example,
the oscillation frequency of the patch antenna resonator 202
having a lambda/2 patch is about 0.4 THz. The lines 203a and
2035 are microstrip lines in which the dielectric layer 208 is
interposed between the GND electrode 207 and the layer
sections 223a and 2235 formed in a certain pattern in the
upper electrode layer 221. Each of the layer sections 223a and
223b is formed in a pattern of a 12*75 micrometer rectangle,
that is, in such a shape that the lines 2034 and 2035, which are
microstrip lines, serve as quarter lambda lines with respect to
the oscillation frequency of 0.4 THz. In the first example, the
layer sections 223a and 2234 are connected to the first elec-
trode 206 at substantially central positions thereof, so that the
lines 2034 and 2035 are disposed at positions corresponding
to nodes of the standing wave of the resonant electromagnetic
field. Since the lines 203a and 203/ are arranged symmetri-
cally to each other with respect to the patch antenna resonator
202 in the left-right direction, the wiring resistance can be
reduced.

[0070] The MIM structure 209 corresponds to the capacitor
section 109 in FIG. 1C, and is composed of the third electrode
211, the GND electrode 207, and the dielectric layer 208. The
MIM structure 209 is formed such that the dielectric layer 208
is interposed between the third electrode 211 and the GND
electrode 207. The third electrode 211 is a part of the upper
electrode layer 221, and is formed in a pattern such that a
300*300 micrometer square is cut out from a 1,200%*2,000
micrometer rectangle to obtain a capacitance of several pF.
The shape of the third electrode 211 is adequately designed in
accordance with the capacitance of the MIM structure 209
and the shape of the antenna in the patch antenna resonator
202. In the case where the third electrode 211 is arranged such
that the third electrode 211 is symmetrically with respect to
the patch antenna resonator 202 in the left-right direction and
such that the third electrode 211 surrounds the patch antenna
resonator 202 as in the first example, an unbalanced influence
of'the components on the pattern of the electromagnetic wave
radiated from the patch antenna can be suppressed and the
electromagnetic wave pattern can be more suitably shaped.

[0071] In the first example, the bismuth resistor (parallel
resistor) 210 corresponds to the parallel resistor section 110
in FIG. 1C. The bismuth resistor 210 is connected to an outer
peripheral section of the third electrode 211 at one end thereof
and to the GND electrode 207 at the other end thereof. The
bismuth resistor 210 is made of bismuth, which is a semi-
metal. To obtain a resistance of 20 ohms, a 200* 200 microme-
ter bismuth film with a thickness of 1 micrometer is formed by
a lift-off method. The parallel resistor may also be a linear
resistor made of a metal, such as nickel chrome, a conductive
resin, etc., or a non-linear resistor made of a semiconductor.
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One end of a feeder line 214 formed by wire bonding is
connected to the third electrode 211 at a suitable position, and
the other end is connected to a signal line 224 on the printed
board 227.

[0072] FIGS. 3A and 3B show the result of analysis of
admittances Y, and Y, at port 1 and port 2, respectively, in
the structure of the above-described first example. As shown
in FIG. 3A, port 1 and port 2 are electrically equivalent to each
other in a frequency range of 20 GHz or less. Namely, within
the range of 20 GHz or less, the structure of the first example
is equivalent to the structure in which a stabilizing circuit is
connected to port 1. In addition, since the length I of the lines
203a and 2035 is lambda/4, the magnitude of the admittance
Y,,,is ata minimum and can be ignored when the frequency
is equal to the oscillation frequency, that is, 0.4 THz. In the
case where the length L. of the lines 203a and 2035 and the
capacitance of the MIM structure (capacitor section) 209 are
adjusted as in the first example, the frequency range in which
the parasitic oscillation can be suppressed is equal to or less
than 0.1 THz. This is because when the frequency is equal to
or less than 0.1 THz, the admittance Y,, and the parallel
resonant circuit in the RTD 201 satisfy the following condi-
tion (parasitic-oscillation suppressing condition) under
which the parasitic oscillation can be suppressed.

(Math. 2)
Re[Yrrp/+Re[Y,]>0 ()]
[0073] Inthe above expression, Re[Y ;] is the real part of

the admittance of the RTD 201, and is equal to the reciprocal
of the negative resistance, that is, 1/-22 ohms™" in the first
example. As is clear from Expression (1), as the capacitance
increases, the maximum frequency that satisfies the parasitic-
oscillation suppressing condition decreases. In addition, as
the length L of the lines 2034 and 203/ increases, the maxi-
mum frequency that satisfies the parasitic-oscillation sup-
pressing condition decreases. However, the length L has an
upper limit of lambda/2. As described above, according to the
oscillator of the present invention, the frequency range in
which oscillation can be generated and the frequency range
for which oscillation is to be suppressed can be adjusted.

[0074] Inthe oscillator 200 shown in FIGS. 2A and 2B, the
bias is successively supplied from a bias power supply 205 to
the signal line 224, the feeder line 214, the third electrode 211,
the lines 203a and 2035, the first electrode 206, and the RTD
201 in that order. At this time, loss in the components neces-
sary for feeding the electricity and in the resonant electro-
magnetic field in the patch antenna resonator 202 are mini-
mized. In addition, the stabilizing circuit serves to suppress
the parasitic oscillation in the resonant circuit including the
RTD 201 and the patch antenna resonator 202.

[0075] As described above, the oscillator 200 according to
the first example is structured such that the stabilizing circuit
can be integrated with the RTD 201 and the patch antenna
resonator 202 while minimizing the loss in the resonant elec-
tromagnetic field. Therefore, the oscillator 200 according to
the first example is capable of suppressing the parasitic oscil-
lation and performing an oscillating operation in the terahertz
range.

[0076] As a modification of the first example, FIG. 4A
shows the structure in which a patch antenna resonator 302a
is not surrounded by the MIM structure 209. In addition, FIG.
4B shows the structure in which a patch antenna resonator
3025 is connected to a single line 303.
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[0077] Inaddition, asin an oscillator 500 shown in FIG. 6 A,
a line 503 may be formed as a quarter lambda line and be
connected to a resonator 102 at an arbitrary position. In this
case, as shown in FIG. 3A, which is an example of the result
of admittance analysis, the admittance is reduced to a relative
minimum at a period of (2m-1)*lambda/4, where m is a
natural number, and therefore the stabilizing circuit does not
serve as a loss in the standing wave in the resonator. In
addition, as in an oscillator 600 shown in FIG. 6B, a line 607
with a line length of about lambda,/2 may be arranged at a
node of the standing wave (wavelength lambda) in the elec-
tromagnetic field that resonates in the resonator 102. As a
typical example, lambda, (or lambda') is the wavelength of
the electromagnetic wave at a high-order resonant point
among electromagnetic waves that resonate in the resonator
102. In addition, lambda (or lambda) is the wavelength of the
electromagnetic wave at a basic resonant point among the
electromagnetic waves that resonate in the resonator 102, and
lambda,<lambda is satisfied. In this case, as is shown in
FIGS. 3A and 3B, which are an example of the result of
admittance analysis, the admittance increases at a period of
n*lambda,/2 (n is a natural number) and Expression (2) is
satisfied even at a frequency (lambda,) that is higher than
lambda. Therefore, high-order oscillation that is specific to
the resonator 102 can be suppressed.

[0078] As another example of a resonator including two
electrodes and a dielectric interposed therebetween, a slot
antenna resonator may also be used, which is suitable for the
case where the frequency of the oscillator according to the
first example is to be increased. In addition, in the case where
aplurality of oscillators having the structure according to the
present invention are arranged in an array on a single sub-
strate, an oscillator that can generate a terahertz electromag-
netic wave at a higher output level can be provided. Such a
structure can be produced by a known semiconductor pro-
cess.

[0079] Inthe first example, a triple-barrier resonant tunnel-
ing diode including layers made of InGaAs/InAlAs and
InGaAs/AlAs formed on an InP substrate is used as the RTD
201. However, the structure and materials are not limited to
the above-described example, and the semiconductor element
according to the present invention may also be a combination
of other structures and materials. For example, a resonant
tunneling diode having a double-barrier quantum well struc-
ture or a resonant tunneling diode having a multi-barrier
quantum well structure with four or/more barriers may also
be used. With regard to the materials, GaAs/AlGaAs, GaAs/
AlAs, or InGaAs/GaAs/AlAs formed on a GaAs substrate,
InGaAs/AlGaAsSb formed on an InP substrate, InAs/
AlAsSb or InAs/AlSb formed on an InAs substrate, SiGe/
SiGe formed on a Si substrate, etc., may be used in combina-
tion. The structures and materials may be adequately selected
in accordance with the desired frequency or the like. In the
above description of the present invention, it is assumed that
the carriers are electrons. However, the present invention is
not limited to this, and the carriers may also be holes. In
addition, the material of the substrate 230 can be selected in
accordance with the application thereof. For example, a semi-
conductor substrate, such as a silicon substrate, a gallium
arsenide substrate, an indium arsenide substrate, or a gallium
phosphide substrate, a glass substrate, a ceramic substrate, a
resin substrate, etc., may also be used.

Second Example

[0080] A second example, in which the resonator has a
waveguide structure, will be described with reference to
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FIGS. 5A and 5B. An oscillator according to the second
example includes a resonator having a plasmon waveguide
structure. The plasmon waveguide structure is structured such
that RTDs 401 are disposed in a resonator including two
electrodes 406 and 407 and a dielectric layer 408 interposed
therebetween. According to the second example, the output
level of the oscillator can be increased. In FIGS. 5A and 5B,
reference numeral 414 denotes a feeder line.

[0081] The RTDs 401 may be formed continuously in a
direction perpendicular to the figures (not shown). In addi-
tion, as shown in FIGS. 5A and 5B, the RTDs 401 may be
periodically arranged in the resonator. In this case, the oscil-
lator according to the second example can be structured such
that a plurality of lines (for example, lines 403a and 4035) are
connected to respective ports 1 at which nodes of the standing
wave that resonates in the electromagnetic field are located.
As a typical example, the lines can include a first line for
suppressing the electromagnetic wave in a wavelength range
larger than the wavelength lambda of the electromagnetic
wave at a basic resonant point and a second line (different
from the first line) for suppressing the electromagnetic wave
with a wavelength lambda' (which is lower than lambda) at a
high-order resonant point. At this time, the length of the first
line is close to (2m~-1)*lambda/4 (mis a natural number), and
the length of the second line is close to n*lambda'/2 (n is a
natural number). Such a structure can be produced by a
known semiconductor process.

[0082] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0083] This application claims the benefit of Japanese
Patent Application No. 2009-079402, filed Mar. 27, 2009 and
Japanese Patent Application No. 2009-291025, filed Dec. 22,
2009, which are hereby incorporated by reference herein in
their entirety.

1. An oscillator for oscillating an electromagnetic wave,

comprising:

a resonator section including a resonant tunneling diode, a
dielectric in contact with the resonant tunneling diode,
and first and second conductors, the resonator section
being structured such that the dielectric is interposed
between the first and second conductors and such that
the first and second conductors are electrically con-
nected to the resonant tunneling diode;

a capacitor section structured such that the dielectric is
interposed between the first and second conductors;

a line section configured to electrically connect the reso-
nator section and the capacitor section in parallel to each
other; and

aresistor section configured to electrically connect the first
and second conductors to each other;

wherein a first position of the resonator section and a sec-
ond position of the capacitor section are connected to
each other by the line section so that an admittance of the
first position and an admittance of the second position
are substantially equivalent to each other in a wave-
length range larger than a wavelength of an electromag-
netic wave that resonates in the resonator section.
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2. The oscillator according to claim 1,

wherein the resonator section includes a first electrode, a
second electrode, and a first dielectric interposed
between the first and second electrodes,

wherein the capacitor section includes a third electrode, a
fourth electrode, and a second dielectric interposed
between the third and fourth electrodes, and

wherein the first position on the first electrode of the reso-
nator section and the second position on the third elec-
trode of the capacitor section are connected to each other
by the line section.

3. The oscillator according to claim 1,

wherein the electromagnetic wave that resonates in the
resonator section is a standing wave, and

wherein the first position is a position at which anode of the
standing wave of the electromagnetic wave generated by
the resonant tunneling diode is located in the resonator
section.

4. The oscillator according to claim 1,

wherein, when lambda is a wavelength of the electromag-
netic wave that resonates in the resonator section, a
length of the line section is equal or close to (2m-1)
-lambda/4, where m is a natural number.

5. The oscillator according to claim 1,

wherein, when lambda is a wavelength of the electromag-
netic wave that resonates in the resonator section and
lambda' is a wavelength smaller than lambda, a length of
the line section or a length of another line section is equal
or close to n-lambda'/2, where n is a natural number.

6. The oscillator according to claim 2,

wherein the resistor section disposed at an outer periphery
of the third electrode in the capacitor section.

7. The oscillator according to claim 2,

wherein the third electrode in the capacitor section is
arranged so as to surround the first electrode in the
resonator section along the plane in which the resonator
section is disposed.

8. The oscillator according to claim 1,

wherein a plurality of the line sections are provided.

9. The oscillator according to claim 8,

wherein the line sections are arranged symmetrically to
each other with respect to the resonator section.

10. The oscillator according to claim 1, further comprising:

a power supply configured to apply a voltage to the reso-
nant tunneling diode; and

a feeder line configured to electrically connect the power
supply to the second position.

11. The oscillator according to claim 1,

wherein the electromagnetic wave is a terahertz wave, and

wherein the resonator section includes a patch antenna for
oscillating the terahertz wave.

12. An oscillating element for oscillating a terahertz wave,

comprising:

a resonator section including an active layer that generates
the terahertz wave by carrier transition between sub-
bands, first and second conductors that are electrically in
contact with the active layer, and a dielectric that is
interposed between the first and second conductors and
in contact with the active layer;

a capacitor section structured such that the dielectric is
interposed between the first and second conductors;
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a line section configured to electrically connect the reso-
nator section and the capacitor section in parallel to each
other; and

aresistor section configured to electrically connect the first
and second conductors to each other,

wherein a first position of the resonator section and a sec-
ond position of the capacitor section are connected to
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each other by the line section so that an admittance of the
first position and an admittance of the second position
are substantially equivalent to each other in a wave-
length range larger than a wavelength of the terahertz
wave that resonates in the resonator section.
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