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(57) ABSTRACT 

In a semiconductor light-emitting device including an MQW 
diffraction grating structure mainly used in a gain-coupled 
DFB laser, the ratio of the gain coupling coef?cient to the 
index coupling coef?cient is increased by making each well 
layer in MQW-A thicker than that in MQW-B. Each well 
layer and each barrier layer in the MQW structure are made 
of different compositions of GaInAsP. This implements a 
semiconductor light-emitting device with high wavelength 
stability, which does not induce any mode hop even during 
modulation with high output power or even when external 
optical feedback is present. 
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SEMICONDUCTOR LIGHT-EMITTING DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is based upon and claims priority 
of Japanese Patent Application No. 2000-121436, ?led on 
Apr. 21, 2000, the contents being incorporated herein by 
reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to the structures of 
DFB lasers capable of single-Wavelength operation among 
semiconductor light-emitting devices principally used in 
optical communication systems. As the communication rate 
of optical communication systems is increased, semicon 
ductor light-emitting devices having high Wavelength sta 
bility are demanded. In particular, such semiconductor light 
emitting devices are required to induce no mode hop even 
during modulation With high output poWer or even if exter 
nal optical feedback eXists. 

[0004] 2. Description of the Related Art 

[0005] Conventionally, gain-coupled DFB lasers having 
periodic gain modulation in the direction of resonant cavity 
are proposed as a single-Wavelength laser having high mode 
stability (such gain-coupled DFB lasers include complex 
coupled DFB lasers characteriZed by having both of indeX 
coupling and gain coupling). Several methods are available 
for realiZing gain modulation. Examples are a method of 
periodically modulating the thickness of active layers or 
guide layers, a method of forming periodic current-blocking 
layers adjacent to active layers, and a method of forming 
periodic light absorption layers adjacent to active layers. In 
particular, a structure (to be referred to as an MQW diffrac 
tion grating structure hereinafter) in Which the number of 
multiple quantum Well layers (MQW layers) as active layers 
is periodically changed has the advantages that a relatively 
large gain coupling coef?cient can be ensured, the phases of 
gain coupling and indeX coupling match, and no eXtra 
absorption occurs. 

[0006] FIGS. 1A to 1C shoW a conventional gain-coupled 
DFB laser using this MQW diffraction grating structure. 
FIG. 1A is a schematic sectional vieW of the main compo 
nents of a semiconductor light-emitting device. FIG. 1B is 
a schematic sectional vieW of a region C in FIG. 1A. FIG. 
1C shoWs a bandgap along a broken line D in FIG. 1B. 

[0007] An MQW diffraction grating 102 includes periodi 
cally divided MQW layers (MOW-A) and ?at MQW layers 
(MOW-B), and is formed betWeen an n-InP substrate 101 
and a p-InP cladding layer 103. The ?lm characteristics and 
?lm thicknesses of Well layers and barrier layers in MQW-A 
are the same as in MOW-B. 

[0008] Referring to FIG. 1, of the total of siX MQW 
layers, three upper layers are periodically divided to form 
MQW-A, and three loWer layers are ?attened to form 
MOW-B. In the MQW diffraction grating structure, a gain 
coupling coef?cient, an indeX coupling coef?cient, and the 
gain of the Whole active layers can be controlled by chang 
ing the number of layers in each of MQW-A and MOW-B. 
Basically, the gain coupling coefficient and the indeX cou 
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pling coef?cient increase When the number of layers in 
MQW-A is increased; the total gain of the active layers 
increases With no large changes in the coupling coef?cients 
When the number of layers in MQW-B is increased. 

[0009] A gain-coupled DFB laser having this MQW dif 
fraction grating structure has the folloWing several prob 
lems. 

[0010] The ?rst problem Will be described beloW. In a 
gain-coupled DFB laser, the ratio of the gain coupling 
coef?cient to the indeX coupling coef?cient greatly contrib 
utes to mode stability. For eXample, in a uniform diffraction 
grating containing no phase shift in a resonant cavity, it is 
generally desirable that the ratio of the gain coupling coef 
?cient to the indeX coupling coef?cient be large. The values 
of these tWo coupling coef?cients have in?uence on other 
various characteristics. For eXample, if these coupling coef 
?cients are large, generally the lasing threshold current 
becomes small and the resistance to external optical feed 
back becomes high, but the slope ef?ciency loWers and the 
in?uence of the spatial hole-burning effect increases. 
Accordingly, it is desirable to control appropriately both the 
indeX coupling coefficient and the gain coupling coef?cient 
in accordance With required device characteristics. 

[0011] Unfortunately, in the conventional MQW diffrac 
tion grating structure shoWn in FIG. 1, the number of layers 
in MQW-A contributes to both the gain coupling coef?cient 
and the indeX coupling coef?cient. This makes it dif?cult to 
control these parameters independently. For eXample, if the 
number of layers in MQW-A is increased to increase the gain 
coupling coef?cient, the indeX coupling coefficient increases 
at the same time. Consequently, the slope ef?ciency loWers, 
or the spatial hole-burning effect becomes strong. 

[0012] The second problem of the conventional MQW 
diffraction grating structure shoWn in FIG. 1 is as folloWs. 
That is, When a differential gain (a change in gain With a 
change in carrier density) is increased to increase a modu 
lation bandWidth, the dependence of the gain on the carrier 
density, i.e., the dependence of the gain coupling coef?cient 
on the carrier density increases in MQW-A. This increases 
variations in the gain coupling coef?cient during modula 
tion. 

[0013] The third problem of the conventional diffraction 
grating structure shoWn in FIG. 1 Will be described beloW. 
When strain is introduced in MQW layers, this strain enters 
in different Ways into layers of MQW-A and MQW-B (see 
FIG. 2), even if these layers have the same composition (i.e., 
the same lattice constant). This produces a difference 
betWeen the gain spectra in MQW-A and MOW-B. For 
eXample, When compressive strain is introduced, the gain 
peak in MQW-A shifts to a shorter Wavelength than in 
MOW-B; When tensile strain is introduced, the gain peak in 
MQW-A shifts to a longer Wavelength than in MOW-B. 
When this is the case, it is dif?cult to set properly the gain 
peak position With respect to the lasing Wavelength that is 
determined by the diffraction grating period. As an eXample, 
if the gain peak Wavelength is too far from the lasing 
Wavelength, the lasing threshold current increases, or the 
temperature characteristics deteriorate. 

SUMMARY OF THE INVENTION 

[0014] It is an object of the present invention to control 
independently the indeX coupling coef?cient and the gain 
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coupling coef?cient and improve the mode stability Without 
deteriorating the characteristics such as the lasing threshold 
current, slope efficiency, and the resistance to external 
optical feedback, in a semiconductor light-emitting device 
of a gain-coupled DFB laser using the MQW diffraction 
grating structure. 

[0015] It is another object of the present invention to 
provide a semiconductor light-emitting device having the 
MQW diffraction grating structure, Which has less depen 
dence of the gain coupling coef?cient on the carrier density 
While keeping the total differential gain of the active layers 
large, so as to achieve a large modulation bandWidth, and 
less Wavelength variation during modulation. 

[0016] It is still another object of the present invention to 
provide a semiconductor light-emitting device Which, even 
if strain is introduced in multiple quantum Well layers, can 
match the gain peak Wavelength of ?rst multiple quantum 
Well layers (MQW-A) With that of second multiple quantum 
Well layers (MQW-B), and Which can appropriately set the 
gain peak position With respect to the lasing Wavelength that 
is determined by the diffraction grating period, thereby 
preventing an increase in the lasing threshold current or 
deterioration of the temperature characteristics. 

[0017] The present invention provides a semiconductor 
light-emitting device having a multiple quantum Well struc 
ture (MQW structure) in Which Well layers are stacked via 
barrier layers, and Which ampli?es light by current injection, 
characteriZed in that the number of barrier layers and the 
number of Well layers periodically change in the propagation 
direction of light in a partial region or the Whole region of 
the multiple quantum Well structure, and that the multiple 
quantum Well structure comprises, in the region, ?rst mul 
tiple quantum Well layers (MQW-A) divided in the propa 
gation direction of light by a period Which is an integral 
multiple of the half Wavelength of the propagating light in a 
medium, and second ?at multiple quantum Well layers 
(MQW-B), and that at least one of the ?lm characteristics 
and ?lm thickness of at least one of the barrier layers and the 
Well layers in the ?rst multiple quantum Well layers is 
controlled to a desired condition different from that in the 
second multiple quantum Well layers. 

[0018] In this semiconductor light-emitting device, peri 
odic gain modulation exists in the propagation direction of 
light and generates distributed feedback With respect to 
propagating light. 

[0019] More speci?cally, in this semiconductor light-emit 
ting device, periodic gain modulation and index modulation 
coexist in the propagation direction of light, and both the 
gain modulation and index modulation generate distributed 
feedback With respect to propagating light. 

[0020] Furthermore, the difference of the ?lm character 
istics is achieved by controlling at least one of the material 
composition, doping With p- or n-type impurities, and intro 
duction of compressive strain or tensile strain. 

[0021] The relationships betWeen the above modes of the 
present invention and the ?rst to third problems described 
previously Will be explained beloW. 

[0022] To solve the ?rst problem, the present invention 
can control the ratio of the gain coupling coefficient to the 
index coupling coef?cient by making the structures of the 
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Well layers and/or the barrier layers in MQW-A different 
from those in MQW-B as described above. For example, the 
Well layers in MQW-B are made thinner than the Well layers 
in MQW-A. In this case, the quantum level in MQW-B shifts 
to higher energy than in MQW-A. This increases the ratio of 
the number of carriers injected into MQW-A to the number 
of carriers injected into MQW-B. Accordingly, the ratio of 
the gain of MQW-A to the total gain of the active layers 
increases, and this increases the gain coupling coefficient. 
On the other hand, the refractive index of MQW-A is 
loWered by this increase in the number of carriers, and this 
decreases the index coupling coef?cient. 

[0023] It leads to the same effect that the material com 
positions of the Well layers in MQW-A and MQW-B are 
made different from each other to make the bandgap of the 
Well layers in MQW-B larger than that of the Well layers in 
MQW-A. The same effect can be expected by making the 
barrier height of the barrier layers in MQW-B higher than 
that of the barrier layers in MQW-A. It is also possible to 
decrease the gain coupling coef?cient and increase the index 
coupling coef?cient by sWitching the above structures of 
MQW-A and MQW-B. 

[0024] To solve the second problem, in the present inven 
tion, the differential gain (the ratio of a change in the gain 
to a change in the carrier density) With respect to the lasing 
Wavelength that is determined by the diffraction grating 
period is decreased in MQW-A and increased in MQW-B. In 
this manner, the dependence of the gain coupling coef?cient 
on the carrier density is decreased While the differential gain 
of the Whole active layers is kept large. For example, the 
gain peak Wavelength of MQW-A is shifted to a shorter 
Wavelength, and that of MQW-B is shifted to a longer 
Wavelength, With respect to the lasing Wavelength that is 
determined by the diffraction grating period. In this case, the 
differential gain is small in MQW-A because the lasing 
Wavelength is longer than the gain peak Wavelength. In 
contrast, the differential gain is large in MQW-B since the 
lasing Wavelength is shorter than the gain peak Wavelength. 

[0025] Examples of means for setting the gain peak Wave 
lengths in the above positions are: making the Well layers in 
MQW-A thinner than the Well layers in MQW-B; making the 
bandgap of the Well layers in MQW-A larger than that of the 
Well layers in MQW-B; and making the barrier height of the 
barrier layers in MQW-A higher than that of the barrier 
layers in MQW-B. 

[0026] Even When the positions of the gain peaks in 
MQW-A and MQW-B With respect to the lasing Wavelength 
do not satisfy the above relationship, it is possible to 
decrease the differential gain in MQW-A and increase the 
differential gain in MQW-B by appropriately designing the 
structures of the tWo MQW layers. For example, the differ 
ential gain in MQW-A can be decreased by introducing 
tensile strain in the Well layers in MQW-A or doping 
MQW-A With n-type impurities. Also, the differential gain in 
MQW-B can be increased by introducing compressive strain 
in MQW-B or doping MQW-B With p-type impurities. 

[0027] To solve the third problem, the present invention 
matches the gain peak Wavelengths in MQW-A and MQW-B 
by making the structures of the Well layers and/or the barrier 
layers in MQW-A different from those in MQW-B. For 
example, When compressive strain is to be introduced in 
both of MQW-A and MQW-B, the Well layers in MQW-A 
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are made thicker than the Well layers in MQW-B so that the 
gain peak Wavelengths in MQW-A and MQW-B match in 
accordance With the strain amount. When this is the case, the 
quantum level in MQW-A shifts to a longer Wavelength 
because the ?lm thickness is increased. This makes it 
possible to cancel the difference betWeen the gain peak 
Wavelengths in MQW-A and MQW-B produced by the 
difference betWeen the Ways the strain enters. 

[0028] Also, even When compressive strain is to be simi 
larly introduced, the same effect can be eXpected by setting, 
in accordance With the strain amount, the composition of the 
Well layers in MQW-A such that the light emission Wave 
length When MQW-A is kept undivided is longer than that of 
MQW-B. 

[0029] Additionally, even When compressive strain is to be 
similarly introduced, the same effect can be eXpected by 
making the barrier height of the barrier layers in MQW-A 
loWer than that of the barrier layers in MQW-B in accor 
dance With the strain amount. When tensile strain is to be 
introduced, on the other hand, the same effect can be 
eXpected by sWitching the structures of MQW-A and 
MQW-B in the above eXamples. Furthermore, When com 
pressive strain or tensile strain is to be introduced, the same 
effect can be eXpected by setting the strain amount in 
MQW-B to be larger than the strain amount in MQW-A 
When MQW-A is kept undivided, in accordance With the 
strain amount in MQW-A. 

[0030] When the present invention is applied to the ?rst 
problem, it is possible to control independently the indeX 
coupling coefficient and the gain coupling coefficient in a 
semiconductor light-emitting device having an MQW dif 
fraction grating structure. Accordingly, the mode stability 
can be improved Without deteriorating the characteristics 
such as the lasing threshold current, slope ef?ciency, and the 
resistance to eXternal optical feedback. 

[0031] When the present invention is applied to the second 
problem, the dependence of the gain coupling coef?cient on 
the carrier density can be decreased While the differential 
gain of the Whole active layers is kept large. Accordingly, it 
is possible to implement a semiconductor light-emitting 
device With an MQW diffraction grating structure, Which has 
a large modulation bandWidth and varies the gain coupling 
coef?cient little during modulation. 

[0032] When the present invention is applied to the third 
problem, the gain peak Wavelengths of MQW-A and 
MQW-B can be matched even When strain is introduced in 
these MQW layers in a semiconductor light-emitting device 
With an MQW diffraction grating structure. As a conse 
quence, the gain peak positions can be appropriately set With 
respect to the lasing Wavelength determined by the diffrac 
tion grating period. This makes it possible to prevent an 
increase in the lasing threshold current and deterioration of 
the temperature characteristics. 

[0033] In the semiconductor light-emitting device of the 
present invention, the indeX coupling coef?cient and the gain 
coupling coef?cient can be independently controlled. There 
fore, the mode stability can be improved Without deterio 
rating the characteristics such as the lasing threshold current, 
slope ef?ciency, and the resistance to external optical feed 
back. 

[0034] Also, the dependence of the gain coupling coef? 
cient on the carrier density can be decreased While the 

Oct. 25, 2001 

differential gain of the Whole active layers is kept large. This 
makes it possible to increase the modulation bandWidth and 
decrease the Wavelength variation during modulation. 

[0035] Furthermore, even When strain is introduced in 
multiple quantum Well layers, the gain peak Wavelengths of 
?rst and second multiple quantum Well layers can be 
matched. Consequently, the gain peak positions can be 
appropriately set With respect to the lasing Wavelength 
determined by the diffraction grating period. Hence, it is 
possible to prevent an increase in the lasing threshold 
current and deterioration of the temperature characteristics. 

[0036] As described above, the present invention can 
improve the various characteristics of a semiconductor light 
emitting device and thereby implement a semiconductor 
light-emitting device With high Wavelength stability, Which 
does not induce any mode hop even during modulation With 
high output poWer or even When external optical feedback is 
present. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] FIG. 1A is a schematic sectional vieW of the major 
components of a semiconductor light-emitting device hav 
ing a conventional MQW diffraction grating structure; 

[0038] FIG. 1B is a schematic sectional vieW of a region 
C in FIG. 1A; 

[0039] FIG. 1C is a bandgap diagram taken along a 
broken line D in FIG. 1B; 

[0040] FIG. 2 is a conceptional vieW shoWing the Way 
strain enters the conventional MQW diffraction grating; 

[0041] FIG. 3A is a schematic perspective vieW of the 
main parts of a semiconductor light-emitting device accord 
ing to the ?rst embodiment of the present invention; 

[0042] FIG. 3B is a schematic sectional vieW of a region 
C in FIG. 3A; 

[0043] FIG. 3C is a bandgap diagram taken along a 
broken line D in FIG. 3B; 

[0044] FIGS. 4A to 4D are sectional vieWs shoWing 
MQW layers cut along a plane parallel With the resonant 
cavity direction; 
[0045] FIGS. 5A to SE are sectional vieWs cut along a 
plane perpendicular to the resonant cavity direction; 

[0046] FIG. 6A is a schematic sectional vieW of the main 
components of a semiconductor light-emitting device 
according to the second embodiment of the present inven 
tion; 
[0047] FIG. 6B is a schematic sectional vieW of a region 
C in FIG. 6A; 

[0048] FIG. 6C is a bandgap diagram taken along a 
broken line D in FIG. 6B; 

[0049] FIG. 7 is a bandgap diagram of the MQW structure 
of a semiconductor light-emitting device according to the 
third embodiment of the present invention; 

[0050] FIG. 8 is a graph shoWing the gain curves of ?rst 
and second MQW layers in a semiconductor light-emitting 
device according to the fourth embodiment of the present 
invention; 
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[0051] FIG. 9 is a schematic sectional vieW showing, in an 
enlarged scale, the MQW structure and its vicinity of a 
semiconductor light-emitting device according to the ?fth 
embodiment of the present invention; 

[0052] FIG. 10 is a schematic perspective vieW shoWing 
the major parts of a semiconductor light-emitting device 
according to the siXth embodiment of the present invention; 

[0053] FIG. 11 is a bandgap diagram of the MQW struc 
ture of a semiconductor light-emitting device according to 
the seventh embodiment of the present invention; 

[0054] FIG. 12 is a bandgap diagram of the MQW struc 
ture of a semiconductor light-emitting device according to 
the eighth embodiment of the present invention; and 

[0055] FIG. 13 is a bandgap diagram of the MQW struc 
ture of a semiconductor light-emitting device according to 
the ninth embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0056] Hereinafter, several speci?c embodiments of the 
present invention Will be described in detail With reference 
to draWings. 

First Embodiment 

[0057] FIGS. 3A to 3C are for explaining a semiconductor 
light-emitting device according to the ?rst embodiment of 
the present invention. FIG. 3A shoWs a schematic sectional 
vieW of the main parts of the semiconductor light-emitting 
device. FIG. 3B shoWs a schematic sectional vieW of a 
region C in FIG. 3A. FIG. 3C shoWs a bandgap diagram 
taken along a broken line D in FIG. 3B. 

[0058] This semiconductor light-emitting device is prin 
cipally used in a gain-coupled DFB laser. As shoWn in FIG. 
3A, a multiple quantum Well structure (MQW structure) 2 
for amplifying light by current injection and a current 
constraint layer 3 are formed on an n-InP substrate 1. Ap-InP 
cladding layer 4 is formed to cover the MQW structure 2 and 
the current constraint layer 3. An SiO2 passivation layer 5 is 
formed on the upper surface, and an n-side electrode 6 is 
formed on the loWer surface. In addition, a p-side electrode 
7 is formed on the upper surface so as to be electrically 
connected to a contact layer 8. 

[0059] In the MQW structure 2, Well layers are stacked via 
barrier layers. As shoWn in FIG. 3B, this MQW structure 2 
includes, in a part or the Whole of its region, ?rst multiple 
quantum Well layers (MQW-A) divided in the propagation 
direction of light at a period Which is an integral multiple of 
the half Wavelength of the propagating light in a medium, 
and second ?at multiple quantum Well layers (MQW-B). 

[0060] In this embodiment, the ratio of the gain coupling 
coef?cient to the indeX coupling coef?cient is increased by 
making the Well layers in MQW-A thicker than the Well 
layers in MQW-B. The Well layers and barrier layers in the 
MQW structure 2 are formed by GaInAsP having different 
compositions. The Well layer thickness in MQW-A is 10 nm, 
and that in MQW-B is 8 nm. The Wavelength corresponding 
to the bandgap energy in a bulk state of the barrier layers, 
i.e., the composition Wavelength of the barrier layers is 1.2 
pm, and the thickness of the barrier layers is 10 nm. The 
composition of the Well layers is so set that the gain peak 
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Wavelength of the Whole MQW structure is 1.56 pm. The 
diffraction grating period is set at 240 nm in accordance With 
a lasing Wavelength of 1.55 pm. This diffraction grating is a 
uniform diffraction grating having no phase shift. 

[0061] A method of fabricating the semiconductor light 
emitting device of this embodiment Will be described in the 
order of steps With reference to FIGS. 4A to SE. 

[0062] FIGS. 4A to 4D are sectional vieWs of MQW 
layers cut along a plane parallel With the resonant cavity 
direction. FIGS. 5A to SE are sectional vieWs cut along a 
plane perpendicular to the resonant cavity direction. 

[0063] First, MQW-B, MQW-A (the MQW structure 2 is 
formed by MQW-A and MQW-B), and a p-InP cladding 
layer 4 are sequentially groWn on an n-InP substrate 1 (FIG. 
4A) by MO-VPE or the like. The ?lm thicknesses and ?lm 
characteristics of layers constituting MQW-A and MQW-B 
are appropriately set in accordance With means for imple 
menting the present invention. 

[0064] Note that at least one or more optical Waveguide 
layers and the like can also be groWn, if necessary, in 
addition to the MQW structure 2, although these layers are 
omitted in this embodiment. Note also that the number of 
layers in each of MQW-A and MQW-B can be any arbitrary 
number. 

[0065] Subsequently, the MQW structure 2 thus groWn is 
coated With a resist, and a resist diffraction grating 21 is 
formed using a holographic lithography or an electron beam 
lithography (FIG. 4B). Although a uniform diffraction grat 
ing is used in this embodiment, at least one or more phase 
shifts can also be formed if necessary. 

[0066] The formed resist diffraction grating 21 is used as 
a mask to etch aWay a portion from the surface to MQW-A 

11 (FIG. 4C). 
[0067] After the resist diffraction grating is removed, a 
p-InP cladding layer 4 is groWn so as to bury MQW-A (FIG. 
4D). The material of this burying groWth layer is not limited 
to p-InP. Also, at least one or more optical Waveguide layers 
and the like can be groWn as needed. 

[0068] Subsequently, general photolithography is used to 
form a stripe SiO2 mask 22 parallel to the resonant cavity 
direction (FIG. 5A). 
[0069] This SiO2 mask 22 is used to perform dry-etching 
or the like, thereby forming a mesa stripe 23 reaching a 
loWer portion (a surface layer of the n-InP substrate 1) of the 
MQW structure 2 (FIG. 5B). 

[0070] Current constraint layers 3 are groWn on the tWo 
sides of the mesa stripe 23 by MO-VPE or the like (FIG. 
5C). In this embodiment, p- and n-InP layers are sequen 
tially formed as the current constraint layers 3. HoWever, 
some other arrangement can also be used. Furthermore, it is 
possible to preferably use another Waveguide structure such 
as a ridge-Waveguide structure or buried ridge-Waveguide 
structure different from this embodiment. 

[0071] After the SiO2 mask 22 is removed, a p-InP clad 
ding layer 4 and a p-GaInAsP contact layer 8 are groWn in 
this order by MO-VPE or the like (FIG. 5D). 

[0072] Subsequently, general photolithography is used to 
form an SiO2 passivation ?lm 5, a p-side electrode 7, and an 
n-side electrode 6 (FIG. 5E). 
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[0073] In this embodiment, an n-type substrate (the n-InP 
substrate 1) is used as a substrate. However, a p-type 
substrate can also be used by inverting the conductivity type 
of each corresponding layer. Also, the positions of MQW-A 
and MQW-B can be vertically sWitched by growing 
MQW-A ?rst and then groWing MQW-B after the burying 
groWth of the p-InP cladding layer 4. 

[0074] The front facet of the semiconductor light-emitting 
device fabricated through the above steps Was coated With 
an antire?ection ?lm, the rear facet of the device Was coated 
With a high-re?ection ?lm, and the resonant cavity length of 
the device Was set at 300 pm. In this device, the lasing 
threshold current Was 4 mA, and the slope ef?ciency Was 0.4 
W/A. The single-Wavelength yield of 100 devices of one 
Wafer Was 100%. Even When external optical feedback of 
—14 dB existed, no mode hop occurred. 

[0075] As described above, the semiconductor light-emit 
ting device of this embodiment makes it possible to control 
independently the index coupling coef?cient and the gain 
coupling coef?cient, and improve the mode stability Without 
deteriorating the characteristics such as the lasing threshold 
current, slope efficiency, and the resistance to external 
optical feedback. 

Second Embodiment 

[0076] FIGS. 6A to 6C are for explaining a semiconductor 
light-emitting device according to the second embodiment 
of the present invention. FIG. 6A shoWs a schematic sec 
tional vieW of the major components of the semiconductor 
device. FIG. 6B shoWs a schematic sectional vieW of a 
region C in FIG. 6A. FIG. 6C shoWs a bandgap diagram 
taken along a broken line D in FIG. 6B. The Whole 
con?guration of the semiconductor light-emitting device of 
this embodiment is substantially the same as that of the ?rst 
embodiment. 

[0077] In this embodiment, the ratio of the gain coupling 
coef?cient to the index coupling coef?cient is increased by 
making the bandgap of Well layers in MQW-B larger than 
that of Well layers in MQW-A. This can be achieved by 
making the compositions of Well layers in MQW-A and 
MQW-B different from each other. 

[0078] The Well layer thickness is 10 nm in both MQW-A 
and MQW-B. GaInAsP having a composition Wavelength of 
1.65 pm is used in MQW-A, and GaInAsP having a com 
position Wavelength of 1.63 pm is used in MQW-B. In both 
MQW-A and MQW-B, barrier layers are made of GaInAsP 
having a thickness of 10 nm and a composition Wavelength 
of 1.2 pm. 

[0079] Similar to the ?rst embodiment, the semiconductor 
light-emitting device of this embodiment achieved a high 
Wavelength yield and a good resistance to external optical 
feedback Without deteriorating the lasing threshold current 
and the slope ef?ciency. 

[0080] As described above, the semiconductor light-emit 
ting device of this embodiment makes it possible to control 
independently the index coupling coef?cient and the gain 
coupling coef?cient, and improve the mode stability Without 
deteriorating the characteristics such as the lasing threshold 
current, slope efficiency, and the resistance to external 
optical feedback. 
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Third Embodiment 

[0081] FIG. 7 shoWs a bandgap diagram of the MQW 
structure of a semiconductor light-emitting device according 
to the third embodiment of the present invention. The Whole 
con?guration of the semiconductor light-emitting device of 
this embodiment is substantially the same as that of the ?rst 
embodiment. 

[0082] In this embodiment, the ratio of the gain coupling 
coef?cient to the index coupling coef?cient is increased by 
making the barrier height of barrier layers in MQW-B higher 
than that of barrier layers in MQW-A. In both MQW-A and 
MQW-B, Well layers are made of GaInAsP having a thick 
ness of 10 nm and a composition Wavelength of 1.65 pm. 
Barrier layers in MQW-A are made of GaInAsP having a 
thickness of 10 nm and a composition Wavelength of 1.25 
pm. Barrier layers in MQW-B are made of GaInAsP having 
a thickness of 10 nm and a composition Wavelength of 1.15 
pm. 

[0083] Similar to the ?rst embodiment, the semiconductor 
light-emitting device of this embodiment achieved a high 
Wavelength yield and good resistance to external optical 
feedback Without deteriorating the lasing threshold current 
and the slope ef?ciency. 

[0084] As described above, the semiconductor light-emit 
ting device of this embodiment makes it possible to control 
independently the index coupling coef?cient and the gain 
coupling coefficient, and improve the mode stability Without 
deteriorating the characteristics such as the lasing threshold 
current, slope ef?ciency, and the resistance to external 
optical feedback. 

Fourth Embodiment 

[0085] FIG. 8 is a graph shoWing the gain curves of ?rst 
and second MQW layers in a semiconductor light-emitting 
device according to the fourth embodiment of the present 
invention. The Whole con?guration of the semiconductor 
light-emitting device of this embodiment is substantially the 
same as that of the ?rst embodiment. 

[0086] In this embodiment, the gain peak Wavelengths of 
MQW-A and MQW-B are shifted to shorter and longer 
Wavelengths, respectively, With respect to the lasing Wave 
length determined by the diffraction grating period. In this 
manner, the dependence of the gain coupling coef?cient on 
the carrier density is decreased While the differential gain of 
the entire MQW structure is kept large. The period of the 
diffraction grating Was set at 240 nm in accordance With a 
lasing Wavelength of 1.55 pm. The gain peak Wavelengths of 
MQW-A and MQW-B Were set at 1.54 pm and 1.56 pm, 
respectively. 

[0087] In this semiconductor light-emitting device fabri 
cated by a method analogous to the fabrication method 
shoWn in FIGS. 4A to SE, the relaxation oscillation fre 
quency Was 20 GHZ, no mode hop occurred during direct 
modulation at 10 Gb/s, and the Wavelength variation Was 0.3 
nm or less. 

[0088] As described above, the semiconductor light-emit 
ting device of this embodiment makes it possible to decrease 
the dependence of the gain coupling coef?cient on the carrier 
density While a large differential gain of the Whole active 
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layers is maintained, thereby increasing the modulation 
bandwidth and decreasing the Wavelength variation during 
modulation. 

Fifth Embodiment 

[0089] FIG. 9 is a schematic sectional vieW shoWing, in an 
enlarged scale, the MQW structure and its vicinity of a 
semiconductor light-emitting device according to the ?fth 
embodiment of the present invention. The Whole con?gu 
ration of the semiconductor light-emitting device of this 
embodiment is substantially the same as that of the ?rst 
embodiment. 

[0090] In this embodiment, tensile strain is introduced in 
Well layers in MQW-A, and compressive strain is introduced 
to Well layers in MQW-B. In this Way, the dependence of the 
gain coupling coef?cient on the carrier density is decreased 
While the differential gain of the Whole active layers is kept 
large. Well layers in MQW-A are made of 20 nm-thick 
GaInAsP, and a tensile strain of 0.5% is introduced in these 
layers. Well layers in MQW-B are made of 5 nm-thick 
GaInAsP, and a compressive strain of 0.8% is introduced in 
these layers. The compositions of these Well layers are so 
adjusted that their respective peak gain Wavelengths are 1.55 
pm. 

[0091] Similar to the fourth embodiment, in the semicon 
ductor light-emitting device of this embodiment, the Wave 
length variation during modulation could be decreased While 
a broad modulation bandWidth Was maintained. 

[0092] As described above, the semiconductor light-emit 
ting device of this embodiment makes it possible to decrease 
the dependence of the gain coupling coef?cient on the carrier 
density While a large differential gain of the Whole active 
layers is maintained, thereby increasing the modulation 
bandWidth and decreasing the Wavelength variation during 
modulation. 

Sixth Embodiment 

[0093] FIG. 10 is a schematic perspective vieW shoWing 
the major components of a semiconductor light-emitting 
device according to the siXth embodiment of the present 
invention. The Whole con?guration of the semiconductor 
light-emitting device of this embodiment is substantially the 
same as that of the ?rst embodiment. 

[0094] In this embodiment, MQW-A is doped With n-type 
impurities, and MQW-B is doped With p-type impurities. In 
this manner, the dependence of the gain coupling coef?cient 
on the carrier density is decreased While the differential gain 
of the Whole active layers is kept large. In this embodiment, 
an n-InP substrate 1 is used, and MQW-A is formed beloW 
MQW-B. When a p-InP substrate is used, hoWever, MQW-A 
is formed above MQW-B as in the previous embodiments. 

[0095] Similar to the fourth embodiment, in the semicon 
ductor light-emitting device of this embodiment, the Wave 
length variation during modulation could be decreased While 
a broad modulation bandWidth Was maintained. 

[0096] As described above, the semiconductor light-emit 
ting device of this embodiment makes it possible to decrease 
the dependence of the gain coupling coef?cient on the carrier 
density While a large differential gain of the Whole active 
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layers is maintained, thereby increasing the modulation 
bandWidth and decreasing the Wavelength variation during 
modulation. 

Seventh Embodiment 

[0097] FIG. 11 shoWs a bandgap diagram of the MQW 
structure of a semiconductor light-emitting device according 
to the seventh embodiment of the present invention. The 
Whole con?guration of the semiconductor light-emitting 
device of this embodiment is substantially the same as that 
of the ?rst embodiment. 

[0098] In this embodiment, compressive strain is intro 
duced in both of MQW-A and MQW-B. In accordance With 
the strain amount, the Well layer thickness in MQW-A is 
made thicker than that in MQW-B, thereby matching the 
gain peak Wavelengths of MQW-A and MQW-B. In this 
embodiment, the Well layer thicknesses in MQW-A and 
MQW-B Were set to 5.7 nm and 5 nm, respectively, With 
respect to a compressive strain of 0.8%. The gain peak 
Wavelength Was 1.56 pm in both MQW-A and MQW-B; 
detune from a lasing Wavelength of 1.55 pm determined by 
the diffraction grating period Was 10 nm. 

[0099] As described above, the semiconductor light-emit 
ting device of this embodiment makes it possible to match 
the gain peak Wavelengths of MQW-A and MQW-B even 
When strain is introduced in MQW layers, and as a conse 
quence appropriately set the gain peak position With respect 
to the lasing Wavelength that is determined by the diffraction 
grating period, thereby preventing an increase in the lasing 
threshold current and deterioration of the temperature char 
acteristics. 

Eighth Embodiment 

[0100] FIG. 12 shoWs a bandgap diagram of the MQW 
structure of a semiconductor light-emitting device according 
to the eighth embodiment of the present invention. The 
Whole con?guration of the semiconductor light-emitting 
device of this embodiment is substantially the same as that 
of the ?rst embodiment. 

[0101] In this embodiment, tensile strain is introduced in 
both of MQW-A and MQW-B. In accordance With the strain 
amount, the composition of Well layers in MQW-A is set 
such that the light emission Wavelength When this MQW-A 
is not divided by etching is shorter than that of MQW-B. In 
this manner, the gain peak Wavelengths of MQW-A and 
MQW-B are matched. In this embodiment, the composition 
of Well layers in MQW-A Was so set that the light emission 
Wavelength When this MQW-A Was kept undivided Was 
shorter by 10 nm than that of MQW-B, With respect to a 
tensile strain of 0.4%. In this case, the gain peak Wave 
lengths of MQW-A and MQW-B Were matched, and they 
could be matched With the lasing Wavelength determined by 
the diffraction grating period. 

[0102] As described above, the semiconductor light-emit 
ting device of this embodiment makes it possible to match 
the gain peak Wavelengths of MQW-A and MQW-B even 
When strain is introduced in MQW layers, and as a conse 
quence appropriately set the gain peak position With respect 
to the lasing Wavelength that is determined by the diffraction 
grating period, thereby preventing an increase in the lasing 
threshold current and deterioration of the temperature char 
acteristics. 
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Ninth Embodiment 

[0103] FIG. 13 shows a bandgap diagram of the MQW 
structure of a semiconductor light-emitting device according 
to the ninth embodiment of the present invention. The Whole 
con?guration of the semiconductor light-emitting device of 
this embodiment is substantially the same as that of the ?rst 
embodiment. 

[0104] In this embodiment, compressive strain is intro 
duced in both of MQW-A and MQW-B. The strain amount 
in MQW-B is set to be larger than the strain amount in 
MQW-A When MQW-A is not divided by etching. In this 
manner, the gain peak Wavelengths of MQW-A and MQW-B 
are matched. In this embodiment, the Well layer thickness 
Was set to 4 nm and the Well layer composition Wavelength 
Was set to 1.73 pm in both MQW layers. Also, the com 
pressive strain in MQW-A When MQW-A Was kept undi 
vided Was set to 0.3%, and the compressive strain in 
MQW-B Was set to 1.0%. Under the conditions, the gain 
peak Wavelengths of MQW-A and MQW-B Were matched, 
and they could be matched With the lasing Wavelength 
determined by the diffraction grating period. 

[0105] As described above, the semiconductor light-emit 
ting device of this embodiment makes it possible to match 
the gain peak Wavelengths of MQW-A and MQW-B even 
When strain is introduced in MQW layers, and as a conse 
quence appropriately set the gain peak position With respect 
to the lasing Wavelength that is determined by the diffraction 
grating period, thereby preventing an increase in the lasing 
threshold current and deterioration of the temperature char 
acteristics. 

[0106] Each embodiment described above has explained a 
semiconductor light-emitting device for use in a gain 
coupled DFB laser in Which periodic gain modulation and 
index modulation coexist in the propagation direction of 
light, and both the gain modulation and the index modula 
tion generate distributed feedback for propagating light. 
HoWever, the present invention is not limited to these 
embodiments. For example, the present invention is also 
applicable to a gain-coupled DFB laser in Which periodic 
gain modulation exists in the propagation direction of light 
and this gain modulation generates distributed feedback for 
propagating light. 

What is claimed is: 
1. A semiconductor light-emitting device including a 

multiple quantum Well structure for amplifying a light by 
current injection, said structure comprising Well layers and 
barrier layers interposed betWeen said Well layers, Wherein 

the number of Well and barrier layers periodically changes 
in the light propagation direction in a partial or the 
Whole region of said multiple quantum Well structure, 

said multiple quantum Well structure comprises, in said 
region, ?rst multiple quantum Well layers divided in 
said light propagation direction at a period correspond 
ing to an integral multiple of the half Wavelength of a 
propagating light in a medium, and second ?at multiple 
quantum Well layers, and 

at least one of the ?lm characteristics and the ?lm 
thickness of at least one of each barrier layer and each 
Well layer in said ?rst multiple quantum Well layers is 
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designed into a desired condition different from that in 
said second multiple quantum Well layers. 

2. The device according to claim 1, Wherein periodic gain 
modulation exists in said light propagation direction and 
generates distributed feedback With respect to said propa 
gating light. 

3. The device according to claim 1, Wherein periodic gain 
modulation and index modulation coexist in said light 
propagation direction, and both of said gain modulation and 
said index modulation generate distributed feedback With 
respect to said propagating light. 

4. The device according to claim 1, Wherein the difference 
in ?lm characteristics is achieved by at least one of the 
measures of changing the material composition, of doping 
With p- or n-type impurities, and of introducing compressive 
or tensile strain. 

5. The device according to claim 1, Wherein each Well 
layer in said second multiple quantum Well layers is thinner 
than that in said ?rst multiple quantum Well layers. 

6. The device according to claim 1, Wherein the bandgap 
of each Well layer in said second multiple quantum Well 
layers is Wider than that in said ?rst multiple quantum Well 
layers. 

7. The device according to claim 1, Wherein the barrier 
height of each barrier layer in said second multiple quantum 
Well layers is higher than that in said ?rst multiple quantum 
Well layers. 

8. The device according to claim 5, Wherein the injected 
carrier density in said ?rst multiple quantum Well layers is 
higher than that in said second multiple quantum Well layers. 

9. The device according to claim 5, Wherein no phase shift 
is contained in a region Where periodic gain modulation or 
index modulation exists. 

10. The device according to claim 1, Wherein each Well 
layer in said second multiple quantum Well layers is thicker 
than that in said ?rst multiple quantum Well layers. 

11. The device according to claim 1, Wherein the bandgap 
of each Well layer in said second multiple quantum Well 
layers is narroWer than that in said ?rst multiple quantum 
Well layers. 

12. The device according to claim 1, Wherein the barrier 
height of each barrier layer in said second multiple quantum 
Well layers is loWer than that in said ?rst multiple quantum 
Well layers. 

13. The device according to claim 10, Wherein the injected 
carrier density in said ?rst multiple quantum Well layers is 
loWer than that in said second multiple quantum Well layers. 

14. The device according to claim 1, Wherein the differ 
ential gain in said ?rst multiple quantum Well layers is loWer 
than that in said second multiple quantum Well layers. 

15. The device according to claim 14, Wherein the gain 
peak Wavelength of said ?rst multiple quantum Well layers 
is shorter than the lasing Wavelength, and the gain peak 
Wavelength of said second multiple quantum Well layers is 
longer than said lasing Wavelength. 

16. The device according to claim 15, Wherein each Well 
layer in said ?rst multiple quantum Well layers is thinner 
than that in said second multiple quantum Well layers. 

17. The device according to claim 15, Wherein the com 
position Wavelength of each Well layer in said ?rst multiple 
quantum Well layers is shorter than that in said second 
multiple quantum Well layers. 
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18. The device according to claim 15, wherein the barrier 
height of each barrier layer in said ?rst multiple quantum 
Well layers is higher than that in said second multiple 
quantum Well layers. 

19. The device according to claim 14, Wherein tensile 
strain is introduced in said ?rst multiple quantum Well 
layers, and/or compressive strain is introduced in said sec 
ond multiple quantum Well layers. 

20. The device according to claim 14, Wherein at least one 
or more layers constituting said ?rst multiple quantum Well 
layers are doped With n-type impurities, and/or at least one 
or more layers constituting said second multiple quantum 
Well layers are doped With p-type impurities. 

21. The device according to claim 20, Wherein an n-type 
substrate is used, and said ?rst multiple quantum Well layers 
are disposed under said second multiple quantum Well 
layers. 

22. The device according to claim 20, Wherein a p-type 
substrate is used, and said ?rst multiple quantum Well layers 
are disposed over said second multiple quantum Well layers. 

23. The device according to claim 1, Wherein strain is 
introduced in said ?rst multiple quantum Well layers, and the 
gain peak Wavelengths of said ?rst and second multiple 
quantum Well layers are equal to each other. 

24. The device according to claim 23, Wherein compres 
sive strain is introduced in said ?rst multiple quantum Well 
layers, and each Well layer in said ?rst multiple quantum 
Well layers is thicker than that in said second multiple 
quantum Well layers. 

25. The device according to claim 1, Wherein tensile strain 
is introduced in said ?rst multiple quantum Well layers, and 
each Well layer in said ?rst multiple quantum Well layers is 
thinner than that in said second multiple quantum Well 
layers. 
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26. The device according to claim 1, Wherein compressive 
strain is introduced in said ?rst multiple quantum Well 
layers, and the composition Wavelength of each Well layer in 
said ?rst multiple quantum Well layers is longer than that in 
said second multiple quantum Well layers. 

27. The device according to claim 1, Wherein tensile strain 
is introduced in said ?rst multiple quantum Well layers, and 
the composition Wavelength of each Well layer in said ?rst 
multiple quantum Well layers is shorter than that in said 
second multiple quantum Well layers. 

28. The device according to claim 1, Wherein compressive 
strain is introduced in said ?rst multiple quantum Well 
layers, and the barrier height of each barrier layer in said ?rst 
multiple quantum Well layers is loWer than that in said 
second multiple quantum Well layers. 

29. The device according to claim 1, Wherein tensile strain 
is introduced in said ?rst multiple quantum Well layers, and 
the barrier height of each barrier layer in said ?rst multiple 
quantum Well layers is higher than that in said second 
multiple quantum Well layers. 

30. The device according to claim 1, Wherein compressive 
strain is introduced in said ?rst multiple quantum Well 
layers, and the lattice constant in free space of the material 
of each Well layer in said ?rst multiple quantum Well layers 
is smaller than that in said second multiple quantum Well 
layers. 

31. The device according to claim 1, Wherein tensile strain 
is introduced in said ?rst multiple quantum Well layers, and 
the lattice constant in free space of the material of each Well 
layer in said ?rst multiple quantum Well layers is greater 
than that in said second multiple quantum Well layers. 


