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(57) ABSTRACT

An energy conversion device, and methods of manufacturing
and operating the same. The energy conversion device
includes: a monolithic single-crystal silicon layer that
includes a plurality of doping regions; a vibrator that is dis-
posed in the single-crystal silicon layer and is connected to a
doping region of the plurality of doping regions; a first diode
that is a PN junction diode and allows an input signal applied
to the vibrator to pass therethrough; and a second diode that is
a PN junction diode and allows a signal output from the
vibrator to pass therethrough.
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ENERGY CONVERSION DEVICE AND
METHODS OF MANUFACTURING AND
OPERATING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority from Korean Patent
Application No. 10-2011-0085819, filed on Aug. 26, 2011 in
the Korean Intellectual Property Office, the disclosure of
which is incorporated herein in its entirety by reference.

BACKGROUND

[0002] 1. Field

[0003] Apparatuses and methods consistent with exem-
plary embodiments relate to micro conversion devices, and
more particularly, to energy conversion devices and methods
of manufacturing and operating the same.

[0004] 2. Description of the Related Art

[0005] An output voltage higher than an input voltage may
be obtained by using a boost converter. A charge pump and a
voltage doubler are known as boost converters.

[0006] Inacharge pump, since a gain is proportional to the
number of stages, the number of stages provided according to
steps needs to be increased in order to obtain a high gain.
[0007] Inavoltage doubler, since a complementary switch-
ing signal is needed, switching loss may occur. In a charge
pump and a voltage doubler, a gain in a unit stage is less than
2.

[0008] A boost converter may be manufactured on a sub-
strate along with a circuit by using microelectromechanical
systems (MEMS). However, since MEMS using a comple-
mentary metal-oxide-semiconductor (CMOS) process may
use only a poly-material, MEMS have a material-related
problem. In addition, a stress problem may occur according to
a material and a thermal profile, and a passivation problem
may also occur.

[0009] Also, related art MEMS devices are manufactured
to meet specific purposes. Accordingly, it is difficult to use an
existing MEMS device for purposes other than its given pur-
pose.

SUMMARY

[0010] One or more embodiments provide an energy con-
version device that may have a high gain and high reliability
and may be used for various purposes.

[0011] Further, one or more embodiments provide methods
of manufacturing such an energy conversion device.

[0012] Further still, one or more embodiments provide
methods of operating such an energy conversion device.
[0013] Additional aspects will be set forth in part in the
description which follows and, in part, will be apparent from
the description, or may be learned by practice of exemplary
embodiments.

[0014] According to an aspect of an embodiment, there is
provided an energy conversion device including: a monolithic
single-crystal silicon layer that includes a plurality of doping
regions; a vibrator disposed in the single-crystal silicon layer
and is connected to a doping region of the plurality of doping
regions; a first diode that is a PN junction diode and allows an
input signal applied to the vibrator to pass therethrough; and
a second diode that is a PN junction diode and allows a signal
output from the vibrator to pass therethrough.
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[0015] The single-crystal silicon layer may include a space
therein that is sealed, and the vibrator is disposed in the space.
[0016] The plurality of doping regions may include first
through third doping regions that are sequentially disposed,
and the third doping region may include a p-type doping
region and n-type doping regions that form the first and sec-
ond diodes, and the energy conversion device may further
include a doping region that separates a remaining portion of
the third doping region and the first and second diodes.
[0017] The third doping region may include a plurality of
through-holes that are connected to the space.

[0018] The energy conversion device may further include a
sealing layer that is disposed on the third doping region to
cover the plurality of through-holes.

[0019] The sealing layer may include a plurality of contact
holes through which the first diode, the second diode, and a
portion of the third doping region between the first diode and
the second diode are exposed.

[0020] The energy conversion device may further include
first through third electrodes that are disposed on the sealing
layer to be spaced apart from each other, wherein the first
through third electrodes are connected to the first diode, the
second diode, and the third doping region through the plural-
ity of contact holes.

[0021] Adjacent doping regions among the first through
third doping regions may be oppositely doped.

[0022] The vibrator may include a first diaphragm and a
second diaphragm that are connected to each other.

[0023] The vibrator may include a portion that is doped to
have the same conductivity as a conductivity of the doping
region to which the vibrator is connected, and a portion that is
doped to have the same conductivity as conductivities of the
doping regions to which the vibrator is not connected.
[0024] The second diaphragm may include two portions
that are oppositely doped.

[0025] The first diaphragm may include a plurality of
through-holes.
[0026] A doping region facing the second diaphragm and

the vibrator may constitute a variable capacitor.

[0027] The second diaphragm and the doping region facing
the second diaphragm may be parallel to each other at all
times.

[0028] The energy conversion device may further include
an insulating layer that has fixed polarization charges and is
disposed on a surface of the vibrator.

[0029] According to an aspect of another embodiment,
there is provided a method of operating an energy conversion
device including a monolithic single-crystal silicon layer that
includes a plurality of doping regions, a vibrator that is dis-
posed in the single-crystal silicon layer and connected to a
doping region of the plurality of doping regions, a first diode
that is a PN junction diode and allows an input signal applied
to the vibrator to pass therethrough, and a second diode that is
a PN junction diode and allows a signal output from the
vibrator to pass therethrough, the method including: driving
the vibrator; and outputting, through the second diode, an
output signal according to the driving of the vibrator.

[0030] The driving of the vibrator may include applying an
input voltage to the first diode.

[0031] The method may further include applying a syn-
chronizing signal to a region that is electrically separated
from the first diode and the second diode in a doping region
between the first diode and the second diode to make the
output signal higher than the input voltage.
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[0032] The vibrator may be driven by a force applied to the
energy conversion device, and the output signal may be used
as data for measuring a physical quantity of the force.
[0033] An insulating layer having fixed polarization
charges may be disposed on a surface of the vibrator to use the
energy conversion device as an energy harvester.

[0034] The single-crystal silicon layer may include a space
therein that is sealed, and the vibrator may be disposed in the
space.

[0035] The plurality of doping regions may include first
through third doping regions that are sequentially disposed,
wherein the third doping region includes a p-type doping
region and n-type doping regions that form the first diode and
the second diode, wherein the energy conversion apparatus
further includes a doping region that separates a remaining
portion of the third doping region and the first diode and the
second diode.

[0036] The vibrator may include a region that is doped to
have the same conductivity as a conductivity of the doping
region to which the vibrator is connected, and a portion that is
doped to have the same conductivity as conductivities of the
doping regions to which the vibrator is not connected.
[0037] According to an aspect of another embodiment,
there is provided a method of manufacturing an energy con-
version device including: forming a first oxidized region on a
first silicon layer that is single-crystal and is doped with a
p-type doping material or an n-type doping material; grow-
ing, on the first silicon layer, a second silicon layer that is
doped in a manner opposite to that of the first silicon layer;
forming a second oxidized region that is connected to the first
oxidized region and surrounds portions of the first silicon
layer and the second silicon layer, wherein the portion of the
second silicon layer surrounded by the second oxidized
region is connected to a portion of the second silicon layer
formed over the second oxidized region; growing, on the
second silicon layer, a third silicon layer that is a single-
crystal layer and is doped in a manner opposite to that of the
second silicon layer; forming, on the portion of the second
silicon layer formed over the second oxidized region, a third
oxidized region that is connected to the second oxidized
region, wherein the third oxidized region is formed by oxi-
dizing a top surface of the second silicon layer; forming, on
the third silicon layer, a first PN junction diode and a second
PN junction diode that are spaced apart from the third oxi-
dized region and are electrically separated from each other by
aremaining portion of the third silicon layer; forming a vibra-
tor that is spaced apart from the first silicon layer and the third
silicon layer and is connected to only the second silicon layer
by removing oxides of the first through third oxidized
regions; and sealing portions from which the oxides are
removed, wherein the second silicon layer and the third sili-
con layer are formed by using epitaxial growth.

[0038] The forming of the second oxidized region may
include: forming a twenty first oxidized region that is con-
nected to the first oxidized region at a position higher than a
position of the first oxidized region outside the first oxidized
region; and forming a twenty second oxidized region that is
connected to the twenty first oxidized region to be parallel to
the first oxidized region at a position higher than a position of
the twenty first oxidized region over and within the first
oxidized region, wherein a middle portion of the twenty sec-
ond oxidized region remains as a non-oxidized portion.
[0039] The forming of the third oxidized region may
include: forming, on the second silicon layer, a thirty first
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oxidized region that is connected to the second oxidized
region at a position higher than a position of the second
oxidized region; and forming, on the second silicon layer, a
thirty second oxidized region that is connected to the thirty
first oxidized region at a position higher than a position of the
thirty first oxidized region, wherein the thirty second oxidized
region is formed by oxidizing the entire second silicon layer
between the thirty first oxidized region and the third silicon
layer.

[0040] The thirty second oxidized region may extend to the
third silicon layer.

[0041] The forming of the first and second PN junction
diodes may include: forming a first n-type doping region that
is connected to the second silicon layer and is spaced apart
from the third oxidized region on the third silicon layer at a
side of the third oxidized region; forming a second n-type
doping region that is connected to the second silicon layer and
is spaced apart from the first n-type doping region on the third
silicon layer between the third oxidized region and the first
n-type doping region, wherein the second n-type doping
region is formed on the third silicon layer at the side of the
third oxidized region to be connected to the second silicon
layer; forming a third n-type doping region that is not con-
nected to the second n-type doping region and the second
silicon layer outside the second n-type doping region on the
third silicon layer at another side of the third oxidized region;
and forming a p-type doing region on the first n-type doping
region formed on the third silicon layer at the one side of the
third oxidized region, wherein the first n-type doping region
and the second n-type doping region are simultaneously
formed.

[0042] The forming of the vibrator may include: forming
through-holes, through which the third oxidized region is
exposed, in the third silicon layer; and wet etching oxides of
the first through third oxidized region through the through-
holes.

[0043] The first through third oxidized regions may be
formed by: implanting oxygen ions; and annealing a resultant
structure obtained after the oxygen ions are implanted.
[0044] The sealing may include forming a sealing layer that
is formed on the third silicon layer to seal the through-holes.
[0045] The method may further include: forming on the
sealing layer a plurality of through-holes, through which the
first PN junction diode and the second PN junction diode are
exposed and the third silicon layer between the first PN junc-
tion diode and the second PN junction diode is exposed; and
forming on the sealing layer a first electrode that is connected
to the exposed first PN junction diode, a second electrode that
is connected to the exposed second PN junction diode, and a
third electrode that is connected to the exposed third silicon
layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] These and/or other aspects will become apparent
and more readily appreciated from the following description
ofembodiments, taken in conjunction with the accompanying
drawings of which:

[0047] FIG. 1 is a cross-sectional view illustrating an
energy conversion device according to an embodiment;
[0048] FIG. 2 is an equivalent circuit of the energy conver-
sion device of FIG. 1;

[0049] FIG. 3 is a cross-sectional view illustrating a
moment when a second diaphragm contacts a first doping
region in the energy conversion device of FIG. 1;
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[0050] FIGS. 4 through 16 are cross-sectional views illus-
trating a method of manufacturing an energy conversion
device, according to one or more embodiments; and

[0051] FIGS. 17 through 19 are cross-sectional views illus-
trating cases where an energy conversion device is used as
various devices according to one or more embodiments.

DETAILED DESCRIPTION

[0052] Exemplary embodiments will now be described
more fully with reference to the accompanying drawings.
Thicknesses of layers or regions shown in the drawings are
exaggerated for clarity.

[0053] FIG. 1 is a cross-sectional view illustrating an
energy conversion device according to an embodiment.
[0054] Referring to FIG. 1, the energy conversion device,
which is a single layer including a monolithic three-dimen-
sional (3D) structure, does not include a clear interface or a
contact surface between layers. The energy conversion device
includes a first doping region 20, a second doping region 30,
athird doping region 40, first and second sealing layers 22 and
50, first and second diaphragms 32 and 34, and a space 60
having a predetermined volume. A lower electrode plate 10 is
attached to a bottom surface of the first doping region 20. First
through third electrodes 80, 82, and 84 are disposed on the
second sealing layer 50.

[0055] The first doping region 20 is a region doped with a
p-type doping material, though it is understood that another
embodiment is not limited thereto. For example, according to
another embodiment, the first doping region 20 may include
an n-type doping material instead of the p-type doping mate-
rial. The second doping region 30 is disposed on the first
doping region 20. The second doping region 20 is a region
doped with an n-type doping material, though it is understood
that another embodiment is not limited thereto. For example,
according to another embodiment, the second doping region
20 may include a p-type doping material instead of the n-type
doping material. The first and second diaphragms 32 and 34
extend from the second doping region 30. Accordingly, the
first and second diaphragms 32 and 34 may be portions of the
second doping region 30.

[0056] The first sealing layer 22 is disposed between the
first and second doping regions 20 and 30. The first sealing
layer 22 is connected to the first and second doping regions 20
and 30. The first sealing layer 22 is disposed on a portion of
the first doping region 20. The first sealing layer 22 may be,
for example, a silicon oxide layer. The third doping region 40
is disposed on the second doping region 30. A portion of the
third doping region 40 is connected to the second doping
region 30. The third doping region 40 includes a plurality of
through-holes 52 (see FIG. 13) formed (i.e., located) therein.
The plurality of through-holes 52 are connected to the space
60.

[0057] The second sealing layer 50 is formed on the third
doping region 40. The second sealing layer 50 is filled in the
plurality of through-holes 52 and covers the plurality of
through-holes 52. It is understood that the second sealing
layer 50 may be filled in all or some of the plurality of
through-holes 52. The third doping region 40 may include
fourth, fifth, and sixth doping regions 42, 44, and 46 that are
spaced apart from one another in a horizontal direction. Dop-
ing materials of the fourth, fifth, and sixth doping regions 42,
44, and 46 may be the same as a doping material of the second
doping region 30. The fourth and fifth doping regions 42 and
44 are connected to the second doping region 30. The sixth
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doping region 46 is spaced apart from the second doping
region 30. The third doping region 40 is disposed between the
second doping region 30 and the sixth doping region 46. Since
the third doping region 40 and the sixth doping region 46 are
silicon regions respectively doped with p-type and n-type
materials, the third doping region 40 and the sixth doping
region 46 may constitute a PN junction diode (hereinafter,
referred to as a second diode).

[0058] The plurality of through-holes 52 are formed
between the fifth doping regions 44, which are spaced apart
from each other. The fourth doping region 42 is connected to
the second doping region 30, and is surrounded by the third
doping region 40. The fourth doping region 42 may include a
seventh doping region 48. The seventh doping region 48 may
be disposed within the fourth doping region 42. The seventh
doping region 48 contacts the second sealing layer 50, and a
bottom and a side wall of the seventh doping region 48 are
surrounded by the fourth doping region 42. The seventh dop-
ing region 48 may be a silicon region doped with a p-type
doping material. The fourth doping region 42 may be asilicon
region doped with an n-type doping material. Accordingly,
the fourth doping region 42 and the seventh doping region 48
may constitute a PN junction diode (hereinafter, referred to as
a first diode).

[0059] The fifth doping regions 44 are regions for separat-
ing the first diode and the second diode in the third doping
region 40. Directions of the first diode and the second diode
may be opposite to each other. The first diode and the second
diode are connected to each other through the first diaphragm
32. The space 60 is formed between the first doping region 20
and the third doping region 40. The space 60 may be disposed
under the plurality of through-holes 52. The space 60 may be
a place where the first diaphragm 32 and the second dia-
phragm 34 vibrate. The space 60 is sealed by the first doping
region 20, the second doping region 40, the first sealing layer
22, and the second sealing layer 50. The first diaphragm 32
and the second diaphragm 34 are connected to each other via
aconnection pillar 36. The first diaphragm 32 is disposed over
the second diaphragm 34. The first diaphragm 32 and the
second diaphragms 34 may serve as a single vibrator 32+34.
[0060] Before the energy conversion device starts operat-
ing, the first diaphragm 32 and the second diaphragm 34 may
be parallel to each other. While the energy conversion device
operates, the first diaphragm 32 and the second diaphragm 34
may vibrate in the space 60. The first diaphragm 32 and the
second diaphragm 34 may vibrate due to an electrical signal
applied to the energy conversion device, momentum applied
to the energy conversion device, or an external physical force
or impact for accelerating the energy conversion device.
Though the first diaphragm 32 vibrates in the space 60, the
first diaphragm 32 and the third doping region 40 are suffi-
ciently spaced apart from each other so as not to contact each
other. The first diaphragm 32 and the second doping region 30
may be disposed at the same level in the horizontal direction.
The first diaphragm 32 is connected to the second doping
region 30. The first diaphragm 32 may be a portion of the first
doping region 30. A plurality of through-holes 32/ may be
formed in the first diaphragm 32.

[0061] The connection pillar 36 may be formed of the same
material as that of the first diaphragm 32. The second dia-
phragm 34 may be disposed at the same level as the first
sealing layer 22 in the horizontal direction. The second dia-
phragm 34 and the first doping region 20 are spaced apart
from each other. While the energy conversion device oper-
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ates, the second diaphragm 34 may instantly contact the first
doping region 20. The second diaphragm 34 may include a
lower layer 20a and an upper layer 30a disposed on the lower
layer 20a. The lower layer 20a and the upper layer 30qa are
monolithic and connected to each other. The lower layer 20a
and the upper layer 30a may be formed of the same material
and may be doped with different doping materials. The lower
layer 20a may be formed of the same material as that of the
first doping region 20, for example, a single-crystal silicon
layer. The lower layer 20a is doped with the same doping
material as that of the first doping region 20. The upper layer
30a may be formed of the same material as that of the second
doping region 30. The upper layer 30a may be doped with the
same doping material as that of the second doping region 30.
[0062] Since the second diaphragm 34 includes the lower
layer 20a, which is formed of the same material and has the
same doping characteristics as those of the first doping region
20, when the second diaphragm 34 contacts the first doping
region 20 while the energy conversion device operates, a PN
junction capacitor is instantly formed, thereby obtaining a
relatively high capacitance. The second sealing layer 50
formed on the third doping region 40 covers the fourth
through seventh doping regions 42, 44, 46, and 48. A plurality
of'contact holes are formed in the second sealing layer 50. The
sixth doping region 46 and the seventh doping region 48 are
exposed through the plurality of contact holes. A top surface
of'the third doping region 40 between the plurality of through-
holes 52 and the fifth doping region 44 adjacent to the sixth
doping region 46 is exposed through one of the plurality of
contact holes.

[0063] First through third electrodes 80, 82, and 84 that are
spaced apart from one another are disposed on the second
sealing layer 50. The first electrode 80 contacts the seventh
doping region 48 through one ofthe plurality of contact holes.
A voltage may be applied to the energy conversion device
through the first electrode 80. The second electrode 82 con-
tacts the third doping region 40 through one of the plurality of
contact holes. A predetermined voltage or a specific external
signal may be applied to the energy conversion device
through the second electrode 82. The third electrode 84 con-
tacts the sixth doping region 46 through one of the plurality of
contact holes. A voltage, for example, a boosted voltage,
output from the energy conversion device may be output to
the outside through the third electrode 84.

[0064] FIG. 2 is an equivalent circuit of the energy conver-
sion device of FIG. 1.

[0065] In FIG. 2, a first diode D, corresponds to the first
diode described with reference to FIG. 1, and a second diode
D, corresponds to the second diode described with reference
to FIG. 1. The first diode D, and the second diode D, are
arranged as shown in FIG. 2. If the first through seventh
doping regions 20, 30, 40, 42, 44, 46, and 48 in FIG. 1 are
oppositely doped, the first diode D, and the second diode D,
in FIG. 2 may be oppositely arranged. In FIG. 2, a capacitor
C,,, that is, a variable capacitor, corresponds to a capacitor
formed by the vibrator 32+34, the first doping region 20, and
a gap between the vibrator 32+34 and the first doping region
20 of FIG. 1. A capacitor C,,, ;is a load capacitor (not shown)
outside the energy conversion device of FIG. 1. Also, in FIG.
2,V,, is an input voltage applied to the first electrode 80 of
FIG.1,and V_,,,is a voltage applied to the second electrode
82 of FIG. 1. V_,, is an output voltage output to the outside
through the third electrode 84 of F1G. 1. Also, V_of FIG. 2 is
a voltage applied to the vibrator 32+34 of FIG. 1. Since a
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voltage and a capacitance are inversely proportional to each
other and the vibrator 32+34 is an element of the capacitor
C,,, the voltage V_ varies according to a vibration of the
vibrator 32+34 as time passes.

[0066] An operation of the energy conversion device of
FIG. 1 will be briefly explained with reference to FIG. 2.
[0067] TheinputvoltageV,,is applied and the capacitorC,,
is charged. When a capacitance of the capacitor C,, is a maxi-
mum capacitance and charge is constant, the voltage V_ is
increased in proportion to a change rate of the capacitance of
the capacitor C,, according to a vibration of the vibrator
32+34. In this case, the first diode D, is reverse biased to the
voltage V_ and the second diode D, is forward biased to the
voltage V_. Accordingly, the capacitor C,,; is charged by
charges of the capacitor C,, through the second diode D,, to
have a potential of the voltage V. Such an event continuously
occurs while the vibrator 32434 vibrates and the capacitance
of'the capacitor C,, changes between a maximum value and a
minimum value. Accordingly, if the vibrator 32+34 vibrates
faster than a time constant of a circuit, the direct current (DC)
output voltage V_,, having a ripple but higher than the input
voltage V,,, may be obtained. The output voltage V _,,, may be
defined by:

Vous=[Con(max)/C,,, (min)]V;,

[0068] In Equation 1, C,(max) denotes the maximum
capacitance of the capacitor C,,, and C,,(min) denotes a mini-
mum capacitance of the capacitor C,,,.

[0069] A capacitance of a general capacitor is proportional
to an area of electrodes constituting the general capacitor and
is inversely proportional to an interval between the elec-
trodes. Accordingly, when a gap between the second dia-
phragm 34 and the first doping region 20 is maximized, the
capacitance of the capacitor C,, is minimized.

[0070] A time when the capacitance of the capacitor C,, is
maximized is when the second diaphragm 34 contacts the first
doping region 20 as shown in FIG. 3. At this time, a PN
junction occurs between the vibrator 32+34 and the first dop-
ing region 20. Accordingly, the capacitor C,, has a junction
capacitance. The junction capacitance may be determined
according to a doping concentration and a magnitude of a
reverse bias voltage applied to the PN junction formed
between the first doping region 20 and the vibrator 32+34,
which instantly contact each other. Since the doping concen-
tration is adjusted to have a breakdown voltage higher than a
reverse bias voltage applied to the PN junction, the junction
capacitance may be determined accordingly. When the junc-
tion capacitance is obtained in this manner, a capacitance
ratio higher than a capacitance ratio that may be obtained by
reducing an interval between electrodes in an existing capaci-
tor having a parallel plate structure may be achieved. Accord-
ingly, the energy conversion device may boost a voltage
higher than a related art energy conversion device. That is, the
energy conversion device may have a gain higher than that of
a related art energy conversion device.

[0071] As shown in FIG. 3, when the vibrator 32434 is
driven, the first diaphragm 32 is bent, and the second dia-
phragm 34 is not bent and is maintained parallel to the first
doping region 20. Even when the first diaphragm 32 is bent
upward, the second diaphragm 34 and the first doping region
20 are continuously maintained parallel to each other.
Accordingly, as the second diaphragm 34 is driven, an inter-
val between the first doping region 20 and a surface of the
second diaphragm 34 facing the first doping region 20 may be

out

(Equation 1).
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changed. However, when the second diaphragm 34 is located
at an arbitrary position, an interval between the first doping
region 20 and the second diaphragm 34 may be prevented
from varying according to portions of the surface. Accord-
ingly, when the second diaphragm 34 is located at an arbitrary
position, a capacitance obtained at the position may be maxi-
mized.

[0072] FIGS. 4 through 16 are cross-sectional views illus-
trating a method of manufacturing an energy conversion
device, according to one or more embodiments. In this case,
the same elements as those illustrated in FIGS. 1 through 3 are
denoted by the same reference numerals, and a redundant
explanation thereof will not be given.

[0073] Referring to FIG. 4, a first mask M1 is formed on a
first silicon layer 200 doped with a p-type doping material.
The first silicon layer 200 may be a single-crystal silicon
layer, and may have, for example, a given crystal direction of
<111>. According to another embodiment, the first silicon
layer 200 may be doped with an n-type doping material
instead of the p-type doping material. An exposed portion of
atop surface of the first silicon layer 200 is limited by the first
mask M1. Oxygen ions 70 are implanted into the exposed
portion of the top surface of the first silicon layer 200. Next,
the first silicon layer 200 into which the oxygen ions 70 are
implanted is annealed. Accordingly, a first oxidized region
70a is formed under the top surface of the first silicon layer
200. A portion disposed between the top surface of the first
silicon layer 200 and the first oxidized region 70q of the first
silicon layer 200 corresponds to the lower plate 20a of the
second diaphragm 34 of FIG. 1. A depth, a thickness, and a
width of the first oxidized region 70a may vary according to
patterning of the first mask M1 and ion implantation condi-
tions (for example, implantation energy). After the first oxi-
dized region 70q is formed, the first mask M1 is removed.
[0074] Referring to FIG. 5, a second silicon layer 300 is
formed on the first silicon layer 200 including the first oxi-
dized region 70a. The second silicon layer 300 may be a
single-crystal silicon layer. The second silicon layer 300 may
be doped in a manner opposite to that of the first silicon layer
200. For example, when the first silicon layer 200 is doped
with a p-type doping material, the second silicon layer 300
may be doped with an n-type doping material. The second
silicon layer 300 may be formed via epitaxial growth. The
second silicon layer 300 may be formed in situ, and may be
doped while being formed. A portion of the second silicon
layer 300 becomes the vibrator 32+34 of FIG. 1. Accordingly,
when the second silicon layer 300 is formed, a thickness of the
second silicon layer 300 may be determined by considering
that a portion of the second silicon layer 300 becomes the
vibrator 32+34 of FIG. 1. In FIG. 5, a boundary line is illus-
trated between the first silicon layer 200 and the second
silicon layer 300 for convenience of explanation. However,
since the second silicon layer 300 is formed via epitaxial
growth, there is actually no boundary line between the first
silicon layer 200 and the second silicon layer 300. Accord-
ingly, the first silicon layer 200 and the second silicon layer
300 are monolithic.

[0075] Referring to FIG. 6, a second mask M2 is formed on
the second silicon layer 300. The second mask M2 is disposed
over the first oxidized region 70a. The second mask M2 is
formed over and within the first oxidized region 70a, and an
edge of the first oxidized region 70a may be located around
the second mask M2. When the second mask M2 exists,
oxygen ions 72 are implanted into a top surface of the second
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silicon layer 300. A resultant structure obtained after the
oxygen ions 72 are implanted is annealed. Next, the second
mask M2 is removed. Second oxidized regions 72q that are
spaced apart from each other are formed between the first
silicon layer 200 and the second silicon layer 300 due to the
implantation of the oxygen ions 72 and the annealing. The
second oxidized regions 72a are formed on opposite sides of
the first oxidized region 70a at positions higher than that of
the first oxidized region 70a. Each of the second oxidized
regions 72a includes an upper portion of the first silicon layer
200 and a lower portion of the second silicon layer 300
outside the first oxidized region 70a. Each second oxidized
region 72a extends to an edge of the first oxidized region 70a
to contact the first oxidized region 70a. A position of each
second oxidized region 72a may be determined by patterning
of the second mask M2 and ion implantation energy of the
oxygen ions 72. A portion of a silicon oxide layer of each
second oxidized region 72a may be used as the first sealing
layer 22. Accordingly, each second oxidized region 72a may
be thicker than an oxidized region subsequently formed or the
first oxidized region 70a so as to partially remain after sub-
sequent wet etching.

[0076] FIG. 7A is a cross-sectional view taken along a line
7-7 of FIG. 7B, and FIG. 7B is a top plan view of FIG. 7A.

[0077] Referring to FIGS. 7A and 7B, after the second
oxidized region 72a is formed, a third mask M3 is formed on
the second silicon layer 300. The third mask M3 may be, for
example, a photosensitive film pattern, like the first mask M1
and the second mask M2.

[0078] The third mask M3 exposes a portion of the top
surface of the second silicon layer 300 corresponding to the
first oxidized region 70a. As shown in FIG. 7B, a middle
portion of the exposed portion of the top surface of the second
silicon layer 300 is covered by the third mask M3. The middle
portion of the exposed region of the top surface of the second
silicon layer 300 covered by the third mask M3 corresponds
to the connection pillar 36 of FIG. 1 to be formed in a subse-
quent process. After the third mask M3 is formed in this
manner, oxygen ions 74 are implanted into the exposed por-
tion of the top surface of the second silicon layer 300. Next,
the third mask M3 is removed, and a resultant structure
obtained after the oxygen ions 74 are implanted is annealed.
Accordingly, a third oxidized region 74a is formed in the
second silicon layer 300. The third oxidized region 74a is
formed at a position higher than positions of the second
oxidized regions 72a. The third oxidized region 74q is dis-
posed over and laterally within the first oxidized region 70a.
A portion of the second silicon layer 300 that is not oxidized
is disposed at a center of the third oxidized region 74a.
Accordingly, the third oxidized region 74a allows the portion
of the second silicon layer 300 that is not oxidized to be
disposed at the center of the third oxidized region 74a and
surrounds the portion of the second silicon layer 300 that is
not oxidized. The third oxidized region 74a is connected to
the second oxidized region 72a.

[0079] Referring to FIG. 8, a third silicon layer 400 is
formed on the second silicon layer 300 in which the third
oxidized region 74a is disposed. The third silicon layer 400
may be a single-crystal silicon layer. The third silicon layer
400 may be doped with the same doping material as that of the
first silicon layer 200. The third silicon layer 400 may be
formed via epitaxial growth. While the third silicon layer 400
is grown, the third silicon layer 400 may be doped. The third
silicon layer 400 may be formed and doped in situ. Since the
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third silicon layer 400 is formed via epitaxial growth, the third
silicon layer 400 may be continuously grown from the second
silicon layer 300. Accordingly, the third silicon layer 400 and
the second silicon layer 300 may be formed to be monolithic,
and there is no interface or contact surface between the sec-
ond silicon layer 300 and the third silicon layer 400.

[0080] Referring to FIG. 9, a fourth mask M4 through
which a portion of a top surface of the third silicon layer 400
is exposed is formed on the third silicon layer 400. The fourth
mask M4 may be a photosensitive film pattern. The portion of
the top surface of the third silicon layer 400 exposed through
the fourth mask M4 corresponds to a portion of the second
silicon layer 300 formed over the third oxidized region 74a.
That is, the fourth mask M4 defines the portion of the second
silicon layer 300 disposed over the third oxidized region 74a.
[0081] When the fourth mask M4 is formed, oxygen ions 76
are implanted into the top surface of the third silicon layer
400. The oxygen ions 76 reach the second silicon layer 300
through the exposed portion of the top surface of the third
silicon layer 400, and the oxygen ions 76 are implanted into
the portion of the second silicon layer 300 formed over the
third oxidized region 74a. The oxygen ions 76 may reach the
portion of the second silicon layer 300 formed over the third
oxidized region 74a by adjusting ion implantation energy of
the oxygen ions 76. After the oxygen ions 76 are implanted,
the fourth mask M4 is removed. Next, a resultant structure
obtained after the oxygen ions 76 are implanted is annealed.
Accordingly, fourth oxidized regions 76a are formed in/of the
portion of the second silicon layer 300 formed over the third
oxidized region 74a. The fourth oxidized regions 76a may be
formed perpendicularly to the third oxidized region 74a. The
fourth oxidized regions 76a may be formed at two places to be
symmetric about the center of the third oxidized region 74a.
The fourth oxidized regions 76a are connected to the third
oxidized region 74a. Although the fourth oxidized regions
76a are formed in the second silicon layer 300, the fourth
oxidized regions 76a may extend to the top surface of the
second silicon layer 300 to contact the third silicon layer 400.
The fourth oxidized regions 76a may be formed before the
third silicon layer 400 is formed.

[0082] Referring to FIG. 10, a fiftth mask M5 that defines a
region where a fifth oxidized region 784 is to be formed is
formed on the third silicon layer 400. Oxygen ions 78 are
implanted into the region defined by the fifth mask M5. In this
case, the oxygen ions 78 may reach the region where the fifth
oxidized region 78a is to be formed by adjusting ion implan-
tation energy of the oxygen ions 78. After the oxygen ions 78
are implanted, the fifth mask M5 is removed. Next, a resultant
structure obtained after the oxygen ions 78 are implanted is
annealed. Accordingly, the fifth oxidized region 78a is
formed as shown in FIG. 10.

[0083] Referring to FIG. 11, the fourth doping region 42,
the fifth doping regions 44, and the sixth doping region 46 are
formed onthe third silicon layer 400. The fourth through sixth
doping regions 42, 44, and 46 may be formed through ion
implantation by implanting the same doping material, for
example, an n-type doping material, and by performing heat
treatment for diffusion. When the fourth through sixth doping
regions 42, 44, and 46 are n-type doping regions, the fourth
through sixth doping regions 42, 44, and 46 may be respec-
tively referred to as a first n-type doping region 42, a second
n-type doping region 44, and a third n-type doping region 46.
The fourth through sixth doping regions 42, 44, and 46 are
spaced apart from one another. The fourth doping region 42
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and the fifth doping region 44 may be simultaneously formed.
The sixth doping region 46 may be formed before or after the
fourth doping region 42 and the fifth doping region 44 are
formed. The fourth and fifth doping regions 42 and 44 are
formed on the second silicon layer 300 to be connected to
each other. The sixth doping region 46 is formed to be spaced
apart from the second silicon layer 300. The fifth doping
regions 44 may be formed to face each other with the fifth
oxidized region 78a therebetween. That is, the fifth doping
regions 44 are disposed around the fifth oxidized region 78a.
The fourth doping region 42 and the sixth doping region 46
are disposed outside the fifth doping regions 44. The fourth
doping region 42 is disposed at a left side of the fifth doping
regions 44, and the sixth doping region 46 is disposed at a
right side of the fifth doping regions 44. The fourth and fifth
doping regions 42 and 44 may extend from the second silicon
layer 300 to the top surface of the third silicon layer 400.

[0084] Referringto FIG. 12, the seventh doping region 48 is
formed on the fourth doping region 42. The seventh doping
region 48 may be formed by implanting a doping material, for
example, a p-type doping material, through ion implantation
into a portion of the fourth doping region 42, and by perform-
ing heat treatment for diffusion. The seventh doping region 48
is spaced apart from circumferential portions of the fourth
doping region 42. A top surface of the seventh doping region
48 may be a portion of the top surface of the third silicon layer
400. The fourth doping region 42 and the seventh doping
region 48 are regions doped with opposite doping materials.
The second silicon layer 300 and the fourth doping region 42
are single-crystal silicon layers having the same doping mate-
rial. Accordingly, the fourth doping region 42 and the seventh
doping region 48 may form a PN diode. Also, since the sixth
doping region 46 includes a silicon layer doped with a p-type
material and the third silicon layer 400 doped with an n-type
material surrounds the sixth doping region 46, the sixth dop-
ing region 46 and the third silicon layer 400 formed around
the sixth doping region 46 may form a PN diode. The fifth
doping regions 44 may be regions formed to separate the two
PN junction diodes in the third silicon layer 400.

[0085] Referring to FIG. 13, the plurality of through-holes
52 are formed in a portion of the third silicon layer 400
between the fifth doping regions 44, that is, over the fifth
oxidized region 78a. A portion of the fifth oxidized region
78a is exposed through the plurality of through-holes 52.
Next, silicon oxides of the first through fifth oxidized regions
70a, 72a, 74a, 76a, and 78a are removed through the plurality
through-holes 52. As a result, as shown in FIG. 14, one space
60 is formed in the first through fifth oxidized regions 70aq,
72a, 74a, 76a, and 78a. The silicon oxides of'the first through
fifth oxidized regions 70a, 72a, 74a, 764, and 78a may be
removed by performing wet etching on a resultant structure of
FIG. 13. For example, the silicon oxides of the first through
fifth oxidized regions 70a, 72a, 74a, 764, and 78a may be
removed by dipping the resultant structure of FIG. 13 for a
predetermined period of time in a container containing a wet
etchant having a relatively high etch selectivity with respect
to the silicon oxides, for example, a hydrofiuoric acid (HF)
solution.

[0086] Referring to FIG. 14, after the space 60 is formed,
the plurality of through-holes 52 become inlet holes of the
space 60. The vibrator 32+34 including a portion of the first
silicon layer 200 that corresponds to the lower layer 20a and
portions of the second silicon layer 300 that correspond to the
first diaphragm 32 and the second diaphragm 34 and the
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connection pillar 36, surrounded by the first through fifth
oxidized regions 70a, 724, 74a, 76a, and 78a, is formed in the
space 60. The vibrator 32+34 includes the first diaphragm 32
and the second diaphragm 34. The first diaphragm 32 and the
second diaphragm 34 have already been explained with ref-
erence to FIG. 1, and thus a redundant explanation thereof
will not be repeated.

[0087] While the resultant structure of FIG. 13 is wet
etched, the silicon oxide of the second oxidized regions 724,
which is thicker than those of the other oxidized regions 70a,
74a, 76a, and 78a, may partially remain even after the silicon
oxides of the other oxidized regions 70a, 74a, 764, and 78a
are removed, or may be completely removed. After the wet
etching, if portions of the second oxidized regions 72a
remain, the portions may be used as the first sealing layer 22.
If the second oxidized regions 72a are completely removed
via the wet etching, inlets of portions from which the second
oxidized regions 72a are removed may be sealed during sub-
sequent sealing.

[0088] Referring to FIG. 15, the second sealing layer 50 is
formed on the third silicon layer 400 to cover the plurality of
through-holes 52. The second sealing layer 50 may be formed
by using zero-level vacuum sealing. The second sealing layer
50 may be, for example, a silicon oxide layer or a silicon
nitride layer. When the second sealing layer 50 is formed, the
plurality of through-holes 52 may be filled. After the second
sealing layer 50 is formed, a plurality of contact holes 50/1,
50/2, and 50/3 are formed in the second sealing layer 50. The
seventh doping region 48 is exposed through the first contact
hole 50/1. A portion of the third silicon layer 400 between the
fifth doping regions 44 is exposed through the second contact
hole 50/2. The sixth doping region 46 is exposed through the
third contact hole 50/3.

[0089] Referring to FIG. 16, the first through third elec-
trodes 80, 82, and 84, which are spaced apart from one
another, are formed on the second sealing layer 50. The lower
electrode 10 is formed on a bottom surface of the first silicon
layer 200. The first electrode 80 is filled in the first contact
hole 50/1 and contacts the seventh doping region 48. The
second electrode 82 is filled in the second contact hole 5042
and contacts the third silicon layer 400. The third electrode 84
is filled in the third contact hole 50/3 and contacts the sixth
doping region 46. Accordingly, the energy conversion device
is manufactured.

[0090] A method of driving an energy conversion device
according to an embodiment will now be explained. From the
explanation, it is understood that the energy conversion
device may be used for various purposes.

[0091] FIG. 17 is a cross-sectional view illustrating a case
where the energy conversion device is used as a boost con-
verter according to an embodiment.

[0092] Referring to FIG. 17, when an input voltage V,,, is
applied to the first electrode 80 and a resonating signal is
applied to the second electrode 82, an output voltage V ,,, that
is proportional to a change rate of a capacitance according to
driving of the vibrator 32+34 may be obtained. In FIG. 17, a
switch is not necessary, and the energy conversion device may
be used as a DC converter having a gain of tens of decibels
according to a change rate of a capacitance.

[0093] FIG. 18 is a cross-sectional view illustrating a case
where the energy conversion device is used as a physical
sensor according to an embodiment.

[0094] Referring to FIG. 18, in a state where an input volt-
age V,, is applied to the first electrode 80 of the energy
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conversion device, when momentum is applied to the energy
conversion device or an external force for accelerating the
energy conversion device is applied to the energy conversion
device, a capacitance may vary according to time. Accord-
ingly, an output voltage V_,, according to time may be
obtained by using Equation 2 below, and a momentum or an
acceleration according to time may be calculated. Accord-
ingly, the energy conversion device may be used as a sensor
for calculating a physical variable according to time.

Vol =[G, (@) C (min) ]V,

[0095] FIG. 19 is a cross-sectional view illustrating a case
where the energy conversion device is used as an energy
harvester according to an embodiment.

[0096] Referring to FIG. 19, when the energy conversion
deviceis used as an energy harvester, a dielectric layer 90 may
be further formed (i.e., provided) on a surface of the second
diaphragm 34 of the energy conversion device. The dielectric
layer 90 may be formed on an entire surface of the vibrator
32+34. The dielectric layer 90 may be formed before the
second sealing layer 50 is formed. In this case, the dielectric
layer 90 may be formed via atomic layer deposition (ALD).
After the dielectric layer 90 is formed, the first sealing layer
50 and the first through third electrodes 80, 82, and 84 may be
formed. In FIG. 19, the dielectric layer 90 may have fixed
polarization charges. Such polarization charges may be gen-
erated by applying an external voltage to the energy conver-
sion device. When momentum is applied to the energy con-
version device of FIG. 19 when the dielectric layer 90 has
fixed polarization charges, electrical energy is produced
according to Equation 3 below. That is, the energy conversion
device of FIG. 19 converts external mechanical energy into
electrical energy.

Voud D=0/ C(2)

[0097] In Equation 3, Qg denotes fixed charges generated
in the dielectric layer 90.

[0098] The energy conversion device according to one or
more embodiments has a monolithic single-crystal 3D struc-
ture. Accordingly, since there is no contact surface or inter-
face between elements constituting the energy conversion
device, the energy conversion device may have higher reli-
ability than a related art energy conversion device.

[0099] Also, since all elements of the energy conversion
device are formed on a single substrate (a single-crystal sili-
con substrate), material costs may be reduced. Since amethod
of manufacturing the energy conversion device according to
one or more embodiments involves simply repeatedly per-
forming epitaxial growth, doping, ion implantation, and
annealing, an overall process may be simplified and used
equipment may be simplified. Since the epitaxial growth, the
doping, the ion implantation, and the annealing are processes
used in a complementary metal-oxide-semiconductor
(CMOS) process, the CMOS process may be used.

[0100] Also, the energy conversion device may be used for
various purposes according to an input signal and ambient
physical conditions.

[0101] In particular, when the energy conversion device is
used as a boost converter, since a PN junction capacitance and
a mechanical capacitance are connected and thus a high
capacitance ratio is obtained, the energy conversion device
may be used as a DC boost converter having a relatively high
gain.

[0102] While exemplary embodiments have been particu-
larly shown and described above, it will be understood by

(Equation 2).

(Equation 3).
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those of ordinary skill in the art that various changes in form
and details may be made therein without departing from the
spirit and scope of the present invention as defined by the
following claims.

What is claimed is:

1. An energy conversion device comprising:

a monolithic single-crystal silicon layer comprising a plu-
rality of doping regions;

a vibrator that is disposed in the monolithic single-crystal
silicon layer and is connected to a doping region of the
plurality of doping regions;

afirst diode that is a PN junction diode and allows an input
signal applied to the vibrator to pass therethrough; and

a second diode that is a PN junction diode and allows a
signal output from the vibrator to pass therethrough.

2. The energy conversion device of claim 1, wherein the
monolithic single-crystal silicon layer comprises a space
therein that is sealed, and the vibrator is disposed in the space.

3. The energy conversion device of claim 1, wherein:

the plurality of doping regions comprises a first doping
region, a second doping region, and a third doping
region that are sequentially disposed and the third dop-
ing region comprises a p-type doping region and n-type
doping regions that form the first diode and the second
diode; and

a doping region that separates a remaining portion of the
third doping region and the first diode and the second
diode.

4. The energy conversion device of claim 3, wherein:

the monolithic single-crystal silicon layer comprises a
space therein that is sealed, and the vibrator is in the
space; and

the third doping region further comprises a plurality of
through-holes that are connected to the space.

5. The energy conversion device of claim 4, further com-
prising a sealing layer that is disposed on the third doping
region to cover the plurality of through-holes.

6. The energy conversion device of claim 5, wherein the
sealing layer comprises a plurality of contact holes through
which the first diode, the second diode, and a portion of the
third doping region between the first diode and the second
diode are exposed.

7. The energy conversion device of claim 6, further com-
prising:

a first electrode, a second electrode, and a third electrode
disposed on the sealing layer to be spaced apart from
each other,

wherein the first electrode, the second electrode, and the
third electrode are connected to the first diode, the sec-
ond diode, and the third doping region through the plu-
rality of contact holes.

8. The energy conversion device of claim 3, wherein adja-
cent doping regions among the first doping region, the second
doping region, and the third doping region are oppositely
doped.

9. The energy conversion device of claim 1, wherein the
vibrator comprises a first diaphragm and a second diaphragm
that are connected to each other.

10. The energy conversion device of claim 1, wherein the
vibrator comprises a first portion that is doped to have a same
conductivity as a conductivity of the doping region to which
the vibrator is connected, and a second portion that is doped
to have a same conductivity as conductivities of doping
regions to which the vibrator is not connected.
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11. The energy conversion device of claim 9, wherein the
second diaphragm comprises a first portion and a second
portion that are oppositely doped.

12. The energy conversion device of claim 9, wherein the
first diaphragm comprises a plurality of through-holes.

13. The energy conversion device of claim 11, wherein a
doping region facing the second diaphragm and the vibrator
constitute a variable capacitor.

14. The energy conversion device of claim 13, wherein the
second diaphragm and the doping region facing the second
diaphragm are parallel to each other at all times during opera-
tion of the energy conversion device.

15. The energy conversion device of claim 1, further com-
prising an insulating layer that has fixed polarization charges
and is disposed on a surface of the vibrator.

16. A method of operating an energy conversion device
comprising a monolithic single-crystal silicon layer that com-
prises a plurality of doping regions; a vibrator that is disposed
in the monolithic single-crystal silicon layer and connected to
a doping region of the plurality of doping regions; a first diode
that is a PN junction diode and allows an input signal applied
to the vibrator to pass therethrough; and a second diode that is
a PN junction diode and allows a signal output from the
vibrator to pass therethrough, the method comprising:

driving the vibrator; and

outputting, through the second diode, an output signal

according to the driving of the vibrator.

17. The method of claim 16, wherein the driving of the
vibrator comprises applying an input voltage to the first
diode.

18. The method of claim 17, further comprising applying a
synchronizing signal to a region that is electrically separated
from the first diode and the second diode in a doping region
between the first diode and the second diode to cause the
output signal to be higher than the input voltage.

19. The method of claim 16, wherein the vibrator is driven
by a force applied to the energy conversion device, and the
output signal is data for measuring a physical quantity of the
force.

20. The method of claim 16, wherein an insulating layer
having fixed polarization charges is disposed on a surface of
the vibrator to operate the energy conversion device as an
energy harvester.

21. The method of claim 18, wherein the monolithic single-
crystal silicon layer comprises a space therein that is sealed,
and the vibrator is disposed in the space.

22. The method of claim 18, wherein:

the plurality of doping regions comprises a first doping

region, a second doping region, and a third doping
region that are sequentially disposed;

the third doping region comprises a p-type doping region

and n-type doping regions that form the first diode and
the second diode; and

the energy conversion apparatus further comprises a dop-

ing region that separates a remaining portion of the third
doping region and the first diode and the second diode.

23. The method of claim 16, wherein the vibrator com-
prises a first diaphragm and a second diaphragm that are
connected to each other.

24. The method of claim 16, wherein the vibrator com-
prises a first portion that is doped to have a same conductivity
as a conductivity of the doping region to which the vibrator is



US 2013/0049646 Al

connected, and a second portion that is doped to have a same
conductivity as conductivities of doping regions to which the
vibrator is not connected.

25. The method of claim 23, wherein the second diaphragm
comprises a first portion and a second portion that are oppo-
sitely doped and are parallel to each other.

26. The method of claim 23, wherein a doping region
facing the second diaphragm and the vibrator constitute a
variable capacitor.

27.The method of claim 26, wherein the second diaphragm
and the doping region facing the second diaphragm are par-
allel to each other at all times during operation of the energy
conversion device.

28. A method of manufacturing an energy conversion
device, the method comprising:

forming a first oxidized region on a first silicon layer that is

a single-crystal silicon layer and is doped with a first-
type doping material;
growing, on the first silicon layer, a second silicon layer
that is doped with a second-type doping material;

forming a second oxidized region that is connected to the
first oxidized region and surrounds a portion of the first
silicon layer and a portion of the second silicon layer,
wherein the portion of the second silicon layer sur-
rounded by the second oxidized region is connected to a
portion of the second silicon layer formed over the sec-
ond oxidized region;

growing, on the second silicon layer, a third silicon layer

that is a single-crystal layer and is doped with the first-
type doping material;

forming, on the portion of the second silicon layer formed

over the second oxidized region, a third oxidized region
that is connected to the second oxidized region, wherein
the third oxidized region is formed by oxidizing a top
surface of the second silicon layer;

forming, on the third silicon layer, a first PN junction diode

and a second PN junction diode that are spaced apart
from the third oxidized region and are electrically sepa-
rated from each other by a remaining portion of the third
silicon layer;

forming a vibrator that is spaced apart from the first silicon

layer and the third silicon layer and is connected to only
the second silicon layer by removing oxides of the first
oxidized region, the second oxidized region, and the
third oxidized region; and

sealing portions from which the oxides are removed,

wherein the second silicon layer and the third silicon layer

are formed by using epitaxial growth, and

wherein the first-type doping material is one of a p-type

doping material and an n-type doping material, and the
second-type doping material is the other one of the
p-type doping material and the n-type doping material.

29. The method of claim 28, wherein the forming of the
second oxidized region comprises:

forming a fourth oxidized region that is connected to the

first oxidized region at a position higher than a position
of the first oxidized region outside the first oxidized
region; and

forming a fifth oxidized region that is connected to the

fourth oxidized region to be parallel to the first oxidized
region at a position higher than the position of the fourth
oxidized region over and within the first oxidized region,
wherein a middle portion of'the fifth oxidized region is a
non-oxidized portion.

Feb. 28,2013

30. The method of claim 28, wherein the forming of the
third oxidized region comprises:

forming, on the second silicon layer, a sixth oxidized
region that is connected to the second oxidized region, at
a position higher than a position of the second oxidized
region; and

forming, on the second silicon layer, a seventh oxidized
region that is connected to the sixth oxidized region, at a
position higher than the position of the sixth oxidized
region, wherein the seventh oxidized region is formed by
oxidizing the entire second silicon layer between the
sixth oxidized region and the third silicon layer.

31. The method of claim 30, wherein the seventh oxidized
region extends to the third silicon layer.

32. The method of claim 28, wherein the forming of the
first PN junction diode and the second PN junction diode
comprises:

forming a first n-type doping region that is connected to the
second silicon layer and is spaced apart from the third
oxidized region, on the third silicon layer at a side of the
third oxidized region;

forming a second n-type doping region that is connected to

the second silicon layer and is spaced apart from the first
n-type doping region, on the third silicon layer between
the third oxidized region and the first n-type doping
region, wherein the second n-type doping region is
formed on the third silicon layer at the side of the third
oxidized region;

forming a third n-type doping region that is not connected

to the second n-type doping region and the second sili-
con layer outside the second n-type doping region on the
third silicon layer at another side of the third oxidized
region; and

forming a p-type doping region on the first n-type doping

region formed on the third silicon layer at the side of the
third oxidized region,

wherein the first n-type doping region and the second

n-type doping region are simultaneously formed.

33. The method of claim 28, wherein the forming of the
vibrator comprises:

forming through-holes, through which the third oxidized

region is exposed, in the third silicon layer; and

wet etching oxides of the first oxidized region, the second

oxidized region, and the third oxidized region through
the through-holes.

34. The method of claim 28, wherein the first oxidized
region, the second oxidized region, and the third oxidized
region are formed by:

implanting oxygen ions; and

annealing a resultant structure obtained after the implant-

ing the oxygen ions.

35. The method of claim 33, wherein the sealing comprises
forming a sealing layer that is formed on the third silicon layer
to seal the through-holes.

36. The method of claim 35, further comprising:

forming, on the sealing layer, a plurality of through-holes,
through which the first PN junction diode and the second
PN junction diode are exposed and through which the
third silicon layer between the first PN junction diode
and the second PN junction diode is exposed; and
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forming, on the sealing layer, a first electrode that is con-
nected to the exposed first PN junction diode, a second
electrode that is connected to the exposed second PN
junction diode, and a third electrode that is connected to
the exposed third silicon layer.

37. The energy conversion device of claim 1, wherein a
voltage of the signal output through the second diode is
greater than a voltage of the input signal.

38. The energy conversion device of claim 37, wherein the
voltage of the signal output through the second diode is
greater than the voltage of the input signal according to:

Vour=[Crn(max)/C,, (min)]V;,,

where V_,, is the voltage of the signal output through the
second diode, V,, is the voltage of the input signal,
C,,(max) is a maximum capacitance of a capacitor com-
prising the vibrator and a first doping region, among the
plurality of doping regions, and C,,(min) is a minimum
capacitance of the capacitor.
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39. An energy conversion device comprising:

a capacitor;

afirst diode which is a silicon PN junction diode and which

allows an input signal applied to the capacitor to pass
therethrough; and

a second diode which is a silicon PN junction diode and

which allows a signal output from the capacitor to pass
therethrough.

40. The energy conversion device of claim 39, wherein the
capacitor comprises a vibrator and a doping region of a mono-
lithic single-crystal silicon layer.

41. The energy conversion device of claim 39, wherein:

the first diode comprises a first silicon region doped with a

p-type doping material and a second silicon region
doped with an n-type doping material; and

the second diode comprises a third silicon region doped

with a p-type doping material and a fourth silicon region
doped with an n-type doping material.
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