(19)

US 20200287081A1

a2y Patent Application Publication (o) Pub. No.: US 2020/0287081 A1l

United States

NA et al.

(54)

(71)

(72)

(73)

@

(22)

(63)

(30)

OPTICAL DEVICE INCLUDING
THREE-COUPLED QUANTUM WELL
STRUCTURE HAVING ASYMMETRIC
MULTI-ENERGY LEVELS

Applicant: SAMSUNG ELECTRONICS CO.,
LTD., Suwon-si (KR)

Inventors: Byunghoon NA, Seoul (KR);

Changyoung Park, Suwon-si (KR);
Yonghwa Park, Pyeongtaek-si (KR)

Assignee: SAMSUNG ELECTRONICS CO.,
LTD., Suwon-si (KR)

Appl. No.: 16/884,674
Filed: May 27, 2020

Related U.S. Application Data

Continuation of application No. 15/332,528, filed on
Oct. 24, 2016, now Pat. No. 10,727,370.

Foreign Application Priority Data

Jan. 8,2016 (KR) .ccooeivcicicene 10-2016-0002768

43) Pub. Date: Sep. 10, 2020
Publication Classification
(51) Inmt. Cl
HOIL 33/06 (2006.01)
GO2F 1/017 (2006.01)
HOIL 33/04 (2006.01)
HOIL 33/30 (2006.01)
HOIL 33/60 (2006.01)
(52) US. CL
CPC ... HOIL 33/06 (2013.01); GO2F 101725

(2013.01); GO2F 2001/01733 (2013.01); HOIL
33/30 (2013.01); HOIL 33/60 (2013.01);
HOIL 33/04 (2013.01)

(57) ABSTRACT

Provided is an optical device including an active layer,
which includes two outer barriers and a coupled quantum
well between the two outer barriers. The coupled quantum
well includes a first quantum well layer, a second quantum
well layer, a third quantum well layer, a first coupling barrier
between the first quantum well layer and the second quan-
tum well layer, and a second coupling barrier between the
second quantum well layer and the third quantum well layer.
The second quantum well layer is between the first quantum
well layer and the third quantum well layer. An energy band
gap of the second quantum well layer is less than an energy
band gap of the first quantum well layer, and an energy band
gap of the third quantum well layer is equal to or less than
the energy band gap of the second quantum well layer.
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OPTICAL DEVICE INCLUDING
THREE-COUPLED QUANTUM WELL
STRUCTURE HAVING ASYMMETRIC

MULTI-ENERGY LEVELS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation application of
U.S. application Ser. No. 15/332,528, filed Oct. 24, 2016,
which claims priority from Korean Patent Application No.
10-2016-0002768, filed on Jan. 8, 2016, in the Korean
Intellectual Property Office, the disclosures of which are
incorporated by reference herein in their entireties.

BACKGROUND

1. Field

[0002] Devices consistent with exemplary embodiments
relate to optical devices including a three-coupled quantum
well structure, and more particularly, to optical devices
including a three-coupled quantum well structure having
asymmetric multi-energy levels, in which a driving voltage
of the three-coupled quantum well structure may be reduced
while maintaining a high light absorption intensity.

2. Description of the Related Art

[0003] Three-dimensional (3D) cameras may measure a
distance to multiple points on a surface of an object. Various
algorithms have been proposed to measure a distance
between an object and a 3D camera, and a time-of-flight
(TOF) algorithm is widely used. According to the TOF
algorithm, an illumination light is irradiated to an object and
then a TOF taken by the illumination light reflected from the
object to be received by a light-receiving unit is measured.
The TOF of the illumination light may be obtained by
measuring a phase delay of the illumination light, and an
optical modulator is used to measure the phase delay.

SUMMARY

[0004] One or more exemplary embodiments provide an
optical device including a three-coupled quantum well struc-
ture having asymmetric multi-energy levels, in which a
driving voltage of the three-coupled quantum well structure
is reduced while maintaining a high light absorption inten-
sity.

[0005] 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 the exem-
plary embodiments.

[0006] According to an aspect of an exemplary embodi-
ment, there is provided an optical device including an active
layer, the active layer including two outer barriers and a
coupled quantum well between the two outer barriers. The
coupled quantum well includes a first quantum well layer, a
second quantum well layer, a third quantum well layer, a first
coupling barrier between the first quantum well layer and the
second quantum well layer, and a second coupling barrier
between the second quantum well layer and the third quan-
tum well layer. The second quantum well layer is between
the first quantum well layer and the third quantum well layer,
and an energy band gap of the second quantum well layer is
less than an energy band gap of the first quantum well layer,
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and an energy band gap of the third quantum well layer is
equal to or less than the energy band gap of the second
quantum well layer.

[0007] For example, the energy band gap of the third
quantum well layer may be less than the energy band gap of
the second quantum well layer.

[0008] A thickness of the first quantum well layer and a
thickness of the third quantum well layer may be less than
a thickness of the second quantum well layer.

[0009] The thickness of the first quantum well layer may
be equal to the thickness of the third quantum well layer.
[0010] For example, the thickness of the first quantum
well layer and the thickness of the third quantum well layer
may be in a range from about 1 nm to about 2 nm, and a
thickness of the second quantum well layer may be in a
range from about 4 nm to about 8 nm.

[0011] An energy band gap of the first coupling barrier and
an energy band gap of the second coupling barrier may be
greater than energy band gaps of the first, second, and third
quantum well layers and may be less than an energy band
gap of an outer barrier.

[0012] A thickness of the first coupling barrier may allow
tunneling of an electron and a hole through the first coupling
barrier and a thickness of the second coupling barrier may
allow the tunneling of the electron and the hole through the
second coupling barrier.

[0013] For example, a thickness of the first coupling
barrier and a thickness of the second coupling barrier may be
about in a range from 1 nm to about 3 nm.

[0014] The first quantum well layer may include Al Ga,_
zAs (0<z<1), the second quantum well layer may include
GaAs, the third quantum well layer may include In,Ga,_, As
(0=x<0.2), the first and second coupling barriers may
include Al Ga, ,As (y<1), and an outer barrier may include
Al Ga, ,As (x<1), wherein z<y<Xx.

[0015] The first, second, and third quantum well layers
may include In,Ga,  As (0<x<0.2), the first and second
coupling barriers may include GaAs, and an outer barrier
may include at least one of GaAs,Pi, , and InGa, P
(0.4=y=0.5).

[0016] The optical device may further include a substrate,
in which each of the first, second, and third quantum well
layers may include a material having a compressive strain
with respect to the substrate, and an outer barrier may
include a material having a tensile strain with respect to the
substrate.

[0017] For example, a value of a composition ratio (x) of
the first quantum well layer may be less than a value of a
composition ratio (x) of the second quantum well layer and
a value of a composition ratio (x) of the third quantum well
layer, and the value of the composition ratio (x) of the
second quantum well layer and the value of the composition
ratio (x) of the third quantum well layer may be equal to each
other.

[0018] A value of a composition ratio (x) of the first
quantum well layer may be less than a value of a compo-
sition ratio (x) of the second quantum well layer, and the
value of the composition ratio (x) of the second quantum
well layer may be less than a value of a composition ratio (x)
of the third quantum well layer.

[0019] The first, second, and third quantum well layers
may include at least one of In, ,Ga,As and In,_, Ga, Al As,
the first and second coupling barriers may include at least
one of In, . Ga Al .As (x'<x, y<y') and In, ,Ga, As,P,_,
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(x'<x), an outer barrier may include at least one of In, ..
»GaAlLAs (X"<x'<x, y<y'<y") and In, ..Ga,.As P,
(x"<x'<x, z<z'"), and 0<x, vy, z<l.

[0020] The optical device may further include a lower
reflective layer under the active layer and doped in a first
conductive type and an upper reflective layer on the active
layer and doped in a second conductive type that is electri-
cally opposite to the first conductive type.

[0021] The optical device may further include at least one
micro cavity layers in at least one of the upper reflective
layer and the upper reflective layer, and when a resonance
wavelength of the optical device is A, an optical thickness of
the active layer and an optical thickness of the at least one
micro cavity layers may be each an integral multiple of A/2.

[0022] The optical device may include a reflective optical
modulator, and a reflectance of the lower reflective layer
may be greater than a reflectance of the upper reflective
layer.

[0023] For example, the optical device may include a
transmissive optical modulator, and a reflectance of the
lower reflective layer may be equal to a reflectance of the
upper reflective layer.

[0024] For example, the active layer may include a first
active layer and a second active layer.

[0025] The optical device may further include a lower
reflective layer under the first active layer and doped in a
first conductive type, an intermediate reflective layer
between the first active layer and the second active layer and
doped in a second conductive type that is electrically oppo-
site to the first conductive type, and an upper reflective layer
on the second active layer and doped in the first conductive

type.

[0026] A thickness of the second quantum well layer of the
coupled quantum well of the first active layer may be
different from a thickness of the second quantum well layer
of the coupled quantum well of the second active layer.

[0027] An energy band gap of the third quantum well layer
may be equal to an energy band gap of the second quantum
well layer in the first active layer, and the energy band gap
of the third quantum well layer may be less than the energy
band gap of the second quantum well layer in the second
active layer.

[0028] A band gap of the first quantum well layer may be
in a range from about 1.5 eV to about 1.2 eV, a band gap of
the second quantum well layer may be in a range from about
1.3 eV to about 1.1 eV, and a band gap of the third quantum
well layer may be about 1.3 eV or less.

[0029] According to an aspect of another exemplary
embodiment, there is provided an optical device including
an active layer, the active layer including two outer barriers
and a coupled quantum well between the two outer barriers.
The coupled quantum well includes a second quantum well
layer, a third quantum well layer, a first coupling barrier
between the first quantum well layer and the second quan-
tum well layer, and a second coupling barrier between the
second quantum well layer and the third quantum well layer.
An energy band gap of the first coupling barrier and an
energy band gap of the second coupling barrier are greater
than energy band gaps of the first, second, and third quantum
well layers and are less than an energy band gap of an outer
barrier. the first quantum well layer has a first energy band
gap, the second quantum well layer has a second energy
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band gap less than the first energy band gap, and the third
quantum well layer has a third energy band gap less than the
first energy band gap.

[0030] The third energy band gap of the third quantum
well layer may be less than the second energy band gap.
[0031] According to an aspect of still another exemplary
embodiment, there is provided an optical device including
an active layer, the active layer including a first outer barrier,
a second outer barrier, and a three-coupled quantum well
between the first outer barrier and the second outer barrier.
The three-coupled quantum well includes a first quantum
well layer, a second quantum well layer, a third quantum
well layer, a first coupling barrier between the first quantum
well layer, and a second coupling barrier between the second
quantum well layer and the third quantum well layer. The
second quantum well layer is between the first quantum well
layer and the third quantum well layer. An energy band gap
of the second quantum well layer is less than an energy band
gap of the first quantum well layer, and an energy band gap
of the third quantum well layer is equal to or less than the
energy band gap of the second quantum well layer. A
thickness of the first quantum well layer and a thickness of
the third quantum well layer are less than a thickness of the
second quantum well layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] The above and/or other aspects will be more appar-
ent by describing certain exemplary embodiments with
reference to the accompanying drawings, in which:

[0033] FIG. 1 is a schematic energy band diagram of an
active layer including a three-coupled quantum well struc-
ture according to an exemplary embodiment;

[0034] FIGS. 2A, 2B, and 2C are graphs respectively
showing changes in a wave function of electrons and a wave
function of holes with respect to a voltage applied to an
active layer shown in FIG. 1;

[0035] FIG. 3 illustrates a conduction band in an energy
band diagram of an active layer according to a comparative
example;

[0036] FIG. 4 is a graph showing a wave function of
electrons and a wave function of holes in an active layer
according to a comparative example illustrated in FIG. 3;
[0037] FIG. 5 is a schematic energy band diagram of an
active layer including a three-coupled quantum well struc-
ture according to another exemplary embodiment;

[0038] FIGS. 6A, 6B, and 6C are graphs respectively
showing changes in a wave function of electrons and a wave
function of holes with respect to a voltage applied to an
active layer shown in FIG. 5;

[0039] FIGS. 7A, 7B, and 7C are graphs respectively
showing an absorption spectrum in an active layer according
to a comparative example and in active layers shown in
FIGS. 1 and 5;

[0040] FIG. 8is a graph showing an absorption coeflicient
and a driving voltage in an active layer according to a
comparative example and in active layers shown in FIGS. 1
and 5;

[0041] FIG. 9 is a graph showing a change of an absorp-
tion peak with respect to an applied voltage in an active layer
according to a comparative example and a change of an
absorption peak with respect to an applied voltage in active
layers shown in FIGS. 1 and 5;
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[0042] FIG. 10 schematically illustrates a reflective optical
modulator including a three-coupled quantum well structure
according to an exemplary embodiment;

[0043] FIG. 11 schematically illustrates a transmissive
optical modulator including a three-coupled quantum well
structure according to an exemplary embodiment;

[0044] FIG. 12 schematically illustrates a transmissive
optical modulator including a three-coupled quantum well
structure according to another exemplary embodiment;
[0045] FIG. 13 schematically illustrates a transmissive
optical modulator including a three-coupled quantum well
structure according to another exemplary embodiment;
[0046] FIGS. 14A, 14B, and 14C are graphs respectively
showing transmittance characteristics when an optical
modulator illustrated in FIG. 13 uses an active layer accord-
ing to a comparative example and when the optical modu-
lator illustrated in FIG. 13 uses active layers shown in FIGS.
1 and 5; and

[0047] FIG. 15 schematically illustrates a transmissive
optical modulator including a three-coupled quantum well
structure according to another exemplary embodiment.

DETAILED DESCRIPTION

[0048] Certain exemplary embodiments will now be
described more fully with reference to the accompanying
drawings, wherein like reference numerals refer to like
elements throughout. The exemplary embodiments may
have different forms and should not be construed as being
limited to the descriptions set forth herein. Accordingly, the
embodiments are merely described below, by referring to the
figures, to explain aspects. Expressions such as “at least one
of,” when preceding a list of elements, modity the entire list
of'elements and do not modify the individual elements of the
list.

[0049] Hereinafter, an optical device including a three-
coupled quantum well structure having asymmetric multi-
level energy will be described in detail with reference to the
accompanying drawings. Throughout the drawings, like
reference numerals refer to like elements, and a size of each
element may be exaggerated for clarity and convenience of
a description. The following embodiments are merely
examples, and an expression “above” or “on” may include
not only immediately on/under/left/right, but also on/under/
left/right in a non-contact manner.

[0050] FIG. 1 is a schematic energy band diagram of an
active layer including a three-coupled quantum well struc-
ture according to an exemplary embodiment. In particular,
FIG. 1 is an energy band diagram of an active layer when a
voltage or an electric field is not applied to the active layer.
[0051] Referring to FIG. 1, an active layer according to an
exemplary embodiment may include two outer barriers and
a three-coupled quantum well QW disposed between the two
outer barriers. Although two outer barriers and one three-
coupled quantum well QW are illustrated in FIG. 1 for
convenience of explanation, any number of outer barriers
and three-coupled quantum wells may be included in the
active layer.

[0052] The three-coupled quantum well QW may include
a first quantum well layer QW1, a first coupling barrier CB1,
a second quantum well layer QW2, a second coupling
barrier CB2, and a third quantum well layer QW3, which are
arranged sequentially in that order. In a three-coupled quan-
tum well structure, the first, second, and third quantum well
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layers QW1, QW2, and QW3 are coupled to one another
through the first and second coupling barriers CB1 and CB2.
[0053] To couple the first, second, and third quantum well
layers QW1, QW2, and QW3 disposed between the two
outer barriers, the first and second coupling barriers CB1 and
CB2 may have a smaller thickness and a lower energy level
than those of the outer barriers as shown in FIG. 1. For
example, in a conduction band shown in an upper portion of
the energy band diagram of FIG. 1, energy levels of the first
and second coupling barriers CB1 and CB2 are higher than
a ground level (or an energy level of a first electron e1) and
are lower than energy levels of the outer barriers.

[0054] Similarly, in a valence band shown in a lower
portion of the energy band diagram of FIG. 1, the energy
levels of the first and second coupling barriers CB1 and CB2
are higher than a ground level (or an energy level of a first
heavy hole hh1) and are lower than the energy levels of the
outer barriers. The energy levels of the first and second
coupling barriers CB1 and CB2 are higher than an energy
level of a second heavy hole, hh2, and an energy level of a
first light hole 1h1. The first and second coupling barriers
CB1 and CB2 are formed to have a thickness that is small
enough to allow tunneling of electrons and holes there-
through. For example, a thickness d2 of the first coupling
barrier CB1 and a thickness d4 of the second coupling
barrier CB2 may be equal to or less than a thickness d1 of
the first quantum well layer QW1 and a thickness d5 of the
third quantum well layer QW3. For example, the thicknesses
d2 and d4 of the first and second coupling barriers CB1 and
CB2 may be about 1 nm to about 3 nm.

[0055] Generally, when a wave function of holes and a
wave function of electrons overlap to a large extent, gen-
eration of an exciton that is a pair of electrons and holes
increases, which increases a light absorption intensity of an
optical device. According to an exemplary embodiment, the
second quantum well layer QW2 is formed to have the
largest thickness to increase portions of the wave function of
electrons and holes remaining in the second quantum well
layer QW2, thereby increasing an overlap between the wave
function of the electrons and the wave function of the holes.
Hence, the light absorption intensity of the optical device
may be improved. In other words, the thicknesses d1 and d5
of the first and third quantum well layers QW1 and QW3
disposed in opposite ends may be smaller than the thickness
d3 of the second quantum well layer QW2 disposed between
the first and third quantum well layers QW1 and QW3.
[0056] On the other hand, when the thicknesses d1 and d5
of'the first and third quantum well layers QW1 and QW3 are
excessively small, a driving voltage may increase and a
precise processing control may be required in a manufac-
turing process. In consideration of this, the thicknesses d1,
d3, and d5 of the first, second, and third quantum well layers
QW1, QW2, and QW3 may be determined. For example, the
thicknesses d1 and d5 of the first and third quantum well
layers QW1 and QW3 may be about 1 nm to about 2 nm, and
the thickness d3 of the second quantum well layer QW2 may
be about 4 nm to about 8 nm. The thickness d2 of the first
quantum well layer QW1 and the thickness d5 of the third
quantum well layer QW3 may be equal to or different from
each other.

[0057] The energy levels of the first, second, and third
quantum well layers QW1, QW2, and QW3 are lower than
the ground level of the first electron el. In particular, the
energy level of the second quantum well layer QW2 is lower
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than that of the first quantum well layer QW1, and the
energy levels of the second quantum well layer QW2 and the
third quantum well layer QW3 may be equal to each other.
Thus, a band gap, Band-gapl, of the first quantum well layer
QW1 is larger than a band gap, Band-gap2, of the second
quantum well layer QW2, and the second quantum well
layer QW2 and the third quantum well layer QW3 may have
the same band gap as Band-gap2. The first, second, and third
quantum well layers QW1, QW2, and QW3 have two
different energy levels and asymmetric energy level distri-
butions such that the three-coupled quantum well QW
according to an exemplary has asymmetric multi-level
energy.

[0058] When the energy level of the second quantum well
layer QW2 is lower than that of the first quantum well layer
QWI1, strong light absorption may occur in the second
quantum well layer QW2. In addition, as the second quan-
tum well layer QW2 and the third quantum well layer QW3
have the same energy level, the wave function of the first
heavy hole hhl may be more easily and intensively distrib-
uted in the second quantum well layer QW2 and the third
quantum well layer QW3. As a result, the driving voltage of
the optical device including the active layer shown in FIG.
1 may be reduced while maintaining a high light absorption
intensity.

[0059] Materials of the first, second, and third quantum
well layers QW1, QW2, and QW3, the first and second
coupling barriers CB1 and CB2, and the outer barriers which
satisfy the above conditions may be variously determined
depending on a wavelength band to be used. For example,
for an infrared region of about 850 nm, Al Ga, _As (0<z<1)
may be used for the first quantum well layer QW1, GaAs
may be used for the second and third quantum well layers
QW2 and QW3, Al Ga, As (y<1) may be used for the first
and second coupling barriers CB1 and CB2, and Al,Ga,_,As
(x=1) may be used for the outer barriers. Here, for example,
the composition ratios satisfy z<y<x. In this case, materials
of the first, second, and third quantum well layers QW1,
QW2, and QW3 and the first and second coupling barriers
CB1 and CB2 have the same lattice parameter as a GaAs
substrate such that strain may not occur with respect to the
GaAs substrate.

[0060] When an infrared region of about 900 nm to about
1050 nm is used, In Ga, _ As, which has compressive strain
with respect to the GaAs substrate, may be used for the first,
second, and third quantum well layers QW1, QW2, and
QWS3, and GaAs, P, or In,Ga, P (0<x=0.2, and 0.4<y=<0.
5), which has tensile strain with respect to the GaAs sub-
strate, may be used for the outer barriers. In particular, a
value of a composition ratio (x) of the first quantum well
layer QW1 may be less than values of a composition ratio
(x) of the second quantum well layer QW2 and a composi-
tion ratio (x) of the third quantum well layer QW3, wherein
the values of the composition ratio (x) of the second quan-
tum well layer QW2 and the composition ratio (x) of the
third quantum well layer QW3 are equal to each other. By
using a material having compressive strain with respect to
the first, second, and third quantum well layers QW1, QW2,
and QW3 and using a material having tensile strain with
respect to the outer barriers, stress may be compensated for.
With respect to the first coupling barrier CB1 and the second
coupling barrier CB2, GaAs having the same lattice param-
eter as the substrate may be used.
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[0061] In a middle infrared region of about 1550 nm,
combinations of various materials may be used such as
In, ,Ga,As and In,_, Ga,Al, (0<x,y, z<1). As for the first,
second, and third quantum well layers QW1, QW2, and
QW3, In, . Ga, Al As (X'<x, y<y') and In, ,Ga, As,P,_,
(x'<x) for the first coupling barrier CB1 and the second
coupling barrier CB2, and In, .. ,Ga,.AlL.As (X"<x'<x,
y<y'<y") and In, ,.Ga .As, P, . (x"<x'<x, z<z') for the outer
barriers. In this case, InP may be used for the substrate, and
materials of the first, second, and third quantum well layers
QW1, QW2, and QW3, and the outer barriers may be
selected such that the first, second, and third quantum well
layers QW1, QW2, and QW3 have compressive strain with
respect to the InP substrate and the outer barriers have tensile
strain with respect to the InP substrate.

[0062] Upon application of a reverse bias voltage to
opposite ends of the active layer structured as described
above, a multi-quantum well structure forms excitons in a
particular wavelength band to absorb light. An absorption
spectrum of a multi-quantum well structure moves toward a
longer wavelength as the reverse bias voltage increases such
that the degree of absorption at a particular wavelength may
change with the reverse bias voltage. According to the above
principle, by controlling the reverse bias voltage, the inten-
sity of incident light having a particular wavelength may be
modulated.

[0063] When modulating the intensity of the incident
light, it is desirable to increase a contrast ratio, indicating a
difference in an absorption degree between when a voltage
is applied and when a voltage is not applied, and reduce a
driving voltage to prevent performance degradation caused
by heat emission.

[0064] The contrast ratio may be increased by increasing
a light absorption intensity and a transition energy in the
multi-quantum well structure. The light absorption intensity
is inversely proportional to a thickness of a quantum well
layer and is proportional to the square of a degree to which
a wave function of holes in a quantum well layer and a wave
function of electrons in the quantum well layer overlap each
other. The transition energy indicating a degree to which the
absorption spectrum is moved toward a longer wavelength is
proportional to the fourth power of a thickness of a quantum
well layer and is proportional to the square of an applied
voltage. Thus, when the thickness of the quantum well layer
is reduced to increase the light absorption intensity, the
transition energy is reduced, and as a result, the applied
voltage may increase to compensate for the reduction of the
transition energy. On the other hand, when the thickness of
the quantum well layer increases to increase the transition
energy, the degree to which the wave function of the holes
and the wave function of the electrons overlap each other
decreases, thereby reducing generation of excitons caused
by electron-hole pairs and thus reducing absorption inten-
sity.

[0065] In the active layer according to the exemplary
embodiment shown in FIG. 1, the first, second, and third
quantum well layers QW1, QW2, and QW3 are connected to
each other through the first coupling barrier CB1 and the
second coupling barrier CB2, respectively, and the wave
function of the electrons and the wave function of the holes
may be distributed across the first, second, and third quan-
tum well layers QW1, QW2, and QW3 beyond the first
coupling barrier CB1 and the second coupling barrier CB2.
Thus, in an overall structure of the active layer, the three-



US 2020/0287081 Al

coupled quantum well QW may function in a manner similar
to one quantum well. As a result, a total thickness of a
three-coupled quantum well structure that operates as one
quantum well layer is larger than a thickness of one quantum
well, and thus transition energy may be increased without
increasing a driving voltage.

[0066] FIGS. 2A, 2B, and 2C are graphs respectively
showing changes in a wave function of electrons and a wave
function of holes with respect to a voltage applied to the
active layer shown in FIG. 1. In FIGS. 2A through 2C,
1IN, 0sGaAs is used for the first quantum well layer QW1,
In, ,5,GaAs is used for the second quantum well layer QW2
and the third quantum well layer QW3, and GaAs is used for
the first coupling barrier CB1 and the second coupling
barrier CB2.

[0067] FIG. 2Aillustrates a wave function of electrons and
a wave function of holes when a reverse bias voltage is not
applied to the active layer shown in FIG. 1. Referring to FIG.
2A, a wave function of the first electron el is distributed
over the first, second, and third quantum well layers QW1,
QW2, and QW3, and mainly in the second quantum well
layer QW2. A second electron €2 may not form a wave
function because energy level differences between the first
and second coupling barriers CB1 and CB2 and the first,
second, and third quantum well layers QW1, QW2, and
QW3 are small and thus, the second electron e2 is not
confined to the first, second, and third quantum well layers
QW1, QW2, and QW3. A wave function of the first heavy
hole hhl is distributed across the first, second, and third
quantum well layers QW1, QW2, and QW3. The wave
function of the first heavy hole hhl is distributed mainly in
the center of the second quantum well layer QW2. Thus, in
an initial state (e.g., 0 V/um), the wave function of the first
electron el is distributed widely across the first, second, and
third quantum well layers QW1, QW2, and QW3 and the
wave function of the first heavy hole hhl is distributed
around the second quantum well layer QW2.

[0068] On the other hand, upon application of the reverse
bias voltage to the active layer, the energy band of the
three-coupled quantum well QW is inclined such that the
wave function of the first electron el moves toward the first
quantum well layer QW1 beyond the first coupling barrier
CB1, and the wave function of the first heavy hole hhl
having electric charges opposite to the electron moves
toward the third quantum well layer QW3 beyond the
second coupling barrier CB2. For example, FIG. 2B illus-
trates a wave function of electrons and a wave function of
holes when a reverse bias voltage of 3.2 V/um is applied to
the active layer, and FIG. 2C illustrates a wave function of
electrons and a wave function of holes when a reverse bias
voltage of 6.9 V/um is applied to the active layer. Referring
to FIGS. 2B and 2C, when the applied revise bias voltage
increases, the energy band of the three-coupled quantum
well QW is inclined at a greater degree such that the wave
function of the first electron el moves further toward the first
quantum well layer QW1 and the wave function of the first
heavy hole hh1 moves further toward the third quantum well
layer QW3.

[0069] In particular, a band gap of the third quantum well
layer QW3 is smaller than that of the first quantum well
layer QW1 such that the first heavy hole hhl moves fast
toward the third quantum well layer QW3 and thus, a degree
to which the first heavy hole hhl is confined to the third
quantum well layer QW3 may increase.
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[0070] FIG. 3 illustrates a conduction band in an energy
diagram according to a comparative example, and FIG. 4
illustrates a graph showing a wave function of electrons and
a wave function of holes in an active layer according to the
comparative example shown in FIG. 3.

[0071] As shown in FIG. 3, the active layer according to
the comparative example has a symmetric three-coupled
quantum well structure in which the band gap of the second
quantum well layer QW2 is smallest and the band gaps of
the first quantum well layer QW1 and the third quantum well
layer QW3 are equal to each other. In the comparative
example of FIG. 3, IN, ,,GaAs is used for the first quantum
well layer QW1 and the third quantum well layer QW3,
In, ;5,GaAs is used for the second quantum well layer QW2,
and GaAs is used for the first coupling barrier CB1 and the
second coupling barrier CB2. Compared with the graph of
FIG. 4, the first heavy hole hh1 is more confined to the third
quantum well layer QW3 in response to the same level of the
applied voltage of 6.9 V/um according to the exemplary
embodiment. Thus, the first heavy hole hh1 may sufficiently
move toward the third quantum well layer QW3 at a lower
voltage such that a driving voltage for an optical device
including an active layer according to the exemplary
embodiment may be lowered.

[0072] Even when a voltage is applied, a majority portion
of the wave function of the first electron el and a majority
portion of the wave function of the first heavy hole hhl
remain in the second quantum well layer QW2 having a
larger thickness. As described above, when the degree to
which the wave function of the holes and the wave function
of the electrons overlap each other is large, generation of
excitons corresponding to the pairs of the electrons and the
holes increases such that the light absorption intensity of the
optical device increases. As shown in FIGS. 2A through 2C,
since the majority portion of the wave function of the first
electron e, and the majority portion of the wave function of
the first heavy hole hh, remain in the second quantum well
layer QW2 having a larger thickness even when the applied
voltage increases, the degree to which the wave function of
the first electron el and the wave function of the first heavy
hole hh1l overlap each other may be large. Thus, according
to the exemplary embodiment, high absorption and low
voltage characteristics of the optical device may be
achieved.

[0073] FIG. 5 is a schematic energy band diagram of an
active layer including a three-coupled quantum well struc-
ture according to another exemplary embodiment. In par-
ticular, FIG. 5 is the energy band diagram when a voltage or
an electric field is not applied to the active layer. A basic
structure of the active layer shown in FIG. 5 is similar to that
of the active layer shown in FIG. 1 except for a relationship
between energy levels of the first, second, and third quantum
well layers QW1, QW2, and QW3. For example, the energy
levels of the first, second, and third quantum well layers
QW1, QW2, and QW3 are lower than the ground level. In
particular, the energy level of the second quantum well layer
QW2 is lower than that of the first quantum well layer QW1,
and the energy level of the third quantum well layer QW3 is
lower than that of the second quantum well layer QW2. In
other words, the energy level decreases from the first quan-
tum well layer QW1 to the third quantum well layer QW3.
Thus, the band gap, Band-gapl, of the first quantum well
layer QW1 is larger than the band gap, Band-gap2, of the
second quantum well layer QW2, and the band gap, Band-
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gap2, of the second quantum well layer QW2 is larger than
the band gap, Band-gap3, of the third quantum well layer
QW3. Accordingly, the first, second, and third quantum well
layers QW1, QW2, and QW3 have three different energy
levels and have an asymmetric energy level distribution, and
thus, the three-coupled quantum well QW according to the
exemplary embodiment has asymmetric multi-level energy.

[0074] For example, when infrared light having a wave-
length of about 940 nm is modulated, the band gaps of the
first, second, and third quantum well layers QW1, QW2, and
QW3 may be selected to satisfy conditions such as the band
gap of the first quantum well layer QW1 in a range from
about 1.5 eV to about 1.2 eV, the band gap of the second
quantum well layer QW2 in a range from about 1.3 eV to
about 1.1 eV, and the band gap of the third quantum well
layer QW3 about 1.3 eV. However, the band gaps of the first,
second, and third quantum well layers QW1, QW2, and
QW3 may vary with a use wavelength and materials used in
the first, second, and third quantum well layers QW1, QW2,
and QW3, and thus the band gaps of the first to third
quantum well layers QW1-QW3 are not limited to the
aforementioned ranges.

[0075] The materials used in the first and second quantum
well layers QW1 and QW2 that satisfy the aforementioned
conditions may be the same as described with reference to
FIG. 1, and a material used in the third quantum well layer
QW3 may have an energy level lower than that of the second
quantum well layer QW2. For example, in the infrared
region of about 850 nm, Al Ga, ,As (0<z<l) may be used
for the first quantum well layer QW1, GaAs may be used for
the second quantum well layer QW2, and In Ga, As
(0<x=0.2) may be used for the third quantum well layer
QW3. For the infrared region from about 900 nm to about
1050 nm, In Ga,  As (0<x=0.2) may be used for the first,
second, and third quantum well layers QW1, QW2, and
QW3. Herein, a value of a composition ratio (x) of indium
(In) in the first quantum well layer QW1 is smaller than a
value of the composition ratio (x) of indium (In) in the
second quantum well layer QW2, and the value of the
composition ratio (x) of indium (In) in the second quantum
well layer QW2 is smaller than a value of the composition
ratio (x) of indium (In) in the third quantum well layer QW3.
In the middle infrared range of 1550 nm, In, Ga As and
In, . ,Ga,Al As may be used for the first, second, and third
quantum well layers QW1, QW2, and QW3, where 0<x, and
y<1, and the materials may be selected such that the amount
of indium (In) is smallest in the first quantum well layer
QW1 and the amount of indium (In) is largest in the third
quantum well layer QW3.

[0076] FIGS. 6A, 6B, and 6C are graphs respectively
showing changes in a wave function of electrons and a wave
function of holes with respect to a voltage applied to the
active layer shown in FIG. 5. In particular, FIG. 6A illus-
trates a wave function of electrons and a wave function of
holes when a reverse bias voltage is not applied to the active
layer shown in FIG. 5, and FIG. 6B illustrates a wave
function of electrons and a wave function of holes when a
reverse bias voltage of about 3.2 V/um is applied to the
active layer. FIG. 6C illustrates a wave function of electrons
and a wave function of holes when a reverse bias voltage of
about 6.9 V/um is applied to the active layer. In FIGS. 6A
through 6C, 1IN, ,sGaAs is used for the first quantum well
layer QW1, In, ,;,GaAs is used for the second quantum well
layer QW2, and In, ,sGaAs is used for the third quantum
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well layer QW3. GaAs is used for the first and second
coupling barriers CB1 and CB2.

[0077] Referring to FIGS. 6 A through 6C, when a voltage
is not applied to an active layer, the wave function of the first
electron el is distributed across the first, second, and third
quantum well layers QW1, QW2, and QW3, and the wave
function of the first heavy hole hhl is distributed mainly in
the second quantum well layer QW2. When the voltage is
applied to the active layer, the wave function of the first
electron el moves toward the first quantum well layer QW1
beyond the first coupling barrier CB1, and the wave function
of the first heavy hole hhl moves toward the third quantum
well layer QW3 beyond the second coupling barrier CB2. In
particular, when the graph of FIG. 6C is compared with the
graphs of FIGS. 2C and 4, because the band gaps sequen-
tially decrease from the first quantum well layer QW1 to the
second quantum well layer QW2 and then to the third
quantum well layer QW3 in the active layer in FIG. 5, the
first heavy hole hh1 moves faster toward the third quantum
well layer QW3 when the voltage is applied to the active
layer, thereby further increasing the degree to which the first
heavy hole hh, is confined to the third quantum well layer
QW3. Consequently, the first heavy hole hhl may suffi-
ciently move toward the third quantum well layer QW3 at a
lower voltage in the active layer shown in FIG. 5 and the
driving voltage for the optical device including the active
layer shown in FIG. 5 may be further lowered.

[0078] FIGS. 7A, 7B, and 7C are graphs respectively
showing an absorption spectrum in an active layer according
to a comparative example and in the active layers shown in
FIGS. 1 and 5. FIG. 7A shows an absorption spectrum of the
active layer according to the comparative example, FIG. 7B
shows an absorption spectrum of the active layer shown in
FIG. 1, and FIG. 7C shows an absorption spectrum of the
active layer shown in FIG. 5.

[0079] Referring to FIG. 7A, when an applied external
electric field is 0 V/um, the highest peak is generated at a
wavelength of about 926 nm. The highest peak may be
caused by an exciton pair (e.g., el-hh1) of the first electron
el and the first heavy hole hh1. At a wavelength of about 940
nm, an absorption coeflicient is very small such that majority
of light having the wavelength of about 940 nm passes
through the active layer. As the applied external electric field
increases, the absorption spectrum shows reduction in
absorption intensity while the highest peak is moved toward
a longer wavelength based on the Stark effect. When the
applied external electric field is about 6.9 V/um, the absorp-
tion spectrum has the highest peak at a wavelength of about
940 nm, and has a lower peak when compared to an applied
external electric field of about 0 V/um. Thus, when the
active layer according to the comparative example is used,
the driving voltage of the optical device that operates with
respect to light having a wavelength of about 940 nm is
about 6.9 V/um.

[0080] On the other hand, referring to FIG. 7B, when a
voltage of about 6.0 V/um is applied to the active layer
shown in FIG. 1, the absorption spectrum is moved to have
the highest peak at a wavelength of about 940 nm. Referring
to FIG. 7C, when a voltage of about 5.6 V/um is applied to
the active layer shown in FIG. 5, the absorption spectrum is
moved to have the highest peak at a wavelength of about 940
nm. Thus, when the active layer shown in FIG. 1 is used, the
driving voltage of the optical device that operates with
respect to light having a wavelength of about 940 nm is
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about 6.0 V/um, and when the active layer shown in FIG. 5§
is used, a driving voltage of the optical device that operates
with respect to the light having a wavelength of about 940
nm is about 5.6 V/um, thereby reducing the driving voltage
of'the optical device when compared to the case of using the
active layer according to the comparative example.

[0081] FIG. 8is a graph showing an absorption coeflicient
and a driving voltage in an active layer according to a
comparative example and in the active layers shown in
FIGS. 1 and 5.

[0082] Referring to FIG. 8, an absorption coefficient of the
active layers shown in FIGS. 1 and 5 is substantially equal
to or similar to that of the active layer according to the
comparative example, however, a driving voltage of the
active layers shown in FIGS. 1 and 5 is lower than that of
the active layer according to the comparative example. The
absorption coefficient is based on normalization of an area in
which a wave function of an electron and a wave function of
a hole overlap each other, and when the degree to which the
wave function of the electron and the wave function of the
hole overlap each other is large, generation of excitons
corresponding to pairs of electrons and holes increases,
thereby increasing the absorption coefficient. As described
above with reference to FIGS. 2A through 2C and FIGS. 6A
through 6C, according to the exemplary embodiments, the
majority part of the wave function of the electron and the
majority part of the wave function of the hole may remain
in the large-thickness second quantum well layer QW2 such
that the degree to which the wave function of the electron
and the wave function of the hole overlap each other may be
large.

[0083] FIG. 9 is a graph showing a change (a) of an
absorption peak with respect to an applied voltage in an
active layer according to a comparative example, a change
(b) of an absorption peak with respect to an applied voltage
in active layers shown in FIG. 1, and a change (c) of an
absorption peak with respect to an applied voltage in an
active layer shown in FIG. 5.

[0084] As shown in FIG. 9, when an applied external
electric field is about 0 V/um (or when a voltage is not
applied to the active layer), the absorption peaks with
respect to the active layer according to the comparative
example and the active layers shown in FIGS. 1 and 5 are
about 925 nm. When a voltage is applied to the active layer,
the active layer according to the exemplary embodiments
has higher transition energy than the comparative example
such that the absorption spectrum may quickly move toward
a longer wavelength. Thus, the absorption spectrum may
reach about 940 nm at a lower voltage according to the
exemplary embodiments compared with the comparison
example. For example, the absorption spectrum (a) of the
active layer according to the comparative example reaches
about 940 nm at about 6.9 V/um, the absorption spectrum (b)
of the active layer shown in FIG. 1 reaches about 940 nm at
about 6.0 V/um, and the absorption spectrum (c) of the
active layer shown in FIG. 5 reaches about 940 nm at about
5.6 Vium.

[0085] Thus, the optical device including the active layer
having the three-coupled quantum well structure with asym-
metric multi-level energy according to the exemplary
embodiments may achieve improved light absorption char-
acteristics and lower driving voltage than a related art
optical device. The optical device according to the exem-
plary embodiments is applicable to not only an optical
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modulator, but also a semiconductor device having various
P-I-N diode structures to absorb light in a particular wave-
length band. For example, the exemplary embodiments may
be applied to an optical filter, a photodiode, a solar battery,
a light-emitting element, an optical communication system,
optical interconnection, an optical calculator, and so forth.
[0086] FIG. 10 schematically illustrates a reflective optical
modulator 100 including a three-coupled quantum well
structure according to an exemplary embodiment.

[0087] Referring to FIG. 10, the reflective optical modu-
lator 100 may include a substrate 110, a first contact layer
111 disposed on the substrate 110, a lower reflective layer
120 disposed on the first contact layer 111, an active layer
130 disposed on the lower reflective layer 120, an upper
reflective layer 140 disposed on the active layer 130, and a
second contact layer 141 disposed on the upper reflective
layer 140. The upper reflective layer 140 and the lower
reflective layer 120 may be doped to serve as a reflective
layer and an electric path at the same time. For example, the
first contact layer 111 and the lower reflective layer 120 may
be N-type doped, and the upper reflective layer 140 and the
second contact layer 141 may be P-type doped. The active
layer 130 is not doped. Accordingly, the reflective optical
modulator 100 shown in FIG. 10 has a P-I-N diode structure.
For example, the substrate 110 may include GaAs and the
first contact layer 111 may include n-GaAs.

[0088] The reflective optical modulator 100 reflects inci-
dent light while absorbing a part of the incident light
depending on an electric signal, and modulates the intensity
of reflected light. To reflect the incident light, the lower
reflective layer 120 is formed to have a reflectance of about
90% or higher, and the upper reflective layer 140 is formed
to have a reflectance of about 30% to about 50%. The lower
reflective layer 120 and the upper reflective layer 140 may
be a distributed Bragg reflector (DBR) in which a low-
refractive-index layer having a lower refractive index and a
high-refractive-index layer having a higher refractive index
are alternately stacked repeatedly. In this structure, reflection
occurs on an interface between two layers having different
refractive indices (e.g., the low-refractive-index layer and
the high-refractive-index layer), and by using the same
phase difference for all of reflected lights, a high reflectance
may be obtained. To this end, optical thicknesses (e.g., a
product of a physical thickness and a refractive index of a
layer material) of the low-refractive-index layer and the
high-refractive-index layer in each of the lower reflective
layer 120 and the upper reflective layer 140 may be about an
odd-numbered multiple of A/4 (e.g., A indicates a resonance
wavelength of the reflective optical modulator 100).
[0089] Moreover, a reflectance of the lower reflective
layer 120 and the upper reflective layer 140 may be adjusted
as desired depending on the number of pairs of the low-
refractive-index layer and the high-refractive-index layer
stacked. For example, the lower reflective layer 120 may
include n-Alj .,Ga, ,;As in the low-refractive-index layer
and n-Al, ,,Ga, goAs in the high-refractive-index layer, and
the upper reflective layer 140 may include p-Al, o,Ga, ,;As
in the low-refractive-index layer and p-Al, ,,Gag goAs in the
high-refractive-index layer.

[0090] The active layer 130 absorbs light and has a
multi-quantum well layer structure in which the aforemen-
tioned three-coupled quantum well structure having asym-
metric multi-level energy and the outer barriers are repeti-
tively stacked. The active layer 130 may serve as a main
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cavity for Fabry-Perot resonance. To this end, the active
layer 130 may be formed to have an optical thickness of
about an integral multiple of A/2.

[0091] When a voltage V ,_ is applied, the active layer 130
according to the exemplary embodiment has higher transi-
tion energy such that the absorption spectrum may quickly
move toward a longer wavelength.

[0092] FIG. 11 schematically illustrates a transmissive
optical modulator 200 including a three-coupled quantum
well structure according to an exemplary embodiment.
[0093] Referring to FIG. 11, the transmissive optical
modulator 200 may include a lower reflective layer 220, an
active layer 230 disposed on the lower reflective layer 220,
an upper reflective layer 240 disposed on the active layer
230, a first contact layer 201 disposed on a side of the lower
reflective layer 220, and a second contact layer 241 disposed
on a side of the upper reflective layer 240. The first contact
layer 201 and the second contact layer 241 may be partially
disposed on the side of the lower reflective layer 220 and the
side of the upper reflective layer 240, respectively. The first
contact layer 201 and the second contact layer 241 may be
formed in the shape of a ring along circumferences of the
lower reflective layer 220 and the upper reflective layer 240
to pass light therethrough.

[0094] Although not shown in FIG. 11, a substrate may be
formed on the transmissive optical modulator 200 and then
may be removed from the transmissive optical modulator
200. To allow light to pass through the substrate, the
substrate may be partially removed (e.g., only a central
portion of the substrate may be removed). As described
above, the upper reflective layer 240 and the lower reflective
layer 220 may be doped to serve a reflective layer and an
electric path at the same time.

[0095] The transmissive optical modulator 200 passes at
least a part of incident light P,, therethrough and absorbs at
least a part of the incident light P,, depending on an electric
signal to modulate the intensity of light P_,,, passed through
the transmissive optical modulator 200. The lower reflective
layer 220 and the upper reflective layer 240 pass at least a
part of the incident light therethrough and reflect at least a
part of light to allow resonance in the active layer 230 that
is the main cavity. In the transmissive optical modulator 200,
the lower reflective layer 220 and the upper reflective layer
240 may have the same reflectance equal to about 50%. The
active layer 230 may have a multi-quantum well layer
structure in which the three-coupled quantum well structure
having asymmetric multi-level energy shown in FIG. 1 or 5
and the outer barriers are stacked repeatedly.

[0096] When a voltage V. is applied, the active layer 230
according to the exemplary embodiment has higher transi-
tion energy such that the absorption spectrum may quickly
move toward a longer wavelength.

[0097] FIG. 12 schematically illustrates a transmissive
optical modulator 300 including a three-coupled quantum
well structure according to another exemplary embodiment.
The transmissive optical modulator 300 shown in FIG. 12
may have a broader bandwidth than the transmissive optical
modulator 200 shown in FIG. 11.

[0098] Referring to FIG. 12, the transmissive optical
modulator 300 may include a lower reflective layer 320, an
active layer 330 disposed on the lower reflective layer 320,
an upper reflective layer 340 disposed on the active layer
330, a first micro cavity layer 325 disposed in the lower
reflective layer 320, and a second micro cavity layer 345
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disposed in the upper reflective layer 340. The active layer
330 may be a main cavity for Fabry-Perot resonance, and the
first micro cavity layer 325 and the second micro cavity
layer 345 serve as additional cavities for Fabry-Perot reso-
nance. To this end, the optical thicknesses of the micro
cavity layers 325 and 345 may be equal to about an integral
multiple of A/2. The first and second micro cavity layers 325
and 345 may include a high-refractive-index layer material
or a low-refractive-index layer material to be used in the
lower and upper reflective layers. The first and second micro
cavity layers 325 and 345 may be respectively disposed on
the lower reflective layer 320 and the upper reflective layer
340, but any one of the first and second micro cavity layers
325 and 345 may be omitted.

[0099] Although not explicitly shown in FIG. 12, corre-
sponding quantum well layers in the active layer 330 may
have different thicknesses to increase a bandwidth. For
example, by changing the thickness of the second quantum
well layer QW2 in which the wave function of the hole and
the wave function of the electron overlap each other, two or
more types of the second quantum well layers QW2 having
different thicknesses may be formed. By adding the first and
second micro cavity layers 325 and 345 and changing the
thicknesses of the second quantum well layers QW2, an
absorption intensity may increase and a light absorption
bandwidth of the transmissive optical modulator 300 may be
improved.

[0100] FIG. 13 schematically illustrates a transmissive
optical modulator 400 including a three-coupled quantum
well structure according to another exemplary embodiment.
[0101] Referring to FIG. 13, the transmissive optical
modulator 400 may include a lower reflective layer 420, an
active layer 430 disposed on the lower reflective layer 420,
an upper reflective layer 440 disposed on the active layer
430, and a first micro cavity layer 421 and a second micro
cavity layer 422 disposed in the lower reflective layer 420.
The transmissive optical modulator 400 shown in FIG. 13 is
different from the transmissive optical modulator 300 shown
in FIG. 12 in that the first micro cavity layer 421 and the
second micro cavity layer 422 are disposed in the lower
reflective layer 420, and no micro cavity layer is disposed in
the upper reflective layer 440.

[0102] The lower reflective layer 420 may be divided into
three parts by the first micro cavity layer 421 and the second
micro cavity layer 422. For example, the lower reflective
layer 420 may include a first lower reflective layer 420a
under the first micro cavity 421, a second lower reflective
layer 4205 between the first micro cavity 421 and the second
micro cavity 422, and a third lower reflective layer 420¢ on
the second micro cavity 422. Each of the first lower reflec-
tive layer 420a, the second lower reflective layer 4205, and
the third lower reflective layer 420¢ may include a pair of
one or more high-refractive-index layers and low-refractive-
index layers. The active layer 430 may include a multi-
quantum well layer structure in which the three-coupled
quantum well structure having asymmetric multi-level
energy shown in FIG. 1 or 5 and the outer barriers are
repeatedly stacked.

[0103] FIGS. 14A, 14B, and 14C are graphs respectively
showing transmittance characteristics when the optical
modulator 400 illustrated in FIG. 13 uses an active layer
according to a comparative example and when the optical
modulator 400 uses the active layers shown in FIGS. 1 and
5. FIG. 14A is a graph when the active layer according to the
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comparative example is used, FIG. 14B is a graph when the
active layer shown in FIG. 1 is used, and FIG. 14C is a graph
when the active layer shown in FIG. 5 is used.

[0104] In FIG. 14A, GaAsP having a thickness of 5.8 nm
is used for an outer barrier, GaAs having a thickness of 1.5
nm is used for the first coupling barrier CB1 and the second
coupling barrier CB2, IN, ,4GaAs having a thickness of
about 2.0 nm is used for the first quantum well layer QW1
and the third quantum well layer QW3, and In,,;,GaAs
having a thickness of 4.8 nm is used for the second quantum
well layer QW2. In the graph of FIG. 14B, GaAsP having a
thickness of 6.0 nm is used for the outer barrier, GaAs
having a thickness of 1.5 nm is used for the first coupling
barrier CB1 and the second coupling barrier CB2, IN,
os(GaAs having a thickness of 2.0 nm is used for the first
quantum well layer QW1, In,, ; ;,GaAs having a thickness of
4.8 nm is used for the second quantum well layer QW2, and
In, ,5,GaAs having a thickness of 2.0 nm is used for the
third quantum well layer QW3. In the graph of FIG. 14C,
GaAsP having a thickness of 6.1 nm is used for the outer
barrier, GaAs having a thickness of 1.5 nm is used for the
first coupling barrier CB1 and the second coupling barrier
CB2, IN, ,sGaAs having a thickness of 2.0 nm is used for
the first quantum well layer QW1, In, ,;,GaAs having a
thickness of 4.8 nm is used for the second quantum well
layer QW2, and In, , sGaAs having a thickness of 2.0 nm is
used for the third quantum well layer QW3.

[0105] Referring to FIG. 14A, a thin solid line indicates a
transmittance when a voltage is not applied and corresponds
to a left vertical axis, and a thick solid line indicates a
transmittance when a reverse bias voltage of 6.9 V is applied
and corresponds to the left vertical axis. A dotted line
indicates a transmittance difference between when a voltage
is not applied and when a voltage is applied, and corre-
sponds to the left vertical axis. A two-dot chain line indicates
a demodulation contrast (DC) and corresponds to a right
vertical axis.

[0106] As shown in FIG. 14A, a transmittance difference
TDiff between when a voltage is not applied and when a
voltage is applied at a wavelength of about 940 nm is about
31%. A bandwidth having a DC of about 12.6% or more is
about 12 nm. Herein, the DC may be defined as (T,,,.—
T, (T, 0+ i), Wherein T, denotes a maximum trans-
mittance and T,,,,, denotes a minimum transmittance.
[0107] Referring to FIG. 14B, a thin solid line indicates a
transmittance when a voltage is not applied and corresponds
to the left vertical axis, and a thick solid line indicates a
transmittance when a reverse bias voltage of 6.0 V is applied
and corresponds to the left vertical axis. A dotted line
indicates a transmittance difference between when a voltage
is not applied and when a voltage is applied, and corre-
sponds to the left vertical axis. A two-dot chain line indicates
a demodulation contrast (DC) and corresponds to a right
vertical axis. A transmittance difference at a wavelength of
about 940 nm is about 30.7%, and a bandwidth having a DC
of about 12.6% or more is about 11.7 nm.

[0108] Referring to FIG. 14C, a thin solid line indicates a
transmittance when a voltage is not applied and corresponds
to the left vertical axis, and a thick solid line indicates a
transmittance when a reverse bias voltage of 5.6 V is applied
and corresponds to the left vertical axis. A dotted line
indicates a transmittance difference between when a voltage
is not applied and when a voltage is applied, and corre-
sponds to the left vertical axis. A two-dot chain line indicates
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a demodulation contrast (DC) and corresponds to a right
vertical axis. A transmittance difference at a wavelength of
about 940 nm is about 30.2%, and a bandwidth having a DC
of about 12.6% or more is about 11.2 nm. Thus, a transmit-
tance difference and a bandwidth which are main optical
characteristics of an optical modulator are maintained sub-
stantially constant as shown in FIGS. 14 A through 14C, and
a driving voltage is reduced in a case shown in FIG. 14B and
also in a case shown in FIG. 14C, compared to the com-
parative example as shown in FIG. 14A.

[0109] FIG. 15 schematically illustrates a transmissive
optical modulator 500 including a three-coupled quantum
well structure according to another exemplary embodiment.
[0110] Referring to FIG. 15, the transmissive optical
modulator 500 may include a lower reflective layer 510, a
first active layer 520 disposed on the lower reflective layer
510, an intermediate reflective layer 530 disposed on the first
active layer 520, a second active layer 540 disposed on the
intermediate reflective layer 530, and an upper reflective
layer 550 disposed on the second active layer 540. Herein,
the lower reflective layer 510 and the upper reflective layer
550 may be doped as the same electric type, and the
intermediate reflective layer 530 may be doped as an electric
type that is opposite to those of the lower reflective layer 510
and the upper reflective layer 550. For example, the lower
reflective layer 510 and the upper reflective layer 550 may
be doped as the N type and the intermediate reflective layer
530 may be doped as the P type. On the other hand, the lower
reflective layer 510 and the upper reflective layer 550 may
be doped as the P type and the intermediate reflective layer
530 may be doped as the N type. Thus, the transmissive
optical modulator 500 shown in FIG. 15 may have an
N-I-P-I-N or P-I-N-I-P structure.

[0111] Accordingly, the transmissive optical modulator
500 may be regarded as having a stacked diode structure in
which two diodes are electrically connected in parallel.
Generally, a driving voltage of an optical modulator is
proportional to a total thickness of an active layer (or a total
number of quantum well layers in the active layer). How-
ever, in the transmissive optical modulator 500 according to
the exemplary embodiment, the two active layers 520 and
540 are electrically connected in parallel such that a driving
voltage for the transmissive optical modulator 500 may be
reduced to about a half when compared to an optical
modulator having one active layer having a thickness equal
to a sum of thicknesses of the two active layers 520 and 540.
Thus, power consumption may be further reduced, thereby
avoiding performance degradation of the transmissive opti-
cal modulator 500 caused by heat emission.

[0112] Moreover, according to the exemplary embodi-
ment, by differently forming the three-coupled quantum well
structure of the first active layer 520 and the three-coupled
quantum well structure of the second active layer 540, the
bandwidth of the transmissive optical modulator 500 may be
improved. In other words, in a multi-resonance mode where
the resonance wavelength of the first active layer 520 and the
resonance wavelength of the second active layer 540 are
different from each other, the absorption intensity increases
such that the light absorption bandwidth of the transmissive
optical modulator 500 may be improved. For example, a
thickness of the second quantum well layer QW2 in the
three-coupled quantum well structure of the first active layer
520 may be different from a thickness of the second quantum
well layer QW2 in the three-coupled quantum well structure
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of'the second active layer 540. The first active layer 520 may
have the three-coupled quantum well structure shown in
FIG. 1, and the second active layer 540 may have the
three-coupled quantum well structure shown in FIG. 5. For
example, in the first active layer 520, the first quantum well
layer QW1 may have a first energy band gap and the second
quantum well layer QW2 and the third quantum well layer
QW3 may have a second energy band gap that is smaller
than the first energy band gap. In the second active layer 540,
the first quantum well layer QW1 may have the first energy
band gap, the second quantum well layer QW2 may have the
second energy band gap that is smaller than the first energy
band gap, and the third quantum well layer QW3 may have
the third energy band gap that is smaller than the second
energy band gap.

[0113] Although a few embodiments have been shown and
described, it would be appreciated by those skilled in the art
that changes may be made in exemplary embodiments
without departing from the principles and spirit of the
disclosure, the scope of which is defined in the claims and
their equivalents.

What is claimed is:

1. An optical device comprising:

an active layer comprising two outer barriers and a

coupled quantum well between the two outer barriers,
wherein the coupled quantum well comprises:
a first quantum well layer;
a second quantum well layer;
a third quantum well layer;
a first coupling barrier between the first quantum well
layer and the second quantum well layer; and
a second coupling barrier between the second quantum
well layer and the third quantum well layer,
wherein the second quantum well layer is between the
first quantum well layer and the third quantum well
layer,

wherein an energy band gap of the second quantum well

layer is less than an energy band gap of the first
quantum well layer, an energy band gap of the third
quantum well layer is equal to or less than the energy
band gap of the second quantum well layer, and the
energy band gap of the third quantum well layer is less
than the energy band gap of the first quantum well
layer, and

wherein the first, second, and third quantum well layers

comprise at least one of In, ,Ga,As and In, . Ga,-
Al As, the first and second coupling barriers comprise
at least one of In, .. Ga, Al As (X'<x, y<y') and In,_
»(Ga As P, . (x'<x), and an outer barrier comprises at
least one of In; . .Ga Al .As (x"<x'<x, y<y'<y") and
In, .Ga,.As P, (X"<x'<x, z<7'), and 0<X, y, z<1.

2. The optical device of claim 1, wherein the energy band
gap of the third quantum well layer is less than the energy
band gap of the second quantum well layer.

3. The optical device of claim 1, wherein a thickness of
the first quantum well layer and a thickness of the third
quantum well layer are less than a thickness of the second
quantum well layer.

4. The optical device of claim 3, wherein the thickness of
the first quantum well layer is equal to the thickness of the
third quantum well layer.

5. The optical device of claim 3, wherein the thickness of
the first quantum well layer and the thickness of the third
quantum well layer are in a range from about 1 nm to about
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2 nm, and the thickness of the second quantum well layer is
in a range from about 4 nm to about 8 nm.

6. The optical device of claim 1, wherein an energy band
gap of the first coupling barrier and an energy band gap of
the second coupling barrier are greater than the energy band
gaps of the first, the second, and the third quantum well
layers and are less than an energy band gap of an outer
barrier.

7. The optical device of claim 1, wherein a thickness of
the first coupling barrier allows tunneling of an electron and
a hole through the first coupling barrier and a thickness of
the second coupling barrier allows the tunneling of the
electron and the hole through the second coupling barrier.

8. The optical device of claim 7, wherein the thickness of
the first coupling barrier and the thickness of the second
coupling barrier are in a range from about 1 nm to about 3
nm.

9. The optical device of claim 1, further comprising a
substrate,

wherein each of the first, the second, and the third

quantum well layers comprises a material having a
compressive strain with respect to the substrate, and an
outer barrier comprises a material having a tensile
strain with respect to the substrate.

10. The optical device of claim 1, further comprising:

a lower reflective layer under the active layer and doped

in a first conductive type; and

an upper reflective layer on the active layer and doped in

a second conductive type that is electrically opposite to
the first conductive type.

11. The optical device of claim 10, further comprising:

at least one micro cavity layer in at least one of the lower

reflective layer or the upper reflective layer,

wherein when a resonance wavelength of the optical

device is A, an optical thickness of the active layer and
an optical thickness of the at least one micro cavity
layer are each an integral multiple of A/2.

12. The optical device of claim 10, wherein the optical
device comprises a reflective optical modulator, and a reflec-
tance of the lower reflective layer is greater than a reflec-
tance of the upper reflective layer.

13. The optical device of claim 10, wherein the optical
device comprises a transmissive optical modulator, and a
reflectance of the lower reflective layer is equal to a reflec-
tance of the upper reflective layer.

14. The optical device of claim 1, wherein the active layer
comprises a first active layer and a second active layer.

15. The optical device of claim 14, further comprising:

a lower reflective layer under the first active layer and

doped in a first conductive type;

an intermediate reflective layer between the first active

layer and the second active layer and doped in a second
conductive type that is electrically opposite to the first
conductive type; and

an upper reflective layer on the second active layer and

doped in the first conductive type.

16. The optical device of claim 14, wherein a thickness of
the second quantum well layer of the coupled quantum well
of the first active layer is different from a thickness of the
second quantum well layer of the coupled quantum well of
the second active layer.

17. The optical device of claim 14, wherein the energy
band gap of the third quantum well layer is equal to the
energy band gap of the second quantum well layer in the first
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active layer, and the energy band gap of the third quantum
well layer is less than the energy band gap of the second
quantum well layer in the second active layer.

#* #* #* #* #*
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