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A semiconductor light emitter comprising a substrate of 
a semiconductor material having a pair of opposed sur- 
faces and a body of semiconductor material on one of 
the surfaces. The body includes a pair of clad layers of 
opposite conductivity types having an intermediate - 
quantum well region therebetween. The clad layers are 
of a semiconductor material which forms a heterojunc- 
tion with the material of the quantum well region. The 
clad layers and the quantum well region form a wave- 
guide which extends along the body. A plurality of gain 
sections are formed in the body spaced along and opti- 
cally coupled by the waveguide. Each of the gain sec- 
tions is adapted to generate light therein when a voltage 
is placed thereacross. One of the gain section has grat- 
ings at each end thereof which are adapted to reflect 
light back into the one gain section and thereby create 
a beam of light. The grating between the one gain sec- 
tion and an adjacent gain section is adapted to allow 
some of the light generated in the one gain section to 
pass therethrough along the waveguide to the next gain 
section. Each of the other gain sections have gratings 
adjacent an end opposite the fvst gain sections. The 
periods of the grating are such that no self-oscillation of 
the light in the waveguide occurs so that each of the 
other gain sections serve as single pass amplifiers. The 
gratings also direct the amplified light from the other 
gain sections out of the body. 

1525-1 538. 

1327-1329. 

P I  ABSTRACI 

16 Claims, 2 Drawing Sheets 
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MONOLITHIC SEMICONDUCTOR LIGHT 
EMITTER AND AMPLIFIER 

The invention described herein was made in the per- 
formance of work under NASA Contract No. NAS1- 
18525 and is subject to the provisions of Section 305 of 
the National Aeronautics and Space Act of 1958 (72 
Stat. 435; 42 U.S.C. 2457). 

FIELD OF THE INVENTION 
The present invention relates to a monolithic semi- 

conductor light emitter and amplifier, and, more partic- 
ularly, to a monolithic surface emitting array including 
a master optical oscillator and one or more surface 
emitting optical amplifiers in series with the oscillator. 

BACKGROUND OF THE INVENTION 
Optical communication systems, in general, include 

means for generating a modulated beam of light, means 
for transmitting the beam of light over a relatively long 
distance, means for receiving the beam of light and 
means for converting the beam of light to a digital sig- 
nal. One type of device used to generate the beam of 
light is a laser diode. However, in order to be able to 
transmit the beam of light over relatively long dis- 
tances, it is desirable to emit a high powered beam of 
light. To  achieve this high powered beam of light, it is 
desirable to be able to amplify the beam of light emitted 
by the laser diode. Also, in order to have a light emitter 
which is physically as small as possible, it is desirable to 
have the laser diode light emitter and the amplifier in a 
monolithic form. 

SUMMARY O F  THE INVENTION 
The present invention relates to a semiconductor 

optical device which includes a plurality of spaced 
optical gain sections formed in a common substrate and 
optically coupled together in series. One of the gain 
sections is an optical oscillator which is capable of gen- 
erating a beam of light and directing the beam toward at 
least one of the other gain sections. Each of the other 
gain sections is a single pass amplifier which receives 
the light and amplifies it as the light passes through the 
amplifier gain sections. At the output of each of the 
amplifier gain sections is a passive waveguide contain- 

L 
the first grating order of the light is coupled out of the 
passive waveguide and the second grating order is not 
coupled into the fundamental mode of the path of the 
beam through the second gain section so that self-oscil- 

5 lation of the light in the path of the beam through the 
gain section does not occur so as to provide only a 
single pass gain. 

BRIEF DESCRIPTION O F  THE DRAWINGS 
FIG. 1 is a top plan view of a monolithic semiconduc- 

tor optical surface emitting device in accordance with 
the present invention; 

FIG. 2 is a sectional view taken along line 2-2 of 
FIG. 1; and 

FIG. 3 is an enlarged sectional view of one of the gain 
sections of the device shown in FIGS. 1 and 2. 

10 

15 

DETAILED DESCRIPTION 
Referring to FIGS. 1 and 2, there is shown a mono- 

20 lithic semiconductor optical surface emitting device 10 
of the present invention. The surface emitting device 10 
includes a first gain section 12, which is an optical oscil- 
lator, and second and third gain sections 14 and 16, 
which are optical amplifiers, in optical series with the 

25 first gain section 12. At the ends of the first gain section 
12 are distributed Bragg reflectors 18 and 20 which 
serve to at least partially reflect light generated in the 
first gain section 12 back and forth through the first gain 
section. The reflector 20 is between the first gain section 

30 12 and the second gain section 14 and is designed to 
permit some of the light generated in the first gain sec- 
tion 12 to pass into the second gain section 14. Between 
the second and third gain sections 14 and 16 and at the 
end of the third gain section 16 away from the second 

35 gain section 14 are separate output gratings 22. Each of 
the output gratings 22 is designed to deflect at least 
some of the light passing through the gain sections 14 
and 16 out of the device 10. 

The surface emitting device 10 is formed of a body 24 
40 of a semiconductor material which includes a substrate 

26 having first and second opposed surfaces 28 and 30. 
On the first surface 28 of the substrate 26 is a waveguide 
32. The waveguide 32 shown comprises a pair of clad 
layers 34 and 36 of a semiconductor material of opposite 

45 conductivitv tvDes. Thus. if the clad laver 34 is of N- . - 1  

type conductivity , the clad layer 36 is-of P-type con- 
ing an output grating for directing at least a portion of ductivity. Between the two clad layers 34 and 36 is a 
the amplified beam out of the device. thin intermediate quantum well layer 38 of a semicon- 

More particularly, the present invention relates to a ductor material which is undoped. The quantum well 
surface emitting semiconductor light emitter which 50 layer 38 can be either a single quantum well or a multi- 
comprises a body of a semiconductor material having a ple quantum well. A description of quantum well layers 
surface and a plurality ’of spaced gain sections in the can be found in the article of Y. Arakawa entitled 
body. Each of the gain sections is adapted to generate “Quantum Well Lasers-Gain, Spectra, Dynamics”, pub- 
light therein when a voltage is placed thereacross. lished in IEEE JOURNAL OF QUANTUM ELEC- 
Means is provided in the body at the ends of a first gain 55 TRONICS, Vol QE-22, No. 9, Sep. 1986, pgs. 
section for at least partially reflecting the light gener- 1887-1986. The clad layers 34 and 36 are of a material 
ated therein back and forth along a path through said having an energy band-gap higher than that of the mate- 
first gain section to generate a beam of light therein rial of the quantum well layer 38 so as to achieve both 
which is emitted from one end of the first gain section. charge carrier and light confinement within the quan- 
The body includes means for transmitting the beam of 60 tum well layer 38 and to form a heterojunction with the 
light from one end of the first gain section to an end of material of the quantum well layer. For example, the 
an adjacent second gain section which is adapted to clad layer 34 and 36 may be of AlGaAs wherein the 
amplify the beam of light as it passes through the second mole fraction of AlAs is about 70% (A~O.~GN,~AS) ,  and 
gain section. An output grating is provided on the body the quantum well layer 38 may be of GaAs. 
at the other end of the second gain section. Said output 65 Between the quantum well layer 38 and each of the 
grating being adapted to direct at least a portion of the clad layers 34 and 36 is a confinement layer 40 and 42 
light passing through the second gain section out of the respectively, each of which is of the same conductivity 
body. The output grating having a period such that only type as its adjacent clad layer. The confinement layers 
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40 and 42 are typically composed of AlGaAs and may 
be graded so that the mole fraction of AlAs varies from 
that of the clad layers 34 and 36 to about one-half of that 
in the clad layers 26 and 28 at the quantum well layer 
38. Thus, the composition of the graded confinement 
layers 40 and 42 would vary from Alo.7Gao.3As at the 
clad layers 34 and 36 to Alo.3Gao.7As at the quantum 
well layer 38. However, the confinement layers 40 and 
42 may be of uniform composition having an energy 
band-gap between that of the materials of the clad lay- 
ers 34 and 36 and the quantum well layer 38, such as 
A10.3Gw.7As. 

As shown in FIG. 3, in the first gain section 12, a 
capping layer 44 is over the outermost clad layer 36. 
The capping layer 44 is of a semiconductor material of 
the same conductivity type as that of the clad layer 36, 
Le., P-type conductivity. The capping layer 44 is prefer- 
ably of GaAs. Each of the second and third gain sec- 
tions 14 and 16 are of the same structure as the first gain 
section 12, shown in FIG. 3. Thus, each of the second 
and third gain sections 14 and 16 includes a capping 
layer 44 over the outermost clad layer 36. 

The substrate 26 is of a conductivity type the same as 
that of the clad layer 34, i.e., N-type conductivity. The 
substrate 26 can be of any semiconductor material on 
which the waveguide 32 can be formed, such as GaAs. 
Typically, the clad layers 34 and 36 are of a thickness of 
about 1.2 micrometers (um), the quantum well layer 38 
is of a thickness of about 50 to 100 Angstroms, the con- 
finement layers 40 and 42 are of a thickness of about 0.2 
to 0.4 micrometers, and the capping layer 44 is of a 
thickness of about 0.2 micrometers. A separate contact 
layer 46 of a conductive material is on and makes ohmic 
contact with the capping layer 44 of each of the gain 
sections 12, 14 and 16. A contact layer 48 of a conduc- 
tive material is on and makes ohmic contact with the 
second surface 30 of the substrate 26. The contacts 46 
and 48 allow a voltage to be applied across each of the 
gain sections 12, 14, and 16. 

The reflectors 18 and 20 are provided in the surface 
of the outermost clad layer 36 at the ends of the first 
gain section 12 and over the waveguide 32. As shown in 
FIG. 3, each of the reflectors 18 and 20 is formed by a 
plurality of parallel V-shaped grooves 50 and 52 respec- 
tively extending transversely across the clad layer 36 
perpendicular to the direction of light propagation indi- 
cated by the arrow 54. However, the reflectors 18 and 
20 can be of any well known type. The reflectors 18 and 
20 have a period such as to provide distributed Bragg 
reflectors of any order. This reflects light generated in 
the first gain section 12 back and forth across the first 
gain section 12 along the waveguide 32 providing the 
optical feedback necessary for laser oscillation. Thus, 
the first gain section 12 operates as an optical oscillator 
to generate a beam of substantially coherent light. The 
reflector 20 is designed to be at least partially transpar- 
ent so that some of the light is emitted from the first gain 
section 12 along the waveguide 32 to the secund gain 
section 14. 

The output gratings 22 and 24 are each also formed 
by a plurality of parallel V-shaped grooves 54 and 56 
respectively, extending transversely across the clad 
layer 36 perpendicular to the direction of light propaga- 
tion. The output gratings 22 and 24 can also be of any 
well known type. The grating period of the output 
gratings 22 and 24 is selected so that light passing 
through the respective gain sections 14 and 16 is de- 
flected out of the waveguide 32 and from the surface of 

4 
the clad layer 36 at an angle as indicated by the arrow 
58. However, the grating 22 between the second and 
third gain sections 14 and 16 has a grating period that 
only a portion of the light passing into it from the sec- 

5 ond gain section 14 is deflected out of the waveguide 32 
and the remaining portion of the light passes along the 
waveguide 32 into the third gain section 16. 

In order to prevent self-oscillation in the second and 
third gain sections 14 and 16, it is necessary that (1) the 

10 grating period of the output gratings 22 and 24 be such 
that the Bragg condition is not satisfied for any wave- 
length with the gain sections 14 and 16, and/or (2) that 
the second or any higher grating order not be coupled 
to the fundamental mode of the waveguide 32. 

The range of grating periods which will satisfy the 
above condition is rather large. The following is an 
example for determining a suitable grating period. The 
second order diffraction order angle 02 and the first 
diffracted grating order angle 01 can be determined by 

20 the following formulae where both angles are measured 
with respect to the grating normal: 

15 

el =sin-] [(A/A) -ne] 

25 =sin-' [(2A/An3)-1] 

where both angles are measured with respect to the 
grating normal, h i s  the effective refractive index of the 
waveguide, A is the grating period, and A is the wave- 

30 length of light in free space. For waveguides formed of 
GaAs/AlGaAs, the wavelength of light is 8500 Ang- 
stroms and the effective index n,of the waveguide is 3.4. 
Assuming that the amplifiers (the second and third gain 
sections 14 and la) is to be designed so that the 8500 

35 Angstrom light is outcoupled from the gratings at an 
angle 01 of 45" , then from the above equations the 
grating period A would be 3100 Angstroms and the 
second diffracted grating order angle 02 would be 42" . 
For a grating period of 3100 Angstroms, the Bragg 

40 condition is satisfied only for wavelengths in the neigh- 
borhood of 1.5 micrometers, which is well outside the 
gain bandwidth of GaAs/AlGaAs devices. Also, since 
the second diffraction order angle 02 is greater than 16" 
but less than 75' , the second diffraction order of the 

45 grating is not coupled into the fundamental mode of the 
waveguide or into the air, but is all coupled into sub- 
strate modes. Although this is a loss, it can be minimized 
by blazing the grating coupler so that most of the light 
is coupled into the first order. Blazing can be achieved 

50 as described in the article of W. Streifer et al., entitled 
"Analysis of Gratingcoupled Radiation In GaAs:- 
GaAlAs Lasers And Waveguides-11: Blazing Effects", 
published in IEEE JOURNAL OF QUANTUM 
ELECTRONICS, Vol. QE-12, Aug., 1976, pages 

55 494-499. Also, A could be selected such that there is no 
angle that satisfies the second order condition. For 
example, if A=2300 Angstroms, there is no real 02, and 
the Bragg condition occurs at h=7800 Angstroms, 
which is outside the gain profile. 

In the operation of the semiconductor light emitter 
10, the first gain section 12 functions as an optical oscil- 
lator or laser. Thus, when a voltage above a suitable 
threshold is placed across the first gain section 12, light 
is generated in the first gain section and formed into a 

65 beam of substantially coherent light. Some of the gener- 
ated light beam passes through the reflector 20, which is 
partially transmissive, along the waveguide 32 into the 
second gain section 14. The second gain section 14 

60 
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functions as an optical amplifier. A voltage is applied 
across the second gain section 14 which is above the 
transparency level of the gain section 14 to cause light 
to be generated in the second gain section 14. The light 
passing through the second gain section 14 from the 
first gain section 12 results in the generation of addi- 
tional light by stimulated emission resulting in the am- 
plification of the light passing through the second gain 
section 14. The amplified light from the second gain 
section 14 passes into the grating 22. The grating 22 
causes some of the light to be directed out of the wave- 
guide 32 through the surface of the clad layer 36 as 
indicated by the arrow 58 in FIG. 2. However, some of 
the light passes through the grating 24 along the wave- 
guide 32 into the third gain section 16. The third gain 
section 16 also functions as an optical amplifier in the 
same manner as the second gain section 14. Thus, a 
voltage of a value above the threshold of the third gain 
section 16 applied thereacross results in the amplifica- 
tion of the light passing therethrough. The amplified 
light passing from the third gain section 16 enters the 
grating 24 where it is deflected out of the waveguide 32 
through the surface of the clad layer 36 as indicated by 
the arrow 60. As stated above, each of the second and 
third gain sections 14 and 16 are single pass optical 
amplifiers so that all of the light passes only once 
through each of the amplifiers. To optimize the single 
pass gain of the amplifiers 14 and 16, it is preferred to 
use a multi-quantum well active structure in the wave- 
guide 32 rather than a single quantum well structure. 
Also, in order to overcome the relatively low coupling 
efficiencies of the output gratings 22 and 24, it is prefer- 
able to use a plurality of gain sections which are cas- 
caded together through grating sections. 

The semiconductor light emitter 10 can be made by 
epitaxially depositing on the surface 28 of the substrate 
26 in succession the clad layer 34, confinement layer 40, 
quantum well layer or layers 38, confinement layer 42, 
clad layer 36 and capping layer 44. This can be done by 
any well known technique for epitaxially depositing the 
material of the layers, such as liquid phase or vapor 
phase epitaxy, metallo-organic chemical vapor deposi- 
tion or molecular beam epitaxy. A masking layer, such 
as of a photoresist, is formed over the portion of the 
capping layer 44 where the gain sections 12, 14 and 16 
are to be formed, and the remaining portion of the cap- 
ping layer 44 is removed with a suitable etchant. The 
grooves 50, 52, 54 and 56 of the gratings 18, 20, 22 and 
24 respectively are then etched into the expqsed surface 
of the clad layer 36. The metal contacts 46 and 48 are 

6 
However, a structure having a quantum well active 
region is preferred. 

What is claimed is: 
1. In a surface emitting semiconductor light emitter 

a body of a semiconductor material having a surface; 
a plurality of gain sections in said body along said 

surface, each of said gain sections being capable of 
generating light therein when a voltage is placed 

means in said body at each end of one of said gain 
sections for at least partially reflecting the light 
generated in said one gain section back and forth 
along a path therethrough to generate a beam of 
light that is emitted from one end of the one gain 
section toward a second gain section; 

means for transmitting the beam of light from the one 
gain section into one end of a second gain section 
which is capable of amplifying the beam of light; 

a grating at the other end of the second gain section 
for receiving the amplified beam of light and di- 
recting at least a portion of the beam out of the- 
body through the surface thereof; 

said grating having a period such that only the first 
grating order of the light is coupled out of the 
second gain section and the second grating order is 
not coupled into the fundamental mode of the path 
of the beam through the second gain section so that 
self-oscillation of the light through the second gain 
section does not occur so as to provide only a sin- 
gle pass gain. 

2. A light emitter in accordance with claim 1 wherein 
the body has a waveguide therein extending through 

35 the gain sections for guiding the beam of light through 
the body. 

3. A light emitter in accordance with claim 2 wherein 
the second gain section includes means for generating 
light in the waveguide when a voltage is applied across 

4. A light emitter in accordance with claim 3 in which 
the waveguide includes an intermediate layer of a semi- 
conductor material having a separate clad layer of a 
semiconductor material on each side of the intermediate 

45 layer, the clad layers are of a material which forms a 
heterojunction with the material of the intermediate 
layer and one of the clad layers is of a conductivity type 
opposite to that of the other clad layer. 

5. A light emitter in accordance with claim 4 in which 
50 the intermediate laver is a auantum well reeion. 

5 comprising: 

10 thereacross; 

15 

20 and 

25 

' 

30 

40 the second gain section to amplify the beam of light 

6. A light emitter-in accorbance with claim4 in which ~~. ~. - 
then applied to the capping layer 44 and the substrate the intermediate layer is a multi-quantum well region. 
surface 30 by techniques such as evaporation in a VaC- 7. A light emitter in accordance with claim 4 wherein 
uum or by sputtering. each of the gain sections includes a pair of contacts on 

Thus, there is provided by the present invention a 55 the body at opposite sides of the intermediate layer to 
surface emitting semiconductor light emitter which allow a voltage to be applied across the gain section. 
includes in a monolithic form an optical osciilator for 8. A light emitter in accordance with claim 7 in which 
generating a beam of light and at least one single pass the means at the ends of the first gain section for reflect- 
optical amplifier which amplifies the light. This pro- ing the light back and forth in the first gain section 
vides a light emitter which emits a high power beam of 60 includes a grating in the body at each end of the f n t  
light but is relative small in size. Also, since all of the gain section, one of said gratings being between the first 
gain sections are of the same structure, even through and second gain sections and being partially transparent 
one functions as an oscillator and the other as amplifi- to the light generated in the first gain section to allow 
ers, the device is easy to make. Although the light emit- some of said light to pass along the waveguide to the 
ter is shown as having two amplifiers, it can have a 65 second gain section. 
single amplifier or more than two amplifiers cascaded 9. A light emitter in accordance with claim 8 includ- 
together to achieve a greater magnification of the light. ing at least three gain sections along said waveguide 
Also, other structures of the waveguide can be used. with the second and third gain sections being capable of 
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8 
amplifying the beam of light passing along the wave- does not occur so as to provide only a single pass 
guide, a grating between the second and third gain gain in the second gain section. 
sections and a grating at the end of the third gain section 11. A light emitter in accordance with claim 10 in 
opposite the second gain section, both of the gratings which the waveguide includes an intermediate layer of 
being capable of directing at least some ofthe amplified 5 semiconductor material having a separate clad layer of 
beam out ofthe body through said surface and the grat- a semiconductor material on each side of the intermedi- 
ing between the second and third gain sections being ate layer, the clad layers are of a material which forms 
capable of allowing of the light beam from the a heterojunction with the material of the intermediate 
second gain section to pass into the third gain sections, layer and one of the clad layers is of a conductivity type 

10 opposite that of the other clad layer. each of the gratings having a period such that Only the 
first grating Order Of the light is coup1ed Out Of the 12. A light emitter in accordance with claim 11 in 

which the intermediate layer is a quantum well region. 

which the intermediate layer is a multi-quantum well 
device and the second grating order is not coupled into 

oscillation of the light in the waveguide through the 
second and third gain sections does not occur so as to 
provide only a singly pass gain. 

10. In a surface emitting semiconductor light emitter 
comprising: 

a substrate of a semiconductor material having a pair 20 
of opposed surfaces; 

a body of a semiconductor material on one of said 
surfaces of said substrate; 

an optical waveguide extending through said body 
for guiding a beam of light through said body; 

first and second gain sections in said body and spaced 
along said waveguide, each of said gain sections . 
being capable of generating light in said waveguide 
when a voltage is applied across the gain section; 

means in said body at each end ofthe first gain section 30 
for at least partially reflecting the light generated in 
=id first gain section back and forth along said 
waveguide in =id first gain section to generate a 
beam of therein which is emitted from one 
end of the first gain section along said waveguide 
to one end of said second gain section; 

Of light passing therethrough 
guide; and 

13. A light emitter in accordance with claim 11 in 
the f~rldrnental mode of the waveguide so that 

re&on. 
14. A light emitter in accordance with claim 11 

wherein each gain section includes a pair of contacts at 
opposite sides of the intermediate layer to allow a volt- 
age to be applied across the gain section. 

15. A light emitter in accordance with claim 14 in 
which the means at each end of the first gain section for 
reflecting the light back and forth comprises a separate 
grating extending across the body at each end of the 
first gain section, said gratings being adapted to reflect- 

25 the light generated in the first gain section back into the 
first gain section with the grating at the end of the first 
gain section adjacent the second gain section adapted to 
al!OW some of the generated light to pass therethrough 
along the waveguide to the second gain section. 

16. A light emitter in accordance with claim 15 in- 
ciuding a third gain section in said body and along said 
waveguide spaced from and adjacent the end of the 
second gain section away from the first gain section, 
said third gain section adapted to generate light therein 

35 when a voltage is placed thereacross so that the third 
gain section is capable of amplifying the light beam, the 
grating at the other end of the second gain section being 

to allow some of the amplified light from the second 
40 gain section to pass into one end of the third gain sec- 

said second gain section adapted to the beam between the second and third gain section and adapted said wave- 

a grating in said body at the Other end Of the second 
gain section for receiving the amp1ified beam Of 
light from the second gain section and directing at 
least a portion the beam Of light Out Of 

the body; 
said grating having a Perid such that only the first 

grating order of the light is coupled Out of the 
amplifier and the second grating order is not cou- 
pled into the fundamental mode of the waveguide 
so that self-oscillation of the light in the waveguide 50 

tion, and a grating across the body at the other end of 
the third gain section adapted to direct amplified light 
passing from the third gain section Out of the body, said 
grating having a period such that only the first grating 

45 order of the light is coupled out of the gain section and 
the second grating order is not coupled into the fun&- 
mental mode of the waveguide so that self-oscillation of 
the light in the waveguide does not occur so as to pro- 
vide only a single pass gain in the third gain section. * * * * *  

55 
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