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(57) ABSTRACT

Various aspects of the present invention are directed to pho-
tonic devices, such as electro-optic modulators, passive fil-
ters, and tunable filters. In one aspect of the present invention,
a photonic device includes a semiconductor structure having
a p-region and an n-region. A doped region is formed on or
within the semiconductor structure. The doped region
includes at least one generally periodic array of recesses, with
the atleast one generally periodic array configured to transmit
electromagnetic radiation at a selected dominant wavelength.
The selected dominant wavelength is tunable by varying the
refractive index of the semiconductor structure.
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PHOTONIC DEVICE INCLUDING
SEMICONDUCTOR STRUCTURE HAVING
DOPED REGION WITH ARRAY OF
SUBWAVELENGTH RECESSES

TECHNICAL FIELD

[0001] Embodiments of the present invention relate gener-
ally to photonic devices, such as electro-optic modulators,
passive filters, and tunable filters.

BACKGROUND

[0002] Since the late 1970s, waveguides have increasingly
supplanted conventional signal lines for transmitting infor-
mation. Rather than encoding information in electrical sig-
nals and transmitting the encoded electrical signals via signal
lines, the same information can be encoded in a channel of
electromagnetic radiation and transmitted via waveguides,
such as optical fibers, ridge waveguides, and photonic crystal
waveguides. The term “channel,” also called “optical chan-
nel,” refers to electromagnetic radiation transmitted at one
wavelength through a waveguide. Transmitting information
encoded in channels via waveguides has a number of advan-
tages over transmitting encoded electrical signals via signal
lines. First, degradation or loss is much less for channels
transmitted via waveguides than for electrical signals trans-
mitted via signal lines. Second, waveguides can be fabricated
to support a much higher bandwidth than signal lines. For
example, a single copper or aluminum wire can only transmit
a single electrical signal, while a single optical fiber can be
configured to transmit about 100 or more channels. Finally,
electromagnetic radiation provides, in general, a much higher
transmission rate.

[0003] Recently technological advances in semiconductor
fabrication techniques have made it possible to fabricate
waveguides that can be integrated with electronic devices,
such as memory and processors, to form photonic integrated
circuits (“PICs”), where the waveguides may be used to trans-
mit information encoded in channels between the electronic
devices. PICs are the photonic equivalent of electronic inte-
grated circuits and may be implemented on a small substrate
of semiconductor material that forms the base of the elec-
tronic devices.

[0004] In order to effectively implement PICs, passive and
active photonic components are needed. Waveguides, attenu-
ators, and filters are examples of passive photonic compo-
nents that can be fabricated using conventional epitaxial and
lithographic methods and may be used to direct the propaga-
tion of channels between electronic devices and filter chan-
nels. Active photonic components include electro-optic
modulators. Accordingly, physicists, engineers, and com-
puter scientists continue to seek improved active and passive
photonic components for use in PICs or other photonic sys-
tems.

SUMMARY

[0005] Various aspects of the present invention are directed
to photonic devices, such as electro-optic modulators, passive
filters, and tunable filters. In one aspect of the present inven-
tion, a photonic device includes a semiconductor structure
having a p-region and an n-region. A doped region is formed
on or within the semiconductor structure. The doped region
includes at least one generally periodic array of recesses, with
the atleast one generally periodic array configured to transmit
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electromagnetic radiation at a selected dominant wavelength.
The selected dominant wavelength is tunable by varying the
refractive index of the semiconductor structure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The drawings illustrate various embodiments of the
present invention, wherein like reference numerals refer to
like elements or features in different views or embodiments
shown in the drawings.

[0007] FIG. 1 is a schematic isometric view of a photonic
device according to one embodiment of the present invention.
[0008] FIG. 2 is a schematic cross-sectional view of the
photonic device shown in FIG. 1.

[0009] FIG. 3 is a graph illustrating zero-order transmis-
sion spectrums through the periodic array of the photonic
device shown in FIGS. 1 and 2 for different periodic array
designs.

[0010] FIG. 4 is a schematic cross-sectional view of the
photonic device shown in FIG. 1 operated as a filter or a
wavelength-division multiplexer according to one embodi-
ment of the present invention.

[0011] FIG. 5A is a schematic cross-sectional view of the
photonic device shown in FIG. 1 operated as an electro-optic
modulator according to one embodiment of the present inven-
tion.

[0012] FIG. 5B is a graph of different zero-order transmis-
sion spectrums for the periodic array of the photonic device
shown in FIG. 5A when different selected voltages are
applied to the photonic device.

[0013] FIG. 6A is a graph of a periodic voltage pattern that
can be applied to the photonic device shown in FIG. 5A to
periodically vary the refractive index adjacent the periodic
array of the photonic device according to one embodiment of
the present invention.

[0014] FIG. 6B is graph of the optical intensity of a carrier
channel.
[0015] FIG. 6C is a graph of the time varying transmission

intensity through the photonic device shown in FIG. SA
caused by application of the periodic voltage shown in FIG.
6A to the photonic device.

[0016] FIG. 6D is a graph of the time varying optical inten-
sity of an encoded channel produced by modulating the volt-
age across the photonic device shown in FIG. 5A according to
voltage pattern shown in FIG. 6A.

[0017] FIG. 7 is a schematic cross-sectional view of a pho-
tonic device including a quantum-well structure operable to
provide gain at a wavelength of a carrier channel according to
another embodiment of the present invention.

[0018] FIG. 8 is a schematic exploded cross-sectional view
illustrating the operation of the photonic device shown in
FIG. 7.

[0019] FIG. 9is a schematic cross-sectional view of a pho-
tonic device including a gain region having a number of
quantum dots operable to provide gain at a wavelength of a
carrier channel according to another embodiment of the
present invention.

[0020] FIG. 10 is a schematic cross-sectional view of a
photonic device including two different periodic arrays in
series according to yet another embodiment of the present
invention.

[0021] FIG. 11 is a schematic exploded cross-sectional
view illustrating the operation of the photonic device shown
in FIG. 10.
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[0022] FIG. 12 is a diagram of an optical fiber system that
may employ any of the disclosed electro-optic modulators
according to one embodiment of the present invention.
[0023] FIG. 13 is a diagram of an optical fiber system that
may employ any of the disclosed tunable filters according to
another embodiment of the present invention.

[0024] FIG. 14 is a functional block diagram of a PIC that
may employ any of the disclosed electro-optic modulators
according to yet another embodiment of the present inven-
tion.

[0025] FIG. 15 is a schematic cross-sectional view of a
photonic device thatincludes a doped region having a number
of different periodic arrays according to another embodiment
of the present invention.

[0026] FIG. 16 is a schematic cross-sectional view of a
photonic device that includes a periodic array having sub-
wavelength-dimensioned recesses and a dopant concentra-
tion that varies laterally according to another embodiment of
the present invention.

[0027] FIG.17is a graph of the dopant concentration in the
doped region shown in FIG. 16.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTS

[0028] Various embodiments of the present invention are
directed to photonic devices, such as electro-optic modula-
tors, passive filters, and tunable filters. FIGS. 1 and 2 show a
photonic device 100, which can be operated as an electro-
optic modulator, a passive filter, or a tunable filter, according
to one embodiment of the present invention. The photonic
device 100 includes a semiconductor structure 102 formed on
a substrate 104. The semiconductor structure 102 includes an
n-semiconductor region 106, a p-semiconductor region 108,
and an intrinsic semiconductor region 110 located between
the n-semiconductor region 106 and the p-semiconductor
region 108.

[0029] In the illustrated embodiment, a thin doped region
112 is formed on or within the p-semiconductor region 108.
The thin doped region 112 may be formed within the p-semi-
conductor region 108 by doping the p-semiconductor region
108. For example, a monolayer of dopant may be deposited
on the p-semiconductor region 108 by sputtering, evapora-
tion, atomic beam deposition, or another suitable technique.
The monolayer and the semiconductor structure 102 may be
annealed to diffuse the dopant into the p-semiconductor
region 108 and form the thin doped region 112 having a
delta-doped profile. A delta-doped profile generally follows a
Dirac delta function and a maximum dopant concentration of
the delta-doped profile may be about 10*® cm™> to about 10**
cm™>. The thin doped region 112 may have a thickness of, for
example, about 2 nm or less.

[0030] A periodic array 114 of subwavelength-dimen-
sioned recesses 116 is formed within the thin doped region
112 using a number of different selective material removal
techniques, such as photolithography, electron-beam lithog-
raphy, focused-ion-beam milling, or another suitable tech-
nique. Each of the subwavelength-dimensioned recesses 116
has alateral dimension 117, about one-fifth to about one-tenth
the wavelength of electromagnetic radiation that can be trans-
mitted through the periodic array 114. As shown in FIG. 2,
each of the subwavelength-dimensioned recesses 116 extends
past the thin doped region 112 and into the p-semiconductor
region 108. Although each of the subwavelength-dimen-
sioned recesses 116 is shown having a rectangular geometry,
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each of the subwavelength-dimensioned recesses 116 may
have another geometry, such as a circular cross-sectional
geometry or another suitable geometry. Moreover, the
arrangement of the subwavelength-dimensioned recesses 116
represents merely one embodiment of the present invention,
and other arrangements may be used.

[0031] The periodic array 114 of the subwavelength-di-
mensioned recesses 116 is configured to transmit electromag-
netic radiation at a discrete, narrow wavelength band having
aselected dominant wavelength at which maximum transmis-
sion through the periodic array 114 occurs. FIG. 3 shows a
graph of the zero-order transmission spectrum through the
thin doped region 112 for different configurations for the
periodic array 114. The zero-order transmission spectrum is
the spectrum where the wavevector of the incident electro-
magnetic radiation is substantially parallel to the wavevector
of' the electromagnetic radiation transmitted through the sub-
wavelength-dimensioned recesses 116. For example, for one
periodic array design, the zero-order transmission spectrum
has a dominant wavelength at A, . For different periodic array
designs, the zero-order transmission spectrum may be selec-
tively changed. For example, zero-order transmission spec-
trums 301 and 302 have dominant wavelengths at A; and A,
respectively. It is noted that the zero-order transmission spec-
trums 300-302 only show the lowest-order peak because the
intensity of the lowest-order peak is significantly greater than
the intensity of the higher order peaks. Accordingly, as used
herein the term “dominant wavelength” refers to a wave-
length of a lowest-order peak in a zero-order transmission
spectrum.

[0032] The wavelength at which the dominant wavelength
occurs and the shape of the zero-order transmission spectrum
may be controllably varied by properly selecting the spacing
of the recesses 116 of the periodic array 114, the lateral
dimension 117 of the recesses 116, the thickness of the thin
doped region 112, the geometry of the recesses 116, the
free-electron concentration in the thin doped region 112, and
the dielectric constant of the medium adjacent to the periodic
array 114. It is currently believed that the enhanced transmis-
sion spectrum of electromagnetic radiation through the peri-
odic array 114 of subwavelength dimensioned recesses 116 is
a result of the periodic array 114 trapping electromagnetic
waves and/or interaction of surface plasmon polaritons
excited adjacent to the subwavelength-dimensioned recesses
116 in the thin doped region 112 at the interface between the
p-semiconductor region 108 and the thin doped region 112
that interact with evanescent waves diffracted or scattered by
the subwavelength recesses 116. Accordingly, varying any of
the above-mentioned parameters varies the frequency of elec-
tromagnetic radiation capable of exciting surface plasmon
resonance modes at the interface between the thin doped
region 112 and the p-semiconductor region 108 and, conse-
quently, the zero-order transmission spectrum and the domi-
nant wavelength transmitted through the subwavelength
recesses 116 of the periodic array 114.

[0033] Asdiscussed briefly above, the zero-order transmis-
sion spectrum of the periodic array 114 may be selectively
varied by altering the dielectric constant or refractive index of
the medium adjacent to the periodic array 114. With reference
to FIGS. 1 and 2, in various embodiments of the present
invention, the photonic device 100 may further include a
voltage source 118 coupled to the thin doped region 112 and
the substrate 104. The voltage source 118 is operable to
selectively apply a voltage across the thin doped region 112
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and the substrate 104. Injecting electrons from the n-semi-
conductor region 106 into the p-semiconductor region 108 of
the semiconductor structure 102 by applying a forward or
reverse bias voltage with the voltage source 402 enables
controllably varying the refractive index of the semiconduc-
tor structure 102 and, consequently, the refractive index of the
p-semiconductor region 108 that is adjacent to the semicon-
ductor structure 102. The zero-order transmission spectrum
of the periodic array 114 depends on the structure and com-
position of the periodic array 114 (i.e., lateral dimension or
diameter of the recesses 116, spacing of the recesses 116,
free-electron concentration of the doped region 112, etc.) and
the refractive index of the material adjacent to the periodic
array 114. Accordingly, by controllably varying the refractive
index of the semiconductor structure 102 adjacent to the
periodic array 114, the wavelength of electromagnetic radia-
tion that can be transmitted through the recesses 116 of the
periodic array 114 may be selectively varied. For example,
the zero-order transmission spectrums 300-302 may corre-
spond to different voltages applied by the voltage source 118
and, consequently, different refractive indices for the semi-
conductor structure 102.

[0034] The semiconductor structure 102, thin doped region
112, and substrate 104 of the photonic device 100 may be
formed from a number of different materials. For example,
the n-semiconductor region 106 and the p-semiconductor
region 108 may each be made from suitably doped single-
crystal silicon. When the p-semiconductor region 108 is
formed from silicon, the thin doped region 112 may formed
by depositing a monolayer of platinum, titanium, tellurium,
or cobalt. The monolayer is reacted with the silicon of the
p-semiconductor region 108 to form a metal silicide. In other
embodiments of the present invention, the n-semiconductor
region 106 and the p-semiconductor region 108 may each be
formed from suitably doped III-V semiconductor com-
pounds, such as gallium arsenide (“GaAs”) or indium phos-
phide (“InP”). In such embodiments, the thin doped region
112 may be formed by depositing a monolayer of carbon and
annealing the monolayer to diffuse the carbon into the
p-semiconductor region 108. It should also be noted that the
positions of the n-semiconductor region 108 and the p-semi-
conductor region 110 may be switched. Accordingly, in other
embodiments of the present invention, the thin doped region
112 may be formed in the n-semiconductor region 108.

[0035] FIG. 4 illustrates operation of the photonic device
100 as a passive filter that only allows a narrow band of
electromagnetic radiation, with one selected dominant wave-
length, through the periodic array 114. In operation, electro-
magnetic radiation 402 having a wide range of wavelengths
Ay Ao, Ay .. A, may be directed at a back surface 404 of the
substrate 104 (as shown in FIG. 4) or an opposing front
surface of the thin doped region 112. The electromagnetic
radiation 402 that has an energy less than that of the energy
band gap of'the substrate 104 and the semiconductor structure
102 is transmitted through the substrate 104 and the semicon-
ductor structure 102. The periodic array 114 may be config-
ured to only allow transmission of one dominant wavelength
of electromagnetic radiation through the periodic array 114.
For example, the periodic array 114 may be configured so that
only a zero-order transmission spectrum with a dominant
wavelength at A, is transmitted through the periodic array
114.

[0036] In a mode of operation according to another
embodiment of the present invention, the photonic device 100
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may be operated as a tunable filter for use as a wavelength-
division multiplexer in, for example, an optical fiber system.
In such an embodiment, the dominant wavelength allowed to
be transmitted through the periodic array 114 may be control-
lably varied by applying a voltage across the semiconductor
structure 102 to change the refractive index of the semicon-
ductor structure 102. Accordingly, by applying a selected
voltage, the dominant wavelength transmitted through the
periodic array 114 may be controllably changed to allow, for
example, electromagnetic radiation at a wavelength A, or A5,
to be transmitted through the periodic array 114 instead of
electromagnetic radiation at a wavelength A, .

[0037] The ability to rapidly vary the refractive index of the
semiconductor structure 102 enables modulating the inten-
sity of a carrier channel transmitted through the photonic
device 100 and, thus, encode information. FIG. 5A shows a
mode of operation, according to another embodiment of the
present invention, in which the photonic device 100 is oper-
ated as an electro-optic modulator. As shown in FIG. 5A, a
carrier channel 500 having a wavelength A_,, irradiates the
back surface 404 of the photonic device 100. Because the
energy of the carrier channel 500 is less than the energy band
gap of the substrate 104 and the semiconductor structure 102,
the carrier channel 500 is transmitted through the substrate
104 and the semiconductor structure 102. The carrier channel
500 irradiates the periodic array 114 of the thin doped region
112.

[0038] FIG. 5B shows a zero-order transmission spectrum
502 for the periodic array 114 when the voltage source 118
does not apply a voltage or applies a selected non-zero volt-
age. The zero-order transmission spectrum 502 has a domi-
nant wavelength at A, which is the wavelength of the elec-
tromagnetic carrier wave 500. Applying a second voltage
state with the voltage source 118 changes the refractive index
of the semiconductor structure 102 to cause the zero-order
transmission spectrum 502 to shift to a zero-order transmis-
sion spectrum 503 having a dominant wavelength A,. As will
be discussed in more detail below with respect to FIGS. 6A
through 6D, by rapidly varying the voltage applied by the
voltage source 118 to shift the zero-order transmission spec-
trums of the periodic array 114 from the zero-order transmis-
sion spectrum 502 to 503, the optical intensity of the carrier
channel 500 may be modulated to produce an amplitude
modulated carrier channel 504 carrying encoded information.
[0039] FIG. 6A shows a graph of a periodic voltage pattern
600 that may be applied to the semiconductor structure 102
using the voltage source 118 (FIG. 5A) to produce the ampli-
tude modulated carrier channel 504 according to one embodi-
ment of the present invention. It should be emphasized that
the voltage pattern 600 is merely one example of a suitable
voltage pattern and other voltage patterns may be used. The
voltage pattern 600 encodes a five-digit binary number
“10101” generated by the voltage source 118 shown in FIG.
5A. Relatively low voltage levels 602-604 correspond to the
binary number “1,” and relatively high voltage levels 605 and
606 correspond to the binary number “0.” FIG. 6B shows a
graph of the optical intensity of the carrier channel 500 versus
time. The carrier channel 500 has a wavelength A._,.

[0040] Changes in the voltage level of the voltage pattern
600 shifts the zero-order transmission spectrum of the peri-
odic array 114 (FIG. 5A) periodically from, for example, the
zero-order transmission spectrum 502 (FIG. 5B) to the zero-
order transmission spectrum 503 (FIG. 5B) by periodically
varying the refractive index of the semiconductor structure
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102 (FIG. 5A) adjacent to the periodic array 114. When the
voltage applied by the voltage source 118 corresponds to the
voltages 602-604 (which may be a zero voltage), a relatively
high transmission 614-616 through the periodic array 114
may occur. When the voltage applied by the voltage source
118 corresponds to the voltages 605-606, the zero-order
transmission spectrum 502 shifts to the zero-order transmis-
sion spectrum 503. As best shown in FIG. 5B, transmission of
the carrier channel 500 with a wavelength A _, through the
periodic array 114 is relatively low or substantially zero in the
zero-order transmission spectrum 503. Accordingly, a rela-
tively low transmission 617-618 of the carrier channel 500
occurs through the periodic array 114 when the voltage cor-
responds to the voltages 605-606.

[0041] Applying a periodic voltage pattern 600 to the semi-
conductor structure 102 also modulates the optical intensity
of'the carrier channel 500. By modulating the optical intensity
of the carrier channel 500, an amplitude modulated channel &
is generated. FIG. 6D shows the amplitude modulated chan-
nel & generated by applying the periodic voltage pattern 600.
As shown in FIG. 6D, periods 640-642 have a relatively large
optical intensity, which correspond to the binary number “1”
and low voltage levels 602-604, respectively, shown in FIG.
6A. The high optical intensity in the periods 640-642 are
achieved during the time interval when refractive index of the
semiconductor structure 102 is tuned so that the periodic
array 114 exhibits the zero-order transmission spectrum 502
(FIG. 5B), as described above with reference to FIG. 6C.
During the periods 643 and 644, the optical intensity has a
relatively small magnitude, which correspond to the binary
number “0” and high voltage levels 605 and 606, respectively.
The low optical intensity periods 643 and 644 are achieved
during time intervals when refractive index of the semicon-
ductor structure 102 is tuned so that the periodic array 114
exhibits the zero-order transmission spectrum 503 (FIG. 5B)
in which the transmission at the wavelength A, of the carrier
channel 500 is substantially less than the transmission at the
low voltage levels 602-604 and may be about zero.

[0042] It is noted that in other embodiments of the present
invention, the intrinsic region 110 of the photonic device 100
shown in FIGS. 1 and 2 may be omitted. In such an embodi-
ment, the semiconductor structure 102 is a p-n semiconductor
structure having a p-n junction as opposed to a p-i-n semi-
conductor structure. The refractive index of the p-n semicon-
ductor structure and, consequently, the zero-order transmis-
sion spectrum of the periodic array 114 may be controlled in
a similar manner to the semiconductor structure 102 by
injecting electrons into the p-semiconductor region 108.

[0043] FIGS. 7 and 8 show aphotonic device 700 according
to another embodiment of the present invention. The photonic
device 700 includes a semiconductor structure 702 formed on
a substrate 104. The semiconductor structure 702 includes a
quantum-well structure 704 that functions as a gain region to
provide optical gain at a selected wavelength. The quantum-
well structure 704 is sandwiched between a p-semiconductor
region 708 and an n-semiconductor region 706. The photonic
device 700 further includes a thin doped region 712 including
a periodic array 714 having subwavelength-dimensioned
recesses 716 extending into the p-semiconductor region 708.
The periodic array 714 functions similarly to the periodic
array 114 described above with respect to the photonic device
100 shown in FIG. 1. The photonic device 700 also includes
a voltage source 718 operable to selectively apply a voltage
across the semiconductor structure 702. Thus, the voltage
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source 718 enables selectively varying the refractive index of
the semiconductor structure 702 adjacent to the periodic array
714. The voltage source 718 also enables promoting electrons
into a selected quantized energy state within the quantum-
well structure 704.

[0044] The quantum-well structure 704 further includes a
relatively thin semiconductor layer 706 having a first energy
band gap sandwiched between semiconductor layers 707 and
709. Each of the semiconductor layers 707 and 709 has a
second energy band gap that is greater than that of the first
energy band gap of the semiconductor layer 706. By properly
selecting the semiconductor materials used to form the quan-
tum-well structure 704 and the thickness of the semiconduc-
tor layer 706, along with application of an appropriate voltage
with the voltage source 718, electrons tunnel into a selected
energy state within the semiconductor layer 706. It should be
noted that in other embodiments of the present invention, the
quantum-well structure 704 may include two or more quan-
tum wells.

[0045] The quantum-well structure 704 may be formed
from a number of different materials. For example, the thin
semiconductor layer 706 may be formed from gallium ars-
enide and the semiconductor layers 707 and 709 may each be
formed from aluminum gallium arsenide. In such an embodi-
ment, the n-semiconductor region 706 and the p-semiconduc-
tor region 708 may be appropriately doped gallium arsenide
regions and the substrate 104 may be a gallium arsenide
substrate. In another embodiment of the present invention, the
thin semiconductor layer 706 may be formed from indium
phosphide and the semiconductor layers 707 and 709 may
each be formed from aluminum indium phosphide. In yet
another embodiment of the present invention, the thin semi-
conductor layer 706 may be formed from silicon and the
semiconductor layers 707 and 709 may each be formed from
a silicon-germanium alloy. Forming the quantum-well struc-
ture 704 from silicon-based materials facilitates integrating
the photonic device 700 with silicon-based integrated cir-
cuits.

[0046] As showninFIG. 8, the quantum-well structure 704
may be used to increase the intensity of a carrier channel 800
having a wavelength A, . During operation, the carrier chan-
nel 800 irradiates back surface 802 of the substrate 104 and is
atleast partially transmitted through the substrate 104 and the
n-semiconductor region 712. During operation, the voltage
source 718 applies a selected voltage to promote tunneling of
electrons from one of the semiconductor layers 707 and 709
into a discrete energy level E,, ofthe semiconductor layer 706.
This tunneling effect creates a population inversion of elec-
trons in the semiconductor layer 706 at the energy level E,.
[0047] Still referring to FIG. 8, the transmitted carrier chan-
nel 800 is at least partially transmitted through the semicon-
ductor layer 709 and into the semiconductor layer 706. The
carrier channel 800 stimulates emission of electromagnetic
radiation 804 from the tunneled electrons in the semiconduc-
tor layer 706 at the wavelength A._,,. By proper selection of
materials used for the quantum-well structure 704 and the
applied voltage, the electronic structure of the semiconductor
layer 706 of the quantum-well structure 704 exhibits a dis-
crete energy level E,, that electrons from one of the semicon-
ductor layers 707 and 709 can tunnel into. The transmitted
carrier channel 800 promotes transition of the tunneled elec-
trons from the energy level E,, to a lower energy level E, in the
semiconductor layer 706 because the transmitted carrier
channel 800 has a energy equal to the transition energy
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between the E,, and the E,, energy levels (i.e., E,~E,). Thus,
the wavelength of the transition between the E, and the E,
energy levels is A_,,. As a result of the transition of the tun-
neled electrons to the lower energy level E, emission of
stimulated electromagnetic radiation having the same wave-
length A, phase, polarization, and wavevector as the trans-
mitted carrier channel 800 occurs. In turn, the stimulated
emission, promotes further transitions of the tunneled elec-
trons from the energy level E, to the lower energy level E, in
the semiconductor layer 706. Due the cascading emission of
electromagnetic radiation in the semiconductor layer 706 at
the wavelength A, the electromagnetic radiation 804 has a
substantially greater intensity than the carrier channel 800.
The stimulated electromagnetic radiation 804 is at least par-
tially transmitted through the semiconductor layer 707 of the
quantum-well structure 704, the p-semiconductor region 708,
and the subwavelength-dimensioned recesses 716 of the peri-
odic array 714.

[0048] The selected voltage that is applied to the semicon-
ductor structure 702 to generate the population inversion in
the quantum-well structure 704 also alters the refractive index
of the semiconductor structure 702 adjacent to the periodic
array 714. At the selected voltage applied by the voltage
source 718, the combination of the periodic array 114 con-
figuration and the refractive index of the semiconductor struc-
ture 702 adjacent to the periodic array 714 is selected so that
the electromagnetic radiation 804 is transmitted through the
periodic array 714. In one embodiment of the present inven-
tion, at the selected voltage applied by the voltage source 718,
the combination of the periodic array 114 configuration and
the refractive index of the semiconductor structure 702 adja-
cent to the periodic array 714 is selected so that the zero-order
transmission spectrum through the periodic array 714 is simi-
lar to the zero-order transmission spectrum 502 shown in
FIG. 5B, with the dominant wavelength of the zero-order
transmission spectrum at the wavelength A, of the electro-
magnetic radiation 804. In another embodiment of the present
invention, the quantum-well structure 704 is designed so that
gain at the wavelength A_,, is maximized at the selected
applied voltage in addition to the wavelength A, of the elec-
tromagnetic radiation 804 being the dominant wavelength of
the zero-order transmission spectrum through the periodic
array 714.

[0049] As with the photonic device 100, the photonic
device 700 may be operated as an electro-optic modulator by
applying a periodic voltage using the voltage source 718
produce an amplitude modulated channel similar to the
amplitude modulated channel & shown in FIG. 6D. For
example, the voltage pattern 600 may be applied to the semi-
conductor structure 702, and the voltage levels 605-606 may
be selected to generate the population inversion in the quan-
tum-well structure 704 and tune the refractive index of the
semiconductor structure 702 adjacent to the periodic array
714 to allow transmission at the wavelength X, with the
wavelength A being the dominant wavelength of the zero-
order transmission spectrum. Application of the voltage lev-
els 602-604 may be such that no population inversion is
created in the quantum-well structure 704 and, additionally,
the refractive index of the semiconductor structure 702 adja-
cent to the periodic array 714 is such that substantially no
transmission of the carrier channel 800 at the wavelength the
wavelength A is transmitted through the periodic array 714.

[0050] In a further embodiment of the present invention, a
number of quantum dots may be used instead of a quantum-
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well structure for increasing the intensity of a carrier channel
transmitted through the photonic device 700 at the wave-
length ... For example, FIG. 9 shows a photonic device 900
according to yet another embodiment of the present invention
in which quantum dots function as the gain medium. In the
interest of brevity, common components between the photo-
nic device 900 and the photonic device 700 shown in FIG. 7
use the reference numerals. The quantum-well structure 704
of the photonic device 700 is replaced with a quantum-dot
structure 902. The quantum-dot structure 902 includes a num-
ber of quantum dots 904 that may be deposited or grown on
the n-semiconductor region 712. Each of the quantum dots
904 is made from a semiconductor material and includes a
number of quantized electronic states that electrons can be
excited into by application of a stimulus. For example, each of
the quantum dots 904 may be made from I1I-V semiconductor
compounds (e.g., InP, GaAs, gallium nitride (“GaN”), etc.)
grown by molecular beam epitaxy on the substrate 104. The
quantum dots 904 are embedded in a matrix 906 made from a
semiconductor material, such as doped or undoped InP,
indium gallium phosphide (“InGaP”), indium gallium ars-
enide phosphide (“InGaAsP”), GaAs, or GaN.

[0051] The quantum-dot structure 902 serves the same
function as the quantum-well structure 704 of the photonic
device 700 shown in FIG. 7. Namely, application of an appro-
priate voltage by the voltage source 718 excites electrons in
the quantum dots 904 to an excited electronic state. Similarly
to the operation of the photonic device 700, a carrier channel
having a wavelength A_,, stimulates emission of electromag-
netic radiation at the same wavelength ., from the quantum
dots 904 that is transmitted through the periodic array 714.

[0052] Photonic devices according to certain embodiments
of'the present invention include at least two periodic arrays in
series to provide improved filtering. FIG. 10 shows a photonic
device 1000 according to yet another embodiment of the
present invention in which the photonic device 1000 includes
two periodic arrays in series to provide improved filtering.
The photonic device 1000 includes a substrate 1004 having a
thin doped region 1006 formed therein. For example, the thin
dopedregion 1006 may be a delta-doped region, as previously
described. The thin doped region 1006 includes a first peri-
odic array 1008 having a number of subwavelength-dimen-
sioned recesses 1010 that extend into the substrate 1004. The
photonic device 1012 also includes a semiconductor structure
1011 formed on the doped region 1006. The semiconductor
structure 1011 includes an n-semiconductor region 1012, a
p-semiconductor region 1014, and an intrinsic region 1016
located therebetween. As previously described with respectto
the photonic device 100, a thin doped region 1018 is formed
on or within the p-semiconductor region 1014. For example,
the thin doped region 1018 may be a delta-doped region. The
thin doped region 1018 includes a second periodic array 1020
having recesses 1022 that extend into the p-semiconductor
region 1014. The first periodic array 1008 has a zero-order
transmission spectrum that is broader than a zero-order trans-
mission spectrum of the second periodic array 1020. The
photonic device 1000 may also include a voltage source 1024
for controlling the refractive index of the semiconductor
structure 1011 to tune the zero-order transmission spectrum

through the first and second periodic arrays 1008 and 1020.
[0053] As shown in FIG. 11, in operation, electromagnetic
radiation having a wide range of wavelengths A, A,, A5 . .. A,

may be directed at a back surface 1102 of the substrate 1004.
The first periodic array 1008 is configured so that only a
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narrow range of wavelengths is transmitted therethrough. The
first periodic array 1008 is configured to allow electromag-
netic radiation 1104 to be transmitted through the first peri-
odic array 1008, with a zero-order transmission spectrum
1106 having a selected dominant wavelength A,. The zero-
order transmission spectrum 1106 has a width 1108 at half
maximum. The electromagnetic radiation 1104 is at least
partially transmitted through the semiconductor structure
1011 and only a portion of the electromagnetic radiation 1104
passes through the second periodic array 1020. As illustrated,
the second periodic array 1020 allows electromagnetic radia-
tion 1110 to be transmitted therethrough with a zero-order
transmission spectrum 1112 having the same dominant wave-
length A, as the zero-order transmission spectrum 1106.
However, the zero-order transmission spectrum 1112 has a
width 114 at half maximum that is less than the width 1108.
Accordingly, the combination of the first and second periodic
arrays 1008 and 1020 provide for a narrower zero-order trans-
mission spectrum centered at the dominant wavelength A,.
Additionally, as with the previously described embodiments,
application of a selected voltage with the voltage source 1024
may be used to selectively alter the zero-order transmission
spectrums 1106 and 1112 through each of the first and second
periodic arrays 10080 and 1020.

[0054] The disclosed embodiments of photonic devices
may be used in a number of different applications. FIG. 12
shows an optical fiber system 1200 according to one embodi-
ment of the present invention. The optical fiber system 1200
includes an optical fiber 1202 configured for transmitting a
carrier channel having a wavelength A_,,. The optical fiber
system 1200 further includes an electro-optic modulator 1204
configured as any of the disclosed embodiments of photonic
devices operable as an electro-optic modulator. During opera-
tion, the carrier channel A, is transmitted through the optical
fiber 1202 to the electro-optic modulator, which modulates
the carrier channel A_,, to produce an amplitude modulated
channel X, as previously described.

[0055] FIG. 13 shows an optical fiber system 1300 accord-
ing to another embodiment of the present invention. The
optical fiber system 1300 includes an optical fiber 1302 con-
figured to transmit multiple encoded channels or carrier chan-
nels A, Ay, A5 . .. A,. The optical fiber system 1300 further
includes a tunable filter 1304 configured as any of the dis-
closed embodiments of photonic devices operable as a tun-
able filter. In operation, the multiple encoded channels or
carrier channels A, A, A5 . . . A, are transmitted through the
optical fiber 1302 to the tunable filter 1304. The tunable filter
1304 selectively transmits only one of the encoded channels
or carrier channels A, A,, A5 .. . A, at a time.

[0056] FIG. 14 shows a PIC 1400 according to another
embodiment of the present invention. The PIC 1400 may
employ any of the disclosed embodiments of photonic
devices operable as an electro-optic modulator. The PIC 1400
includes a substrate 1402 that includes functional circuitry
1404 and 1406. For example, the substrate 1402 may be a
silicon substrate and the functional circuitry 1404 and 1406
may be CMOS circuitry. The functional circuitry 1404 may
be configured to perform processing functions and the func-
tional circuitry 1406 may be configured to perform memory
functions. An electrical-to-optical converter (“EOC”) 1408,
such as a laser diode, outputs a carrier channel A_,, to an
electro-optic modulator 1412 via a waveguide 1410 respon-
sive to electrical signals from the functional circuitry 1404.
The electro-optic modulator 1412 may be configured as any
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of'the disclosed photonic devices operable as an electro-optic
modulator. The electro-optic modulator modulates the carrier
channel A _,, to produce an amplitude modulated channel &, as
previously described. The amplitude modulate channel X, is
transmitted to an optical-to-electrical converter (“OEC”)
1416, such as a PIN photodiode, via a waveguide 1414. The
OEC 1416 is operable to convert the amplitude modulate
channel X to an encoded electrical signal that is further trans-
mitted to the functional circuitry 1406.

[0057] The photonic devices 100, 700, 900, and 1000
described above only transmit a single zero-order transmis-
sion spectrum at a time. However, simultaneous transmission
of different zero-order transmission spectrums through a pho-
tonic device may be useful in certain applications, such as flat
panel displays. FIG. 15 shows a photonic device 1500 accord-
ing to yet another embodiment of the present invention. The
photonic device 1500 includes a number of different periodic
arrays formed in a doped region, with each of the periodic
arrays configured to transmit electromagnetic radiation at a
different dominant wavelength. The photonic device 1500
includes a substrate 1502 on which a semiconductor structure
1501 is formed. The semiconductor structure 1501 includes a
p-semiconductor region 1503, an n-semiconductor region
1504, and an intrinsic region 1506 therebetween. A thin
doped region 1508 may be formed on or within the p-semi-
conductor region 1504, as previously described. The doped
region 1508 includes a first periodic array 1510 with sub-
wavelength-dimensioned recesses 1512, a second periodic
array 1514 with subwavelength-dimensioned recesses 1516,
and a third periodic array 1518 with subwavelength-dimen-
sioned recesses 1520. Each of the periodic arrays 1510, 1514,
and 1518 is configured to transmit electromagnetic radiation
having a zero-order transmission spectrum with a different
dominant wavelength. For example, the geometry and/or
recess spacing may be different in each of the periodic arrays
1510, 1514, and 1518.

[0058] In operation, electromagnetic radiation including
wavelengths A, A, and A, irradiates back surface 1521 of the
substrate 1502. The first periodic array 1510 allows transmis-
sion of electromagnetic radiation having a zero-order trans-
mission spectrum with a dominant wavelength A |, the second
periodic array 1514 allows transmission of electromagnetic
radiation having a zero-order transmission spectrum with a
dominant wavelength }.,, and the third periodic array 1518
allows transmission of electromagnetic radiation having a
zero-order transmission spectrum with a dominant wave-
length ;. Of course, in other embodiments of the present
invention, more or less than three periodic arrays may be
formed in the doped region 1508.

[0059] FIGS. 16 and 17 show a photonic device 1600
according to another embodiment of the present invention.
The photonic device 1600 is configured so that different array
regions of a periodic array with subwavelength recesses
transmit different zero-order transmission spectrums there-
through. The photonic device 1600 includes a substrate 1602
on which a semiconductor structure 1601 is formed. The
semiconductor structure 1601 includes an n-semiconductor
region 1603, a p-semiconductor region 1604, and an intrinsic
region 1606 therebetween. A thin doped region 1608 may be
formed on or within the p-semiconductor region 1604, as
previously described. The doped region 1608 includes a peri-
odic array 1610 with subwavelength-dimensioned recesses
1612.
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[0060] As illustrated in FIG. 17, the dopant concentration
in the doped region 1608 varies laterally across the doped
region 1608. Such a dopant profile may be formed by selec-
tively depositing dopant on the p-semiconductor region 1604
followed by annealing to diffuse the dopant into the p-semi-
conductor region 1604. For example, the dopant may be
selectively deposited on the p-semiconductor region 1604 by
appropriately masking and depositing the dopant or another
suitable technique. For example, the doped region 1608 may
include array regions 1614, 1616, and 1618 that have dopant
concentration C,;, C,, and C;, respectively. By varying the
dopant concentration, the bulk plasma frequency in each of
the array regions 1614, 1616, and 1618 may vary because the
free-electron concentration varies in each array region 1614,
1616, and 1618. Consequently, each array region 1614, 1616,
and 1618 is configured to transmit electromagnetic radiation
having a zero-order transmission spectrum with different
dominant wavelengths.

[0061] In operation, electromagnetic radiation including
wavelengths A, A.,, and A, irradiates back surface 1621 of the
substrate 1602. The array region 1614 of the periodic array
1610 allows transmission of electromagnetic radiation hav-
ing a zero-order transmission spectrum with a dominant
wavelength A, the array region 1616 of the periodic array
1610 allows transmission of electromagnetic radiation hav-
ing a zero-order transmission spectrum with a dominant
wavelength A,, and the array region 1618 of the periodic array
1610 allows transmission of electromagnetic radiation hav-
ing a zero-order transmission spectrum with a dominant
wavelength A;. Of course, in other embodiments of the
present invention, more than three periodic arrays may be
formed in the doped region 1508. Moreover, the dopant pro-
file shown in FIG. 17 merely represents one example of a
suitable dopant profile. In another embodiment of the present
invention, the dopant profile may be a continuously varying
linear dopant profile or another suitable dopant profile.

[0062] Although the present invention has been described
in terms of particular embodiments, it is not intended that the
present invention be limited to these embodiments. Modifi-
cations within the spirit of the present invention will be appar-
ent to those skilled in the art. For example, in other embodi-
ments of the present invention, the intrinsic region of the
various disclosed photonic devices may be omitted. In such
embodiments, a p-n junction is form instead of a p-i-n semi-
conductor structure that also enables controlling the refrac-
tive index of the material adjacent to the periodic array. Also,
as discussed above, the illustrated subwavelength-dimen-
sioned recesses are merely one particular recess configura-
tion. Periodic arrays with different recess shapes may also be
used for tuning a zero-order transmission spectrum of the
periodic array. In yet another embodiment of the present
invention, dye molecules embedded in an optical medium,
such as a polymer or glass, may be used instead of quantum
dots in the embodiment shown in FIG. 9.

[0063] The foregoing description, for purposes of explana-
tion, used specific nomenclature to provide a thorough under-
standing of the present invention. However, it will be apparent
to one skilled in the art that the specific details are not required
in order to practice the present invention. The foregoing
descriptions of specific embodiments of the present invention
are presented for purposes of illustration and description.
They are not intended to be exhaustive of or to limit the
present invention to the precise forms disclosed. Many modi-
fications and variations are possible in view of the above
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teachings. The embodiments are shown and described in
order to best explain the principles of the present invention
and its practical applications, to thereby enable others skilled
in the art to best utilize the present invention and various
embodiments with various modifications as are suited to the
particular use contemplated. It is intended that the scope of
the present invention be defined by the claims and their
equivalents:

1. A photonic device, comprising:

a semiconductor structure including a p-region and an n-re-
gion; and

a doped region formed on or within the semiconductor
structure, the doped region including at least one gener-
ally periodic array of recesses, the at least one generally
periodic array configured to transmit electromagnetic
radiation at a selected dominant wavelength, the
selected dominant wavelength tunable by varying the
refractive index of the semiconductor structure.

2. The photonic device of claim 1 wherein the semicon-
ductor structure comprises an intrinsic region located
between the n-region and the p-region.

3. The photonic device of claim 1 wherein the semicon-
ductor structure comprises a gain region located between the
n-region and the p-region, the gain region operable to provide
gain at the selected dominant wavelength that is transmitted
through the at least one generally periodic array.

4. The photonic device of claim 3 wherein the gain region
comprises a quantum-well structure.

5. The photonic device of claim 3 wherein the gain region
comprises one of:

a number of quantum dots; and

dye molecules.

6. The photonic device of claim 1, further comprising:

a voltage source configured to apply a voltage across the
semiconductor structure and the doped region to selec-
tively vary a refractive index of the semiconductor struc-
ture and a value of the selected dominant wavelength.

7. The photonic device of claim 1 wherein the doped region
has a delta-doped profile.

8. The photonic device of claim 1 wherein each of the
recesses of the at least one array extends to at least a depth of
the doped region.

9. The photonic device of claim 1 wherein the doped region
exhibits a dopant concentration that varies laterally across the
doped region, the selected dominant wavelength that can be
transmitted through the at least generally periodic array vary-
ing depending upon the dopant concentration.

10. The photonic device of claim 1 wherein the at least one
generally periodic array comprises a number of generally
periodic arrays, each of the number of generally periodic
arrays configured to transmit electromagnetic radiation at
different selected dominant wavelengths.

11. The photonic device of claim 1, further comprising:

a substrate including an additional doped region formed on
or within the substrate, the additional doped region
including an additional generally periodic array of
recesses, the additional doped region positioned adja-
centto a side of the semiconductor structure opposite the
doped region, the additional generally periodic array
configured to transmit electromagnetic radiation at the
selected dominant wavelength.

12. An optical fiber system comprising the photonic device

of claim 1.
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13. A photonic integrated circuit comprising the photonic
device of claim 1.
14. A method of encoding a carrier channel, comprising:
irradiating, with the carrier channel, at least one generally
periodic array of recesses formed in a doped region
positioned adjacent to a semiconductor structure; and

modulating an intensity of the carrier channel passing
through the at least one generally periodic array of
recesses by modulating the refractive index of the semi-
conductor structure.

15. The method of claim 14 wherein modulating the refrac-
tive index of the semiconductor structure comprises modu-
lating a voltage applied across the semiconductor structure.

16. The method of claim 14 wherein the semiconductor
structure comprises a p-region, an n-region, and an interme-
diate region therebetween, the doped region formed within
one of the p-region and the n-region.

17. The method of claim 14 wherein:

the semiconductor structure comprises a gain medium; and

the carrier channel that irradiates the at least one generally

periodic array is generated, in part, by stimulating emis-
sion of electromagnetic radiation from the gain medium.

18. The method of claim 17:

further comprising modulating gain provided by the gain

medium;

Oct. 23, 2008

wherein the act of modulating an intensity of the carrier
channel passing through the at least one generally peri-
odic array of recesses and the act of modulating gain
provided by the gain medium is performed so that gain is
maximized when the intensity transmitted through the at
least one generally periodic array of recesses is maxi-
mized.

19. A method of filtering electromagnetic radiation having
a range of wavelengths, comprising:

irradiating, with the electromagnetic radiation, at least one

generally periodic array of recesses formed in a doped
region positioned adjacent to a semiconductor structure;
and

transmitting only a portion of the electromagnetic radiation

through the at least one generally periodic array, wherein
the transmitted electromagnetic radiation exhibits a
transmission spectrum having a selected dominant
wavelength.

20. The method of claim 18, further comprising controlling
the selected dominant wavelength transmitted through the at
least one generally periodic array by selectively varying the
refractive index of the semiconductor structure.

sk sk sk sk sk
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