US007417789B2

a2 United States Patent (0 Patent No.:  US 7,417,789 B2
Chi et al. 45) Date of Patent: Aug. 26, 2008
(54) SOLAR-PUMPED ACTIVE DEVICE FOREIGN PATENT DOCUMENTS
(75) Inventors: Sien Chi, Hsinchu (TW); Nan-Kuang P 62029190 A * 2/1987
Chen, Hsinchu (TW); Jow-Tsong Shy,
Hsinchu (TW) OTHER PUBLICATIONS
(73) Assignee: National Chiao Tung University, Laurinaho et al. Cross-Polarization Performance of the Hologram
Hsinchu (TW) Compact Antenna Test Range. Microwave and Optical Technology
Letters. vol. 27. No. 4. Nov. 20, 2000.*
(*) Notice:  Subject to any disclaimer, the term of this FlSherbiny et al. Holographic Antenna Concept, Analysis, and
patent is extended or adjusted under 35 Parameters. IEEE Transactions on Antennas and Propagation. vol.
U.S.C. 154(b) by 0 days. 52.No. 3. Mar. 2004.*
Endo, M. Feasibility Study of a Conical-toroidal mirror resonator for
(21) Appl. No.: 10/920,340 solar-pumped thin-disk lasers. Optics Express. vol. 15, No. 9. . Apr.
30, 2007.*
(22) Filed: Aug. 18,2004 (Continued)
(65) Prior Publication Data Primary Examiner—Deandra M Hughes
US 2006/0039061 A1 Feb. 23. 2006 (74) Altorney, Agent, or Firm—Troxell Law Ofﬁce, PLLC
(51) Int.CL 57 ABSTRACT
HO01S 3/00 (20006.01)
HO4B 10/00 (2006.01) The present invention provides a solar-pumped active device
(52) US.CL ..o 359/333; 398/168 which utilizes a holographic antenna grating on a solar energy
(58) Field of Classification Search ................. 359/333, silicon substrate to select specific diffracted wavelength and
398/168 couple pump wavelength in an approximately vertical way
See application file for complete search history. and converge the pump wavelength to excite an optical gain
56 Ref Cited medium so that an optical amplifier or a laser can be obtained.
(56) eferences Cite The present invention requires no big size and is flexible over
US. PATENT DOCUMENTS the surface shape and is suitable for free space optical com-
_ munications on the ground and satellite optical communica-
4.281,294 A 71981 Volkin ......coeeevveennnnens 331/94.5 tions_ It means that the holographic antenna grating can be
4424592 A 1/1984 Leeetal. .oooonvveennnnnne. 372/79 applied on the top floor of a building or on the glass surface of
4,743,083 A *  5/1988 Schimpe ........cccovvirnnen 385/37 an outer wall. If it is applied to a satellite, the present inven-
5,132,843 A 7/1992 Aoyamaetal. ............. 359/573 tion can be deposited on a solar energy cell substrate to form
5431,742 A 7/1995 Kleinerman 136/247 a high optical amplification so that not only the electricity
5572228 A 11/1996 Manasson et al. ........... 343/785 required in satellite optical communications can be reduced,
5638395 A 6/1997 Yogevetal. .. 372/71  butalso a high-speed and large capacity of data can be trans-
6285813 Bl 92001 Schultzetal. w.uvvvvvrevrnn: 38537  ferred between satellites.
2002/0117675 Al* 82002 Mascarenhas ................ 257/87
2005/0053112 Al*  3/2005 Shams-Zadeh-Amiri ..... 372/96 40 Claims, 13 Drawing Sheets
Sun Light
diffracted pump light

|
|
|
1
|
|
i
1
1
1
\{

Aw———

reflection grating >

- ————
«-———

L
[\

-« ————

A\
spared light



US 7,417,789 B2
Page 2

OTHER PUBLICATIONS

Bokor et al. Concentration of diffuse light at the thermodynamic limit
with an aplanatic curved diffractive element. Optics Communicaiton
191 (2001) 141-147. May 8,2001.*

Philip Gleckman; Achievement of ultrahigh solar concentration with
potential for efficient laser pumping; Nov. 1, 1998; Applied Optics,
vol. 27, No. 21, pp. 4385-4391.

M. Weksler and J. Shwartz; Solar-pumped solid-state lasers; IEEE
Journal of Quantum Electronics, 1988, vol. 24, No. 6, Jun. 1988; pp.
1222-1228.

Dave Cooke; Sun-pumped lasers: revisting an old problem with
nonimaging optics; Applied Optics, vol. 31, No. 36, Dec. 20, 1992,
pp. 7541-7546.

Haruo Arashi et al.; A solar-pumped cs | 8 W Nd: YAG laser; Japanese
Journal of Applied Physics; vol. 23, No. 8, Aug. 1984; pp. 1051-1053.
Takashi Aoyagi et al.; High-efficiency blazed grating couplers;
Americal Institute of Physics, Applied Physics Letters, vol. 29, No. 5,
Sep. 1, 1976; pp. 291-292 and 303-304.

Gen-ichi Hatakoshi et al.; Grating lenses for integrated optics; Optics
Letters, vol. 2, No. 6, Jun. 1978; pp. 142-144.

T. Fujita et al.; Blazed gratings and Fresnel lenses fabricated by
electron-beam lithography; Optics Letters, vol. 7, No. 12, Dec. 1982;
pp. 578-580.

Roland Winston; Light collection within the framework of geometri-
cal optics; Journal of the Optical Society of America, vol. 60, No. 2,
Feb. 1970; pp. 245-247.

C. GYoung; A sun-pumped cw one-watt laser; Applied Optics, vol. 5,
No. 6, Jun. 1966; pp. 993-997.

G.R. Simpson; Continuous sun-pumped room temperature glass
laser operation; Applied Optics, vol. 3, No. 6, pp. 783-785.

D. G. Dalgoutte; A high efficiency thin grating coupler for integrated
optics; Optics Communications, vol. 8, No. 2, Jun. 1973; pp. 124-
127.

Detlef Heitman et al.; Calculation and experimental verification of
two-dimensional focusing grating couplers; IEEE Journal of Quan-
tum Electronics, vol. QE-17, No. 7, Jul. 1981; pp. 1257-1263.

O. Parriaux et al.; Optimisation of a grating device for coupling
radiation in and out of a thin-film waveguide on a silicon substrate;
Quantum Electronics, vol. 24, No. 11; 1994; pp. 1013-1015.

A.S. Svakhin; Holographic antenna gratings on optical waveguide
surfaces; Quantum Electronics, vol. 24, No. 5; 1994; pp. 439-441.
Stephen M. Schultz; Design, fabrication, and performance of prefer-
ential-order volume grating waveguide couplers; Applied Optics, vol.
39, No. 8, Mar. 10, 2000; pp. 1223-1232.

Stephen M. Schultz; Design of a high-efficiency volume grating
coupler for line focusing; Applied Optics, vol. 37, No. 12, Apr. 20,
1998; pp. 2278-2287.

P.C. Becker et al.; Erbium-doped fiber amplifier pumped in the 950-
1000 nm region; IEEE Photonics Technology Letters. vol. 2, No. 1,
Jan. 1990; pp. 35-37.

JaH. Lee; Threshold pump power of a solar-pumped dye laser;
American Institute of Physics—Applied Physic Letters, vol. 53, No.
21, Nov. 21, 1988; pp. 2021-2022.

* cited by examiner



U.S. Patent Aug. 26,2008  Sheet 1 of 13 US 7,417,789 B2

FIG.1



U.S. Patent Aug. 26,2008  Sheet 2 of 13 US 7,417,789 B2

12

—————>
—————
- g
=
e qV|
— et :
o
= O
N LL
—————
_—————

11



US 7,417,789 B2

Sheet 3 of 13

Aug. 26, 2008

U.S. Patent

————>

A
|
|
i
]
I
|
I
{
|
|

€ 9ld

Y31 pareds
A

A
[
|
|
i
1

Jy31] dwnd pajoeiip

T
e

YSIT ung



U.S. Patent Aug. 26,2008  Sheet 4 of 13 US 7,417,789 B2

23

22

FIG.4



U.S. Patent Aug. 26,2008  Sheet 5 of 13 US 7,417,789 B2




U.S. Patent Aug. 26,2008  Sheet 6 of 13 US 7,417,789 B2

FIG.6



US 7,417,789 B2

Sheet 7 of 13

Aug. 26, 2008

U.S. Patent

L Old

WrOQSE O

UYI0SL | g/eugg gvl wr000060 " 1

WgpPS " Z6-

Ugrs oS-

wgp0s 26— 27 wIPOL Sk- 17T {-
wgppo-9S- ZI ©r0000B6 0 X
wgpol 96- [ W"pp9iL6’0 1Y

ugps-ai-

IA1LdY0V 9N .S3d T 9AV

WGPSL vh- GVO0ZEELO 1

‘qd J34S



US 7,417,789 B2

Sheet 8 of 13

Aug. 26, 2008

U.S. Patent

8'Ol1d

JAILYAY wuS TS3IY

1

u¥eesSL 1 @/UUgeOrl  WTO000G0° T wY00SE” 0
: L it /; @gPO-69-
\.\ \f .
v B
+ FYs .«_
, ,.f)a.,
M A a/4po- 01
weps - $3-
BgPOS S9- 27 WGPOO SS- 11 e S,
TgPOF'B- Z] WIOGSSE6T 0 Y Do
WEPLE 8- 11 WrOQLbLE 0 1Y Loy : Tgpo- Sl
DAY wgpPSL S

STO00086 0 Wd 73dS



US 7,417,789 B2

Sheet 9 of 13

Aug. 26, 2008

U.S. Patent

6 Ol

T R T E Y N PP

UgpP09 iS- 1 emwcv.wwi 11} . .:;;w:s&:swz:
UEPLZ 9C- C1 WWRBZLES T TYX o ,
ugperp 06- 11 Wr000086°0 1Y

BrAESL | G/9u0g grl TTAGO0SE 1 urRQGE " 0

BP0 0E-

asgpo ol

S {ugPO O~

wgpo- o0

T1L4VAY ©U6  S38 T DAY GEPLZ O6- BT00ZLEG T

‘%d J3dS



US 7,417,789 B2

Sheet 10 of 13

Aug. 26, 2008

U.S. Patent

UngoesLi i

g/uugg oel

0L Ol

UREg00S0 i uranseE o

| . o dq _5 ; F m ugpPO 06~
. ‘ W..u : ’ ff. . u ” H
i / o/
Y / N a/qp0°01
\ .\ N, \
/w ] /(;_w : .
\ \ SR . wepat0s-
N/ |
g
@gpO0 06- &1 AP00 BL- 11 , e
WgPIL 9€- Ti WUCOPPESTT 2Y
agpgr BF- i1 BU00ZLLE 0 1Y wgpo01-

IALLVOY  TUS

$S34

I 34V ewvﬁp.mm1 TR0FPES T :Ad 23dS



US 7,417,789 B2

Sheet 11 of 13

Aug. 26,2008

U.S. Patent

wrQQ00S0 " 1

L1 Ol

uraoSE o0

(G/uugo okl

ugpIi-ov- 2l
ugplo-LS- 11

ugppz - 9L- 271 wmgpozov- 17|
wrggeersS 1 oY
uvgpo086°0 1Y

|

ugpo-S8-

G /EP0T 01

RSN Bmﬁo.mvv

wgpPo - S-

JATLAVEY

wug

-S3d

1

ST

WIPP8 6E- UNOOHPES T

‘Ad J3dS



US 7,417,789 B2

Sheet 12 of 13

Aug. 26, 2008

U.S. Patent

c

ungosL 1 G/UUGG 0Pl

1 ©I1d

WNAQ00S0° 1

ungase:

eeveteaswen i

-
l"p"
»

;xﬁwwuw”;w»mu?%&rﬁzMWiﬁwmw»wwm Rii el L

WgpPOb 28- 21 UIPOE Zb- 17
WgPPS Zb- T1 UMQOBEES™] ZY¥
WIPIB €S- 1] WTQ00086°0 1Y

i

1y
Wl

H

ugro-06-

g/gpe-or

o (UG PO 06 -

. ey

wgpo - 01-

TAILdVAY  BUS S35 1 9V

WGPPS Zho

WIQObHES |

“Ad 33dS



US 7,417,789 B2

Lin

Mo - 'L'n!‘-:l:,"'k

Sheet 13 of 13

\

{

FRCrlin FADO

-

Aug. 26, 2008

U.S. Patent

el 9Old

(uasd} g Or3IT3A

Ot 1 ot SOl i
S +0 N c rDr
J..n.ﬂﬂ«l«._ ¥ Ty ITTTTY AR S ARSI Y HALIESL I I L A Ot
L . ﬁ \ —_
" PR <3 (PR ~ " 26
N\ R AT
LA A R A T e it Tl sl T A S - = - el
N - h e
N fr/. Ayeisoilta L ~.r -
IR o N, 1DLesds ‘e’r—w - mu..ic i

/

. 100t
i J
S “« §
o\
- AFUTNPCLs) (T.43>edE §
i S ~N rN3 O
o ? O Yo o o *a 'n ¥

MM QG| ~ 2DUDIPOUY stnw”vu&w.—oﬁ 22UDIpDIN T¥1OL

&

(,. Wy, WAW) NIy 7105



US 7,417,789 B2

1
SOLAR-PUMPED ACTIVE DEVICE

FIELD OF THE INVENTION

The present invention relates to a solar-pumped active
device. More particularly, the present invention relates to an
active device using a holographic antenna grating on a solar
energy silicon substrate to couple the required specific pump
wavelength in sun light in an approximately vertical direction
to generate a laser. Or, in the active device, the spared pump
wavelength propagated through the solar energy silicon sub-
strate is diffracted into an optical gain medium again to be
amplified by using a reflection layer.

DESCRIPTION OF THE RELATED ART

The erbium-doped (Er-doped) fiber amplifier (EDFA) gen-
erally excites a 10-meter Er-doped fiber with a laser of 980 nm
(nanometer) wavelength to produce a light amplification gain
of 20 dB (decibel) to 30 dB during 1530 nm to 1560 nm.
Nevertheless, about one ampere current is constantly con-
sumed on driving the semiconductor laser and the cooling
chip for temperature control, not to mention that a pump
wavelength of 1480 nm would consume more electricity. This
would bottlenecks the applications of the optical communi-
cations in some special environments, such as the satellite, the
mountain, the desert, the South Pole, or the North Pole, where
electricity is hard to obtain. To generate electricity by solar
energy is now widely welcomed and assiduously developed
in many countries due to its harmlessness to the environment
and resource of the earth. Similar effort has been made on
converging sunlight to excite optical gain medium for pro-
ducing a laser having high energy oftens of watts, which was
made successful in the laboratory decades ago and is one of
the subjects for the scientists to study continuously. However,
large-scale focusing lens are used in most of the conventional
methods to collect sufficient pump wavelength needed in
sunlight for obtaining larger gain. With such a structure,
solar-pumped laser or optical amplifier are only suitable in
use of studies inside laboratories by few scientists. Therefore,
this structure is not generally suitable for commercial prod-
ucts, not to mention it is a too big device to be installed on an
artificial satellite or in an international space station. Yet, in
order to meet the demand on the transmission of great amount
ofdataorimages in a shorttime for meteorological or military
satellites, the satellite optical communication is one of the
significant items assiduously developed nowadays by those
countries with advanced technologies. The wireless optical
communication is of no doubt the best choice for high speed
data transmission between a satellite and another satellite or
even between a satellite and a ground station. In addition, the
highdirectionality ofa laser also provides the communication
with high confidentiality. And, so, the satellite optical com-
munication is also one of the significant items being devel-
oped by the defense authorities of all countries. Therefore, in
order to realize the idea of wireless optical communications
for the artificial satellites, a solar power amplifier in a small
size but with high convert efficiency is becoming one of the
necessary and important devices.

Conventionally, a laser with high gain and high output
power (up to 18 watts) can be obtained by pumping the
sunlight. However, the sunlight is almost always focused by a
large-scale parabolic lens or by using focusing methods of
non-imaging optics, which makes the structure of the whole
laboratory seem quite huge and diminish the practicability.
Furthermore, because almost all of the sunlight is focused
onto the optical gain medium, the optical gain medium has to
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be cooled down by cooling water simultaneously to prevent
the lens from over-heating. As illustrated above, in the future,
the main factor for whether the solar power optical amplifier
and the laser would be successfully practicable lies on the use
of a focusing method which is characterized in selective
wavelengths and the small size of the device.

In the prior art, a holographic grating is added into the
structure of the optical waveguide so that the transmission
energy in the optical waveguide can be coupled in an almost
vertical direction to be irradiated and to form a focusing effect
like a Fresnel lens. And, according to the principle of the
reversibility of the optical path, if a parallel beam is vertically
impinged to the optical waveguide grating, the beam will be
coupled into the optical waveguide and will be focused at the
focal point, which is known as a holographic antenna grating.
The maximum diffraction efficiency of such a grating for a
specific wavelength is about 40 percent. And a reflection layer
can be simply deposited under the grating to reflect the spared
pump light to the diffraction grating for increasing its diffrac-
tion efficiency. However, the grating is only used to couple the
signal light in the optical waveguide to be irradiated, or to
couple external signal light to the optical waveguide to be
transferred, wherein no collector of a large-facet holographic
antenna grating is proposed to collect specific wavelength
from sunlight for being coupled to an optical gain medium to
form a laser.

Now, the holographic antenna grating is used to couple the
external pump light to be transferred in an almost vertical
direction into the optical waveguide which comprises an opti-
cal gain medium at the bottom; and so an optical amplifier is
obtained. Therein, however, no fabrication of a large-facet
coupling device for specific sunlight wavelength is proposed,
neither is proposed a fabrication of a complete round-shaped
holographic grating which can converge pump wavelength
into the grating center to collect mass energy to excite optical
gain medium for obtaining a laser and for optical amplifica-
tion. Moreover, the way for obtaining the optical signal gain
is by the effect of the evanescent field, whose excite effect is
not as effective as the present invention owing to that the
evanescent field can directly couple the pump light into a
high-doped Er waveguide to obtain a strong overlapping
among the signal light, the pump light and the optical gain
medium.

SUMMARY OF THE INVENTION

Therefore, the main purpose of the present invention is to
couple required pump wavelength in sunlight in an almost
vertical direction by a holographic antenna grating, wherein
the wavelength is transferred horizontally and converged at
the optical gain medium to be excited by the pump wave-
length for obtaining a laser.

Another purpose of the present invention is to substantially
improve the vertical-oriented diffraction efficiency; and, by
using a reflection layer, the spared pump wavelength propa-
gated through the solar energy silicon substrate can be dif-
fracted into an optical gain medium again to be amplified and
so to improve the diffraction efficiency.

A further purpose of the present invention is to provide a
solar energy pump light amplifier which needs no electricity
and is suitable for special environments, such as the artificial
satellite, the international space station, the adventure station
for external celestial bodies, the international long-distance
air route airplanes, the mountains, the deserts, the South Pole
and the North Pole, etc. If the present invention is equipped
with a backup solar cell, the present invention can be used as
a signal amplification device in optical communications to
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save energy in usage. But, while the present invention is used
on the ground, it is better to be used in the areas with dry
climate, such as the continental areas or the desert areas,
though the dust storm seasons are exceptions; and it is suit-
able to be deposited on the top of an enterprise building.

The last purpose of the present invention is to meet the
demand on electricity for the optical amplifiers in the optical
communications.

To achieve the above purposes, the present invention is a
solar-pumped active device which comprises a solar energy
silicon substrate with a holographic antenna grating, wherein
an optical waveguide is at the center of the grating. By the
grating, the required pump wavelength in sunlight is coupled
in an almost vertical direction and then is transferred hori-
zontally and converged at the optical gain medium to be
excited by the pump wavelength for substantially improving
the diffraction efficiency. An optical gain medium is at the
center of the optical waveguide. A reflection layer is on the
solar energy silicon substrate, by which the spared pump
wavelength propagated through the solar energy silicon sub-
strate is diffracted into an optical gain medium again for
improving the total diffraction efficiency. The present inven-
tion meets the demand on electricity for the optical amplifiers
in the optical communications and is suitable for special
environments, such as the artificial satellite, the international
space station, the adventure station for external celestial bod-
ies, the international long-distance air route airplanes, the
mountains, the deserts, the South Pole, the North Pole, etc. If
a backup solar cell is equipped with the present invention in
usage, it can be used as a signal amplification device inoptical
communications to save energy. But, while the present inven-
tion is in use on the ground, it is better to be used in the areas
with dry climate, such as the continental areas or the desert
areas, though the dust storm seasons are exceptions. And the
present invention is suitable to be deposited on the top of an
enterprise building.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be better understood from the
following detailed description of preferred embodiments of
the invention, taken in conjunction with the accompanying
drawings, in which:

FIG. 1 is a vertical view of the operation principle of the
optical amplifier according to the present invention;

FIG. 2 is a side view of the optical amplifier according to
the present invention;

FIG. 3 is a cross-section view of the optical amplifier
according to the present invention;

FIG. 4 is a vertical view of the operation principle of the
laser according to the present invention;

FIG. 5 is a view of the serial connection of the optical
amplifiers according to the present invention,

FIG. 6 is a view of the serial connection of the lasers
according to the present invention;

FIG. 7 is a spectrum view showing the absorption of the
erbium-doped glass according to the present invention;

FIG. 8is a spectrum view of the 980 nm-laser diode accord-
ing to the present invention, wherein ‘nm’ stands for ‘nanom-
eter’;

FIG. 9 is a spectrum view showing the gain obtained from
the erbium-doped glass waveguide impinged by a halogen
light bulb with 250 W (watt) according to the present inven-
tion;
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FIG. 10 is a spectrum view showing the gain obtained from
the erbium-doped glass waveguide impinged by a 980 nm
laser with 280 mW (milli-watt) according to the present
invention;

FIG. 11 is a spectrum view showing the gain obtained from
the erbium-doped glass waveguide where the sunlight is
focused by a Fresnel lens of a square of 30 cmx30 cm accord-
ing to the present invention, wherein ‘cm’ stands for ‘centi-
meter’;

FIG. 12 is a view showing the strength of the sunlight
where the current of the 980 nm laser is adjusted to simulate
the status of FIG. 11 according to the present invention; and

FIG. 13 is a view showing the spectrum of the solar radia-
tion from 10 nm (nanometer) to 100,000 nm which is mea-
sured by US Naval Research Laboratory.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The following descriptions of the preferred embodiments
are provided to understand the features and the structures of
the present invention.

Please refer to F1G. 1 through FIG. 3, which are a vertical
view of the operation principle, a side view, and a cross-
sectional view, of the optical amplifier according to the
present invention. As shown in the figures, the present inven-
tion is a solar-pumped active device which comprises a solar
energy silicon substrate 1, an optical diffraction element 21, a
first optical reflection element 22, an optical waveguide 3, an
anti-reflection film 11, an optical gain medium 4, an input port
61, an output port 62 and a reflection layer 5.

Therein, on the solar energy silicon substrate 1 are a reflec-
tion layer 5 with a waveguide layer 12 which comprises an
optical diffraction element 21; an optical waveguide 3; an
optical gain medium 4; and an anti-reflection film 11. The
required wavelength is coupled by the optical diffraction
element 21 of the waveguide layer 12 and the first optical
reflection element 22 of the optical waveguide 3; and then itis
converged to the optical gain medium 4 so that the signal
launched into the input port 61 is then amplified and trans-
mitted through the output port 62. Accordingly, an amplifier
is obtained.

The solar energy silicon substrate 1 can further be a sub-
strate covered with a silicon dioxide waveguide layer 12
having a thickness of around several optical wavelengths. An
optical diffraction element 21 is on the solar energy silicon
substrate 1, which element can be a holographic antenna
grating or a photonic crystal in a surface-relief type or an
index-modulation type made into a large facet for collecting
sufficient sunlight. An optical waveguide 3 is at the center of
the present invention. An optical gain medium 4 is at the
center of the optical waveguide 3, which medium can be a
highly-doped erbium (Er) glass, an ytterbium-doped (Yb-
doped) glass, an Er/Yb co-doped glass, or a glass of a rare
earth element. The Er-doped glass is radiation-hardened to
prevent from the solarization effect. A first optical reflection
element 22 is on both sides of the optical gain medium 4,
which element can be a reflection grating, a Bragg grating, or
areflection grating for pump wavelength. A reflection layer 5
and an anti-reflection film 11 are covered on the solar energy
silicon substrate 1 to improve the light absorption efficiency.
The required pump wavelength in sunlight is coupled in an
almost vertical direction by the optical diffraction element 21,
which wavelength is transferred horizontally and then con-
verged at the optical gain medium to be excited by the pump
wavelength. The spared pump wavelength propagated
through the solar energy silicon substrate 1 is diffracted into
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the optical gain medium 4 again by the reflection layer 5 so
that the signal launched into the input port 61 is then amplified
and transmitted through the output port. Accordingly, an
amplifier is obtained.

Please refer to FIG. 4, which is a vertical view of the
operation principle ofthe laser according to the present inven-
tion. Here, the present invention at least comprises a solar
energy silicon substrate 1, an optical diffraction element 21, a
first optical reflection element 22, a second optical reflection
element 23, an optical gain medium 4, an output port 72, an
anti-reflection film 5 and a reflection layer 11.

Therein, the solar energy silicon substrate 1 is covered with
a reflection layer 5 and a silicon dioxide layer 12, and on the
substrate 1 are an optical diffraction element 21, an optical
gain medium 4, and an anti-reflection film 11. The required
pump wavelength is coupled into the optical waveguide 3 by
the optical diffraction element 21 and is confined to propagate
along the optical waveguide 3 back and forth by the first
optical reflection element 22; and then, it repeatedly excites
the optical gain medium 4 to obtain a laser in coordination
with the second optical reflection element 23; and then, it is
transmitted through the output port 72.

The solar energy silicon substrate 1 can further be a sub-
strate covered with a silicon dioxide waveguide layer 12
having a thickness of about several microns. An optical dif-
fraction element 21 is on the solar energy silicon substrate 1,
which element can be a holographic antenna grating in a
surface-relief type or an index-modulation type or a photonic
crystal made into a large facet for collecting sufficient sun-
light. An optical waveguide 3 is at the center of the present
invention. An optical gain medium 4 is at the center of the
optical waveguide 3, which medium can be a highly-doped Er
glass, an Yb-doped glass, an Er/Yb co-doped glass, or a glass
of a rare earth element. The Er-doped glass is radiation-
hardened to prevent from solarization effect. A first optical
reflection element 22 is on both sides of the optical gain
medium 4, which element can be a reflection grating, a Bragg
grating, or a reflection grating for pump wavelength. A reflec-
tion layer 5 and an anti-reflection film 11 are on the solar
energy silicon substrate 1 to improve light absorption effi-
ciency. The required pump wavelength in sunlight is coupled
in an almost vertical direction by the optical diffraction ele-
ment 21, which wavelength is transferred horizontally and
then is converged at the optical gain medium 4 to be excited
by the pump wavelength. The spared pump wavelength
propagated through the silicon dioxide waveguide layer 12 is
diffracted into the optical gain medium 4 again by the reflec-
tion layer 5. And, by coordinating with the second optical
reflection element 23 onboth sides of the optical gain medium
4, a laser is obtained and is outputted by the output port 72.
The second optical reflection element 23 can be a reflection
grating for lasing wavelength.

Therein, the optical diffraction element 21 can further be
substituted with a photonic crystal to achieve the effect of the
present invention. The vertical diffraction efficiency of the
photonic crystal is higher so that the holographic antenna
grating of the present invention can be substituted with a
photonic crystal; yet, the reflection grating for pump wave-
length and the reflection grating for lasing wavelength are
reflecting the specific wavelength by the photonic band gap of
the photonic crystal, wherein the operation is not the same as
the reflection done by the photonic crystal that substitutes the
holographic antenna grating.

And, further by the characteristic of the dispersion of the
optical gain medium 4 and the different characteristics of the
silicon dioxide layer near by, the present invention can obtain
a laser or an amplifier for S band or another band of light. If

10

15

20

25

30

35

40

45

50

55

65

6

the optical gain medium 4 is Er-doped or Er/Yb-doped and
the optical gain medium 4 is boron-doped and the holo-
graphic silicon dioxide grating layer is fluorine-doped, a laser
and an amplifier for S band of light can be made according to
the characteristic of the dispersion of the material or accord-
ing to the characteristic of the higher material dispersion
slope of the optical gain medium 4 than that of the silicon
dioxide layer 12, no matter what material is doped into the
optical gain medium 4 or the silicon dioxide layer 12. Accord-
ingly, a laser and an amplifier for C band of light with shorter
wavelength are obtained. Besides, if the optical gain medium
4 is Er-doped or Er/Yb-doped, it can be further doped with
aluminum; and, if doped with a rare earth element, further
boron-doped or germanium-doped. And, the silicon dioxide
can further be substituted by a polymer. Because no electric-
ity is in need in the present invention, the substrate 1 of the
present invention can be made of another metal or a polymer
or a dielectric material. The shape of the holographic antenna
grating is not limited to be a circle; it can further be an ellipse
or any other geometric shape. The host material for the optical
gain medium 4 can be a phosphate glass, a fluorophosphates
glass, a silicate glass, or a borate glass.

The present invention can be applied in many environ-
ments, such as the optical communications between satellites,
the optical fiber communications, the wireless optical com-
munications, etc., and can solve the problem of the electricity
needed by the optical amplifier in the optical communications
nowadays, wherein a solar-pumped optical amplifier required
no electricity is obtained that can be used in special environ-
ments, such as the artificial satellites, the international space
stations, the adventuring stations of external celestial bodies,
the international long-distance air route airplanes, the moun-
tains, the deserts, the South Pole and the North Pole. If the
present invention is equipped with a backup solar cell in
usage, it can be used as a signal amplification device in the
optical communications to saves energy. But, while the
present invention is used on the ground, it is better to be used
in areas of dry climate, such as the continental areas or the
desert areas, wherein dust storm seasons are exceptions; and
it is suitable to be deposited on the top of an enterprise
building. In short, the present invention is suitable for all
applications of solar energy silicon substrate 1 (solar energy
cells).

The holographic antenna grating which is capable of
selecting wavelength can couple the almost vertically
impinged pump wavelength in the spectrum of sunlight to
become a pump wavelength propagating in a horizontal direc-
tion. The benefit is that, by using the waveguide layer 12 on
the solar energy silicon substrate 1, the 980 nm (nanometer)
or 1480 nm pump wavelength in sunlight can be coupled
vertically into the waveguide layer 11. And then the pump
wavelength is converged to the center of the holographic
antenna grating 21 to enter into the Er-doped glass of the
optical waveguide 3, so that the erbium ions are excited by a
pump wavelength power to obtain the effect of optical ampli-
fication. By further coordinating with a reflection grating for
lasing wavelength, a laser can be obtained. Therein, only the
wavelength in the holographic antenna grating 2 which is
diffracted around 980 nm or 1480 nm enters into the optical
waveguide 3; and, the main light absorption band (550 nm to
750 nm) of the solar energy silicon substrate 1 (solar energy
cell) for generating electricity will not be affected. Therefore,
the advantage of the present invention is that the optical
communication can be achieved by simply applying a
waveguide layer 11 on the solar energy silicon substrate 1
which formerly has a large facet and by fabricating a holo-
graphic antenna grating 2 of large facet thereon, while there is
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no influence on generating electricity by the solar energy
silicon substrate 1 (solar energy cell). However, a critical
defect of the holographic antenna grating 2 is that, theoreti-
cally, its maximum diffraction efficiency is only 40 percent.
In another word, only 40 percent of 980 nm wavelength in
sunlight can be coupled and be transferred horizontally to
enter into the optical waveguide 3 at the center, and the other
60 percent of wavelength will propagate to the solar energy
silicon substrate 1 (solar energy cell) at the bottom. Accord-
ing to the experimental results of the present invention, the
diffraction efficiency is estimated to be around 30 percent, but
it can still form a pump energy greater than 200 mW (milli-
watt) on a square-shaped diffraction plate with a facet of 30
cmx30 cm. Concerning the diffraction efficiency, by simply
adding a 980 nm refection layer 5 under the holographic
antenna grating 2, The spared pump wavelength propagate
through the silicon dioxide waveguide layer 12 can be
reflected back to the holographic antenna grating 2, followed
by transferring to the waveguide layer 12 and propagating
into the optical gain medium 4 to obtain an amplifier.
Thereby, the diffraction efficiency of the holographic antenna
grating 2 can be improved indirectly.

Please referto FIG. 5, which is a view of a serial connection
of the optical amplifiers according to the present invention.
Therein, an amplifier can be obtained by serializing the
amplifiers as connecting the output of a solar-pumped active
device with the input of another solar-pumped active device.

Please refer to FIG. 6, which is a view of a serial connection
ofthe laseraccording to the present invention. Therein, alaser
can be obtained by serializing the lasers as connecting the
output of a solar-pumped active device with the input of
another solar-pumped active device for achieving the effect
of.

Pleaserefer to FIG. 7 and FIG. 8, which are spectrum views
showing the absorption of the Er-doped glass and the 980 nm
laser diode according to the present invention. As shown in
the figures, a spectrum of solar radiation measured by US
Naval Research Laboratory is used to obtain a simple estima-
tion:

1. According to FIG. 13, measured by US Naval Research
Laboratory, the total power of sunlight on the ground in one
square meter is 1366 W/m>, while ‘W’ stands for ‘watt’ and
‘m’ stands for ‘meter’; the energy around exact 980 nm is
887.5 mW/nmZm?. The pump wavelength of the sunlight that
can excite the optical gain medium 4 is only the wavelength of
from 970 nm to 980 nm. (As shown in FIG. 7.) In fact, the
wavelength of from 965 nm to 985 nm can be coupled into the
waveguide layer 12 inan approximately vertical direction. On
considering the above situations, the effective energy of pump
wavelength obtained from the sunlight is 887.5 mW/nmZm>x
(985-975)=8875 mW/m*=8875x10-4 mW/cm®.

2. By using a square-shaped holographic antenna grating 2
with a facet of 30 cmx30 cm, the total power of the pump
wavelength absorbed from the sunlight is 8875x10-4
mW/em*x30 cmx30 cm=789.75 mW.

3. According to the theory of the holographic antenna
grating 2, the maximum diffraction rate is 40%. If the diffrac-
tion rate obtained is around 30%, the total power of the pump
wavelength received is 789.75 mWx0.3=236.925 mW. In
another word, by using a holographic antenna grating 2 with
a facet 0f 30 cmx30 cm, more than 200 mW of 980 nm pump
power is obtained, which is the power around exact 980 nm.
In addition, the facet of the solar energy cell plate on the
satellite has a size of several square meters. Therefore, the
practicability of the present invention is for sure.

The power for the commercial 980 nm pump laser is usu-
ally expressed with the measurement obtained by an integrat-
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ing sphere and a power-meter. Therefore, generally, a 980 nm
laser with 200 mW does not mean that there is really a power
0f200 mW existed around 980 nm; rather, it means an integral
of all the spectrum energy. But now, by using a 280 mW of
high efficiency 980 nm pump laser, the measurement
obtained by the power-meter is really almost 280 mW. How-
ever, by using a spectrum analyzer, much power outside of
980 nm can be found. (As shown in FIG. 8.) Therefore, the
method used in the present invention for measuring the power
of pump wavelength from sunlight is much severer than that
which is generally used.

Please refer to FIG. 9 and FIG. 10, which are spectrum
views showing the spectra of Amplified Spontaneous Emis-
sion (ASE) obtained from the erbium-doped glass waveguide
impinged by a 250 W (watt) halogen bulb and by a 980 nm
laser with 280 mW, according to the present invention. As
shown in the figures, the following is a comparison between
the methods of exciting the optical gain medium 4 (i.e. Er-
doped glass) on its side with a 250 W halogen bulb (as shown
in FIG. 9)and with 2280 mW of 980 nm pump laser (as shown
in FIG. 10):

4. By exciting a highly Er-doped glass of a dimension of 20
mm (millimeter) in length and 17 mm in width and 5 mm in
height with a 250 W halogen bulb, a spectrum of an ASE from
the optical Er-doped fiber amplifier is obtained, as shown in
FIG. 9.

5. By using a 280 mW of 980 nm pump laser, a spectrum of
an ASE from the optical Er-doped fiber amplifier is obtained,
as shown in FIG. 10.

Comparing FIG. 9 with FIG. 10, the 1.53 mm (micrometer)
wavelength power can reach the similar level in both figures.
In another word, the capacity of a 250 W halogen bulb for
exciting the optical gain medium 4 (i.e. Er-doped glass) on its
side is similar to that of a 980 nm semiconductor laser of 280
mW. And, the ASE power of the Er-doped amplifier seems
very weak. One of the reason is that the ASE power of the
optical Er-doped fiber amplifier outputted from the optical
gain medium 4 (i.e. Er-doped glass) is not focused into the
spectrum analyzer. And, another reason is that the pump
wavelength can not fully excite such a big optical gain
medium 4 (i.e. Er-doped glass). Yet the comparative result
will not be influenced under such a condition. The gain of
1.53 mm wavelength in FIG. 9 seems smaller than that of FIG.
10, which is caused by that more white light is directed in by
the halogen bulb to enter into the spectrum analyzer and so the
noise level becomes higher. Here, the only concern is on how
much power can be generated by the ASE of the Er-doped
fiber amplifier, which is related to the pumping ability of the
light. If the other wavelengths from the halogen bulb are
filtered off, the gain obtained in FIG. 9 can be as much as that
in the FIG. 10. In the other hand, the solar energy for one
square meter can be assumed as about 1.36 kW (kilowatt).
Even though the diffraction efficiency of the holographic
antenna grating 2 is only around 30%, a total power of about
450 W can still be obtained, wherein the power is still more
than that which is generated by the 250 W halogen bulb.
Therefore, by using a holographic diffraction plate with a
facet of 50 cmx50 cm only, efficiency like that of a 980 nm
pump laser of 280 mW can be achieved successfully.

Please refer to FIG. 11 and FIG. 12, which are a spectrum
view showing the ASE obtained from the optical gain
medium where the sunlight is focused to a Fresnel lens of a
square of 30 cmx30 cm and a view showing the strength of the
sunlight simulating FIG. 11 by adjusting the current of the
980 nm laser, according to the present invention.
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The following is the comparison made between the results
of exciting the optical gain medium 4 (i.e. Er-doped glass) by
focusing the sunlight and by a 980 nm pump laser of 100 mW:

6. At noon in a sunny day, in a temperature of 30 Celsius
degrees, by using a holographic Fresnel-lens focusing plate of
acrylic material with a facet of 30 cm'30 cm, the sunlight is
focused onto the optical gain medium 4 (i.e. Er-doped glass)
on its side. By using the spectrum analyzer to measure the
amplification effect of the optical gain medium 4, the optical
ASE spectrum is obtained as illustrated in FIG. 11, wherein
the stimulated emission and the spontaneous emission are
measured directly without using the focusing lens. The power
of 1.54 mm wavelength can reach about -40 dBm, wherein
the attenuation around 1.4 mm is caused by the absorption of
the band gap of the acrylic material.

7. Concerning the 980 nm pump laser under a 206 milli-
ampere current, the power is measured as 100 mW by a
power-meter. Under the same experimental conditions, by
using the power to excite on the sides, the optical gain
medium 4 (i.e. Er-doped glass) is excited to obtain ASE
spectrum as illustrated in FIG. 12, wherein the ASE power
obtained at 1.53 mm is about-42 dBm.

By comparing FIG. 11 with FIG. 12, it can be found that the
capacity of a Fresnel zone plate with a facet of 30 cm'30 cm
for exciting a optical gain medium 4 (i.e. Er-doped glass)isno
smaller than that of a 980 nm pump laser of 100 mW. In
addition, when the sunlight is focused onto the optical gain
medium 4 (i.e. Er-doped glass), because the light beam is
wider than the optical gain medium 4 (i.e. Er-doped glass),
not all of the energy is propagated into it. In the other hand, the
980 nm pump laser is propagated through the fiber so that a
strong power can be focused and propagated in a smaller area
1o obtaining a higher excited state population inversion in
optical gain medium 4 (i.e. Er-doped glass).

Therefore, by way of focusing the sunlight, the efficiency
of the exciting by a high-power 980 nm pump laser can be
easily achieved. Therefore, if the solar optical amplifier is
widely used, it would carry out a great technique revolution in
the field of the optical communications, especially in satellite
optical communications and ground wireless optical commu-
nications.

The preferred embodiments herein disclosed are not
intended to unnecessarily limit the scope of the invention.
Therefore, simple modifications or variations belonging to
the equivalent of the scope of the claims and the instructions
disclosed herein for a patent are all within the scope of the
present invention.

What is claimed is:

1. A solar-pumped active device, comprising: a substrate;
an optical diffraction element; a first optical reflection ele-
ment; an optical gain medium; an optical waveguide; an input
port; an output port; an anti-reflection film; and a reflection
layer, wherein said substrate is covered with said reflection
layer and on said substrate are said first optical reflection
element, said optical waveguide and said anti-reflection film;
wherein a required wavelength in sunlight is coupled by said
optical diffraction element on said substrate and said first
optical reflection element in said optical waveguide and then
said wavelength is converged to said optical gain medium;
and wherein, accordingly, an amplifier is obtained by ampli-
fying the input signals from said input port and outputting
said input signals by said output port, wherein said optical
diffraction element is a holographic antenna grating.

2. The device according to claim 1, wherein said first opti-
cal reflection element is a Bragg grating.

3. The device according to claim 1, wherein said first opti-
cal reflection element is a photonic crystal.
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4. The device according to claim 1, wherein said optical
diffraction element is to be a waveguide layer.

5. The device according to claim 4, wherein said
waveguide layer is a silicon dioxide.

6. The device according to claim 4, wherein said
waveguide layer is a polymer.

7. The device according to claim 1, wherein said optical
diffraction element 1s a grating in a surface-relief type.

8. The device according to claim 1, wherein said optical
diffraction element is a grating in an index-modulation type.

9. The device according to claim 1, wherein the material of
said substrate is selected from the group consisting of a solar
energy silicon substrate, a metal, a polymer, a semiconductor
material, and a dielectric material.

10. The device according to claim 1, wherein the shape of
said holographic antenna grating is selected from the group
consisting of a circle and an ellipse.

11. The device according to claim 1, wherein the shape of
said holographic antenna grating is a geometric shape.

12. The device according to claim 1, wherein said optical
gain medium is an erbium-doped (Er-doped) glass.

13. The device according to claim 12, wherein said Er-
doped glass is radiation-hardened.

14. The device according to claim 12, wherein said Er-
doped glass is further aluminum-doped (Al-doped).

15. The device according to claim 1, wherein said optical
gain medium is an ytterbium-doped (Yb-doped) material.

16. The device according to claim 15, wherein said Yb-
doped material is further Al-doped.

17. The device according to claim 1, wherein said optical
gain medium is doped with a rare earth element.

18. The device according to claim 17, wherein said optical
gain medium is further boron-doped (B-doped).

19. The device according to claim 17, wherein said optical
gain medium is further germanium-doped (Ge-doped).

20. The device according to claim 1, wherein said optical
gain medium is doped with Erbium and Ytterbium (Er/Yb-
doped).

21. The device according to claim 20, wherein said optical
gain medium is further B-doped.

22. The device according to claim 20, wherein said optical
gain medium is further Ge-doped.

23. The device according to claim 1, wherein said optical
gain medium is selected from the group consisting of an
Er-doped glass and an Er/Yb-doped glass; wherein said opti-
cal gain medium is B-doped; and wherein said optical dif-
fraction element is a holographic grating layer doped with
fluorine (F-doped).

24. The device according to claim 1, wherein the material
dispersion slope of said optical gain medium is higher than
that of said optical diffraction element.

25. The device according to claim 1, wherein the host
material of said optical gain medium is selected from the
group consisting of a phosphate glass, a fluorophosphates
glass, a silicate glass, and a borate glass.

26. The device according to claim 1, wherein said optical
diffraction element is to diffract a pump light.

27. The device according to claim 1, wherein said first
optical reflection element is a reflection grating for pump
wavelength.
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28. A solar-pumped active device, comprising: a substrate;
an optical diffraction element; a first optical reflection ele-
ment; an optical gain medium; an optical waveguide; an input
port; an output port; an anti-reflection film; and a reflection

layer, wherein an amplifier is obtained by a serial connection $

as connecting the output port of one said solar-pumped active
device and the input port of another said solar-pumped active
device,
wherein said optical diffraction element is a holographic
antenna grating.
29. The device according to claim 28, wherein said first
optical reflection element is a Bragg grating.
30. The device according to claim 28, wherein said first
optical reflection element is a photonic crystal.
31. The device according to claim 28, wherein said second
optical reflection element is a laser reflection grating.
32. The device according to claim 28, wherein said second
optical reflection element is a photonic crystal.
33. A solar-pumped active device, comprising:
a substrate;
an optical diffraction element;
a first optical reflection element;
an optical gain mediuni;
an optical waveguide;
an input port;
an output port;
an anti-reflection film; and
a reflection layer,
wherein said substrate is covered with said reflection layer
and on said substrate are said first optical reflection
element, said optical waveguide and said anti-reflection
film;
wherein a required wavelength in sunlight is coupled by
said optical diffraction element on said substrate and
said first optical reflection element in said optical
waveguide and then said wavelength is converged to said
optical gain medium; and
wherein, accordingly, an amplifier is obtained by amplify-
ing the input signals from said input port and outputting
said input signals by said output port,
wherein said first optical reflection element is a photonic
crystal.
34. A solar-pumped active device, comprising:
a substrate;
an optical diffraction element;
a first optical reflection element;
an optical gain mediuny;
an optical waveguide;
an input port;
an output port;
an anti-reflection film; and
a reflection layer,
wherein said substrate is covered with said reflection layer
and on said substrate are said first optical reflection
element, said optical waveguide and said anti-reflection
film;
wherein a required wavelength in sunlight is coupled by
said optical diffraction element on said substrate and
said first optical reflection element in said optical
waveguide and then said wavelengthis converged to said
optical gain medium; and
wherein, accordingly, an amplifier is obtained by amplify-
ing the input signals from said input port and outputting
said input signals by said output port,
wherein said optical gain medium is an erbium-doped (Er-
doped) glass.
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35. The device according to claim 34, wherein said Er-
doped glass is radiation-hardened.
36. The device according to claim 34, wherein said Er-
doped glass is further aluminum-doped (Al-doped).

37. A solar-pumped active device, comprising:

a substrate;

an optical diffraction element;

a first optical reflection element;

an optical gain medium;

an optical waveguide;

an input port;

an output port;

an anti-reflection film; and

a reflection layer,

wherein said substrate is covered with said reflection layer
and on said substrate are said first optical reflection
element, said optical waveguide and said anti-reflection
film;

wherein a required wavelength in sunlight is coupled by
said optical diffraction element on said substrate and
said first optical reflection element in said optical
waveguide and then said wavelength is converged to said
optical gain medium; and

wherein, accordingly, an amplifier is obtained by amplify-
ing the input signals from said input port and outputting
said input signals by said output port,

wherein said optical gain medium is an ytterbium-doped
(Yb-doped) material,

wherein said Yb-doped material is further Al-doped.

38. A solar-pumped active device, comprising:

a substrate;

an optical diffraction element;

a first optical reflection element;

an optical gain medium;

an optical waveguide;

an input port;

an output port;

an anti-reflection film; and

a reflection layer,

wherein said substrate is covered with said reflection layer
and on said substrate are said first optical reflection
element, said optical waveguide and said anti-reflection
film;

wherein a required wavelength in sunlight is coupled by

said optical diffraction element on said substrate and
said first optical reflection element in said optical
waveguide and then said wavelength is converged to said
optical gain medium; and

wherein, accordingly, an amplifier is obtained by amplify-

ing the input signals from said input port and outputting
said input signals by said output pott,

wherein the host material of said optical gain medium is

selected from the group consisting of a phosphate glass,
a fluorophosphates glass, a silicate glass, and a borate
glass.

39. A solar-pumped active device, comprising: a substrate;
an optical diffraction element; a first optical reflection ele-
ment; an optical gain medium; an optical waveguide; an input
port; an output port; an anti-reflection film; and a reflection
layer, wherein an amplifier is obtained by a serial connection
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as connecting the output port of one said solar-pumped active
device and the input port of another said solar-pumped active
device,
wherein said first optical reflection element is a photonic
crystal.
40. A solar-pumped active device, comprising: a substrate;

an optical diffraction element; a first optical reflection ele-
ment; an optical gain medium; an optical waveguide; an input

14

port; an output port; an anti-reflection film; and a reflection
layer, wherein an amplifier is obtained by a serial connection
as connecting the output port of one said solar-pumped active
device and the input port of another said solar-pumped active

5 device,

wherein said second optical reflection element is a photo-
nic crystal.



