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ABSTRACT

This thesis deals with'l.5—l.6um WaVelength GaInAsP/InP
semiconductor lasers as light sources for the long distance
optical fiber communication. For this purpose, the light
source should operate in l.5—l.6ﬁm wavelength region with a
narrow spectral Width under high speed modulation.

A new structure GaInAsP/InP double heterostructure (DH)
laser by the use of an additional anti-melt-back (AMB) layer
' is proposed to overcome the meltback problem which has been
often'experienced_in a liéuid phase épitaxial_growth of
GaInAsP/InP DH wafers With the‘emitting wavelength of 1.5-
1.6um.

In orderxr to.realize a low threshold current density
GaInAsP/InP lasers with.the AMB layer, the affects of the
AMB layer on the threshold current density were evaluated
for -the new structure lasers and the conditions of the AMB
layer arérgiven.

CrYstal growth conditions for the lattice-matched GaInAsP
on (100) ZInP substrate are given for the wavelength range of
1.1-1.65um by a two-phase solution technique. On the basis
of this study, GalInAsP/InP lasers in such a wide wavelength
region have been realized. Especially in the wavelength of
longer than 1l.5um, a new structure GaInAsP/InP DH laser with
the AMB léyer has been realized and room temperature
continuous wave (CW) operation has been achieved,

A buried heterostructure (BH) GaInAsP/InP DH laser

emitting l.6um has beeﬁ demonstrated by the use of a new

(iv)



fabriéation process. Lts low threshold current room temper-—
ature CW operation has been achieved.

A GaInAsP/InP buried heterostructure distributed Bragg.
reflector integrated twin guide (BH-DBR-ITG) laser has been
fabricated for the'purpose éf obtaining stable single mode
opefation under high speed direct modulation at l.5—l.6ﬂm
'wavelength. Low threshold éuirent.ané a narrow épectral
width operations under high speed direct modulation have
been achievedf

Temperature dependence of the lasing waveléngth of a DBR
laser is calculated theoretically and the direction towards
the improvement is suggested.

To summarize this study, the superiority of the 1.5-1.6um
wavelength GaInAsP/inP BH~DBR laser as a light source for
the practical long distance optical fiber communication has

been given.

(v)



CHAPTER 1  INTRODUCTION

Progresses of science and technology have created huge
amounts of knowledge and things in this century such as an
airplane, an atomic power, a transistor, a laser, etc.

And these new things changed the circumstance of human beings,
for éxample, airplanes carried us to very far place even to
the behind of the earth in a day and gave us so many beagﬁiful
sceneries and new experiences which enlargedmour world of mind.
AInvention of the transistor was one bf the most important
events in fhis century. Because of it, many new electronic
products were made and our life style was affected by it and
following inventions. These inventions made our life rich, and
at the same time, demands for fast informations become larger
as‘can be seen in the popularization of telephone, television
set, and computers. This tendency will continue hereafter and

communication technique should be improved extensively.

1.1 Optical fiber communication and the light sources

In earlier times, communication was done by use of visual
or sound signal code because the propagation velocity of the
light and the sound was very large. However, the transmission
capacity of these communications was very small due to a poor
response time of the man who took a role of a transmitter and
a receiver. Then electric and electronic devices took place of
the man, and the capacity of transmission line has been
utilized effectively. Nowadays, a new communication technique

using an optical fiber as a transmission line has grown up



because of several excellent features of it, such as a low
transmission loss, a wide transmission bandwidth, a light
weight, a wealth of material, no affection by an electro-
magnetic induction. Simultaneously, great efforts have been
poured into the research of the transmitter and the receiver,
malnly in semiconductor devices because of superiorities of
compact size, high efficiency, and possibilities of an easy
combination with an electric circuit and of a highly densed
integration. A‘combination of theséroptical fibers and the
sémiconductor devices will give the highest capacity

communication system with the lowest transmission loss.

(1) Appearance of ultra low-loss optical fiberx

The origin of optical fiber communication was in the
~suggestion by Kao and Hockhem in 1966([1]. However,.the trans-
miésion loss of an optical fiber was too large for the
practical use, great efforts had been paid to reduce it and
resulted in realization of an ultimately low—lossvoptical
fiber with the tranémission loss of 0.24B/Km at the wavelength
of 1.5-1.6um [20]. The history of transmission loss of the
optical fiber has been leading the study of the optical fiber
communication system such as a semiconductor laser diode (LD)
and a light emitting diode (LED) as a light source, and a
photodiode (PD) and an Avalanche photodiocde (APD) as an optical
receiver. The remarkable point in the history was that the loss
of the optical fiber was clarified to be caused by an
absorption of remaining OH radicals and that the lower trans-

mission loss would be obtained in a longer wavelength region



after the reduction of OH content untill the infra-red
fundamental absorption loss begins to dominate. This was
predicted by Keck, Maurer, and Schultz in 1973 [4] after some
experimental results repdrted before by Kapron, Keck, and
Maurer [2], Keck, Schultz, and Zimar [3], and by Cohen, Kaiser,
MacChesney, O'Connor, and Presby [5]. According to this
preaictién, a new technique for the preparation of optical
fiber called the modified chemical vapor deposition (MCVD) was
introduced and resulted in realization of thé>loss of 2dB/Km at
the wavelength of 1.05um in 1974 by MacChesney, O'Connor, and
Simpson [6][7]1. Remarkable loss reduction was achieved at the
wavelength of 1.2um with the loss of 0.5dB/Km in 1976 by
Horiguchi and Osanai [8]. This event was a real trigger for
opening the study of long distance optical fiber communication
systém in the meaning of thatbsemiconductor materials for the
light source and the light detectors had been studiéd to match
~to the loss minimum wavelength region of 1.2-1.3um. Efforts to
reduce the loss of a fiber had been continued to étudy the
effect of doped materials in silica [9] and reduction of OH
content of a fiber [10]. As a result, an ultimatély low~loss
of 0.2dB/Km at the wavelength of 1.55um was achieved with a
single-mode fiber in 1979 by Mivya, Terunuma, Hosaka, and
Miyashita [20]. This event encouraged us to study the longer
wavelength light sources and light detectors which operated
with the wavelength around 1.5-1.6um. The history of reduction
of a optical fiber loss is shown in Fig.l-1. On the other hand,
a new fabrication technique of an optical fiber called vertical

axis deposition (VAD) method had been studied and considerable
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elimination of OH was achieved by an introduction of gas of
GeCl, during SiO2 soot forming [11]-[13]. Comparison of the
transmission loss property as a function of the transmission
wavelength is shown in Fig;l—z. This VAD method was very
effective from the view points not only of OH e€limination but
also of a continuous fabrication of 100Km long fiber with a
total loss of 30dB and of a wide band multi-mode fiber because
"the central dip of refractive index profile in the core was
eliminated. However, the product of transmission bandwidth and
transmission distance of a multi-mode fiber is limited to very
small by a modal dispersion [l14] compared with a single-mode
fiber [15], only less than 7GHzKm had been obtained although
the VAD method was used [16]-[18]. Therefore a long distance
optical fiber communication should be achieved by use of a
single-mode fiber and a multi-mode fiber would be used for a
relatively short distance coﬁmunication systems such like a
linkage between central processing unit and the terminal unit
of a cbmputér, and for a relatively small transmission band~-
width communication systems such like a local telephone line
and a cable television (CATV) system. In these cases,

there is no significant limitation to the light source specifi-
cation, lasers and LEDs of both AlGaAs/GaAs and GaInAsP/InP

materials can be available for them.

(2) Long distance optical fiber communication
For long distance optical fiber communication, problems
on an optical fiber are mainly limited to a low transmission

loss of a single-mode fiber and a material dispersion ~ .u:o.: =



characteristic of iﬁ. Reduction of transmission loss was
performed as the same manner with a multi-mode fiber [8] and
the first announcement was made in 1977 by Kawachi, Kawana,
and Miyashita at the mihimum loss wavelength of 1.27um. After
the apperance of the ultimately low-loss single-mode fiber at
the wavelength of 1.55um [20] [21], complete elimination of
fiber loss peak at the wavelength around l.4ﬂm was achieved
by VAD method [11] and the residual OH absorption loss of
0.1dB/Km at the wavelength of 1.3%um was obtained in 1981 by
Tomaru, Yasu, Kawachi, and -Edahiro [22]. From the viewpoint
of a fiber loss, a bending loss and a splicing loss should be
involved to be discussed. Bending loss of optical fiber was
calculated theoretically for both multi-mode fibers and single-
mode fibers and concluded that it was not significant when the
curvature of the bend was larger than several cm [36]-[39]. The
splicing loss influences severely on the total transmission
loss of fibers especially at the low-loss wavelength region.
Fusion splice was used for single-mode fibers [40], and fairly
well splice loss value of 0.1dB per splice was obtained at the
wavelength of 1l.3um in 1981 by Toda, Watanabe, Ogai, and
Seikai [4i]. These losses limit the ultimate transmission
distance, in other words the repeater spacing, in cooperation
with the performance of the light detectors. However, the
dispersion problem of the optical fiber is severer than those
losses because not only the repeater spacing but also the
transmission bandwidth aré limited by it.

The dispersion of group delay in the optical fiber T

consists of the modal dispersion_Tm due to the delay time



among the propagating modes, the material dispersion Ty due to
the difference of refractive index with the wavelength, and
the structural dispersionTV due to the effects of geometrical
structure to the group delay time. The transmission bandwidth
B of the optical fiber is given by

B=1/1 : (1-1)
 where T:{T§+(TH+TV)2}1/2 (1-2)
For single-mode fibers, the modal dispersion‘Tm is very small.
because the propagating modes are onlymtwélwhich are polarized
perpendicular to each other. Thus T is normally neglected
except at the zero-dispersion wavelength [24]. Then eq.(l—2f
could be rewritten to

T=T P, (1-3)
In the wavelength region around 1.3um, the signs of T and Ty
of a typical silica single-mode fiber are opposite, then three
dispersions cancel out which results in zero dispersion.
Figure 1-3 shows an example of measured dispersions as a
function of the wavelength for Ge-doped single-mode fiber with
the refractive index difference between the core and cladding
of 0.2 percent and the cut-off wavelength of 1l.lum [25]. The
wavelength dependence of T and T, can be controlled by
changing the refractive index difference and the geometrical
structure. Several research groups tried to get the zero-
dispersion wavelength at around 1.55um region in order to get
an ultimately low-loss property together with an ultra wide
bandwidth property [26]-[34]. However, it resulted in not only
a shift of the zero-dispersion wavelength but also the increase

of the transmission loss due to the increase of impurity



concentration of GeO, which was used to change the refractive
index of the core.[35]. The transmission loss characteristics
is shown in Fig.l-4 with a parameter of the refractive index
difference between the core and the cladding. [23]. Therefore
the optical fiber communication system using single-mode fibers
can be divided to two kinds of systems. One is relatively long
dis£ance transmission system using‘laser diodes as light
sources at'the wavelength of 1.3um(at around the zero-dispersion
wavelength), and the other 'is ultra'ldng distance transmission
system using special laser diodes as light sources at the
wé&elength of 1.5-1.6um{at fhe minimum transmission loss wave-
length). For these loﬁg distance optical fiber communication
systems, only one kind of a single-mode fiber is preferable
from the aspects of a mass production, an installation, and a
maintenance.

From above mentioned points, the light sources for the
ultra long distance transmission system are required to have a
narrow spectral width property even in high freqﬁency‘direct
modulation. The dispersion T is given by eq. (1-4) using the
chromatic dispersion T of the single-mode fiber per unit
spectral width of the light source AKS per unit distance L,

T=TAA L (1-4)
When the spectral width of the light source under the
modulation AXS is largér than that of the corresponding
modulation bandwidth of Akmod=2BA2/c, the transmission band-
width B is limited by AXS and rewritten as follows using egs.
(1-1) and (1-4),

B=1/(TAX L) (1-5)



B is inversely proportional to the transmission distance L.
when the spectral width of the light source under the
modulation Axs is smaller than that of the corresponding band-
width Axmod’ the trgnsm1851on bandwidth B is limited by Axmod

and given by,

B=1/(Tar__ 1) ={c/ (22 27L) }1/2

(1-6)

In this case, B is inversely proportional to the square root

of the transmission distance and gives the theoretical limit

of -the transmission bandwidthAof a singie—mode fiber. The
spectral width Axmdd is 0.01l6nm for B=1GHz at the wavelength of
1.55um. Usually semiconductor laser diodes are directly
modulated with the frequency up to a few GHz, the spectral
broadening due to the longitudinal lasing mode increase is
observed for the Fabry-Perot type lasers composed by two facet
mirrors [283]. The value of the spectral brbadening of convent-
ional Fabry-Perot typa lasers was measured to be approximately
10nm for GaInAsP/InP material at the wavelength of 1l.6um and
2nm for AlGaAs/GaAs material at the wavelength ofv0.84um [289].
Thus the bandwidth-distance product of a single-mode fiber
transmission system using a conventional laser at the wavelength
of l.6um is calculated to be BL=6.25GHzKm supposing the
chromatic dispersion T to be 20psec/nm/Km. This value is almost
comparable to that of a multi-mode fiber and the merit of a
single-mode fiber is not available in this situation. Therefore
a single- longitudinal mode operation during the high frequency
modulation is required to the light source for the long
distance optical fiber communication system at the wavelength

of l.5—l.6pm. This is an essential point for the 1.5-1.6um
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wavelength lasers and gives the background of this thesis.

When the_ligh£ source for the ultra long distance optical
fiber communication satisfying above mentioned conditions was
realized, the transmission distance would be actually dominated
by a performance of a light detector, namely the signal noise
ratio(SNR). The SNR of a PIN photodiode is given by,

T2

SNR (PIN)= (1-7)

b
2e(Ip+Id)B+4kTB/Re

where Ip=(e/hv)in (np:quantum effiéiency, P :incoming

opt opt

optical power) 1is the photocurrent, e is the electronic charge,
B is the effective bandwidth of the optical channel, and Re is
the equivalent input resistance of the amplifier.

In the case of an Avalanche photodiode (APD), an excess
noise is generated by the évalanche multiplication process and
given by [56]-[58],

P=M{1- (1-k) (M-1) %/M?} (1-8)
where M is the avalanche gain, k is the ionization coefficient
ratio of holes to electrons, assuming k=B8/a<l. In case of B/a>1,
k is replaced by 1/k. Then the SNR of an APD is given by,

2
b

I

SNR (APD) = (1-9)

2

2eB(Ip+1d)F+2eBip/M2+4kTB/(ReM )

From egs. (1-8) and (1-9), smaller value of k leads to smaller
excess noise F and to larger SNR of an APD. For both kinds of
light detectors, the dark current is an essential factor to

limit the SNR.

- 11 -



Previous works on the light detectors for the long
distance optical communication were made intensively by using
GaInAsP quaternary system materials [59]-[116], Ge material
[117]-[123]1, AlGaAsSb qﬁaternary system materials f124]—[l29],
and Hg0_3CdO-7Te [131]. Specific points of these detectors are
summarized and listed in Table I. For the materials of Ge and
Gao.47Ino.53As, the dark current is relatively high compared
with that of Si due to the smaller bandgap and tunneling
current [108]-[110]. The value k of these materials are very
large qompared with that of Si, thus the SNR can not be
improved significantly in contrast with the well established
Si APD in short wavelength system. However, some new technolog-
ical improvements to obtain smaller value of k were recently
suggestéd and reported. One is the discovery of a resonant
impact ionization effectzdue to impact ionization initiated by
holes>from the split-off wvalence band, and the value k of more
than 20 was obtained in 1981 by Hildebrand, Kuebart, Benz, and
Pilkuhn [128]. This effect was measured on GaAlSb APDs and " 1. .
would be applied to the material which has the same bandgap
energy as the spin orbit splitting energy. The other was the
invention of a new structure APD with the graded bandgap
reported in 1981 by Cappaso, Tsang, and Hutchinson [130].
Assuming that p—typé side has a Wider bandgap, the ionization
of an electron is accelerated due to the reduction of apparent
barrier height, at the same time the ionization of a hole is
suppressed due to the increase of it. Therefore a large value
k of 10 was obtained for AlGaAs APDs fabricated by a molecular

beam epitaxy. This method is considered to be applicable to

- 12 -
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other materials and the possibility of the low noise APDs for
1.5-1.6um wavelength region remains still now.

Figure 1-5 shows the transmission distance without a
repeater as a function of bit rates for different detectors
set at the optimum avalanche gain.[132][133]. Broken lines
correspond to Ge APD with the system margin of 104dB. The trans-
mission loss is assumed to be 4=2.5dB/Km for the wavelength of
A=1.3um, and o0=0.5dB/Km for A=l.55ﬁm. The input power of -6dBm
is assumed. From this figﬁré, the transmission distance without
- a repeater of 72Km is obtained for the wavelength of 1.55um and
rfhe.modulation bit rates of leiﬁ/sec. Then the transmission
bandwidth-the transmission distance product of 72GHzKm is
approximately enough at present for the single-mode optical
fiber communication. It corresponds to the spectral width of
the light source of AXS=O.69nm. Figure 1-6 shows the trans-
mission bandwidth B as a function of the transmission distance
L. Solid lines were drawn from egs. (1-5) and (l—6)vwith a
parameter of the spectral width AAS of the light source, the
broken lines were drawn from the aspect of the detector
performance. The spectral width of the light source of 0.3nm
should be required for the present single-mode optical fiber

communications.

In a future single-mode optical fiber system such as a
heterodyne detection system or a wavelength division multi-
plexing system, the requirements for the light source and the
optical fiber will be severer. As for the single-mode optical

fiber, polarization control of the light output from it is

- 15 -



very severe. To overcome this problem, two kinds of approaches
have been done till now. One is a polarization control system
using electro-magnetic and electro-optical devices [42]-[45].
The other oné is a development of a single polarization
optical fiber [46]-[55]. The transmission loss of 0.62dB/Km

at the wavelength of 1.52um was obtained.for this fiber with
asymﬁetrical strain bireferingence in 1981 by Hosaka, Okamoto,
Miya, Sasaki, and Edahiro [54]. These fibers are preferable to
be used for the high capacity bptical commuﬂication system
with not so long distance because it has relatively high
transmission loss. In this case, the required spectral width of
the light source will be mainly dominated by the density of a
wavelength division multiplexing, the limit of the density of
the ultimate wavelength division multiplexing system is given
by the corresponding modulation bandwidth Axmod' Therefore
the great efforts for the narrower spectral width should be
paid to realize the future ultra high capacity optical fiber

communication.

1.2 lum wavelength region semiconductor lasers

Developments of the light sources for the optical fiber
communication have been achieved in accordance with the loss
reduction of the optical fiber. Semiconductor lasers were
considered to be the most suitable as the light sources for
that purpose from their merits of (1) small size, (2) ease of
pumping by current injection, (3) high efficiency, (4) capabi-
lity of high fréquency direcf modulation, (5) long 1life, and

(6) possibility of integration with other electronic devices
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monolithically. The LEDs were considered to be also
applicable for the short distance optical fiber communications
with a relatively low transmission bandwidth due to a poor
efficiency, a narrow modulation bandwidth, and a very wide
spectral width compared with those of the semiconductor lasers.
The first reports on semiconductor lasers were done with
GaAs‘homojunction structure by Hall, Fenner, Kingsley, Soltys,
and Carlson of GE [134], Nathan, Dumke, Burns, Dill, and Lasher T
of 1IBM [135]! and Quist, Keyes, Krag, Lax,~McWhorter, Rediker,
‘and Zeiger of"MIT [136]1, at the nearly same time in 1962.
However, these laser diodes were operated only at the liquid
nitrogen,temperature because of no confinement structure for
injected carriers and the light wave. To reduce the threshold
current for higher temperature operation, double hetero-
junction structure injection laser was pro?osed by Kroemer in
1963 [137]1. But his idea was not carried out soon since his
idea lacked in é selection of the materials and the crystal
growth technique. Remarkable suggestion to get thé hetero-
jﬁnction structure laser was a concept of a lattice matching
between two different bandgap semiconductor crystals, that was
reported by Rupprecht, Woodall, and Pettit in 1967 [138]. They

reported about Ga XAlXAs LEDs at room temperature grown by

1=
liguid phase epitaxy and clarified that the lattice constant

1-

and got a stimulated emission from GaAlAs diode soon in 1967

of Ga XAlXAs was almost the same as that of GaAs as a substrate,

{139]. After that, the reduction of the threshold current was
achieved by demonstrating Kroemer's idea with the introduction

of liquid phase epitaxial growth technique for GaAlAs crystal,



and resulted in the room temperature continubus wave (CW)
operation in 1970 by Hayashi, Panish, Foy, and Sumski [140].
This event opened the first optical communication field for
0.8-0.9um wavelength region in accordance with the reduction
of the loss of an optical fiber down to 204B/Km [2].

The semiconductor lasers of the longer wavelength more
than‘lum had become required to suit the lower loss optical
fibers as mentioned in section 1.1l. In the early years of

1970s, luym wavelength operatibns of the lasers of InXGa As/

1-x
InyGal_yP on GaAs substrates were achieved by use of a vapor
phase epitaxial growth technique [144]-[148]1, and of GaAsl__XSbX
/AlyGal_yAsl_Xbe on GaAs substrates by a liquid phase
epitaxial technique [151]-[155]. However, the CW operation of
these lasers were obtained in 1976 [147]1[152], at this time

the CW operation of GayInl_yAsXPl_X/InP guaternary system

laser was achieved by Hsieh, Rossi, and Donnelly [164]1, and

the remarkable loss reduction of the optical fiber was achieved

in the wavelength of 1.3pm by Horiguchi and Osanai [8].

In the beginning of this work in 1977, we faced the problem
on the selection of a material which should be the best for
the low-loss optical fiber communications. After considerations
that the laser material could be grown lattice matched to the
substrate and the corresponding wavelength should be more than
1l.3um (since the minimum loss wavelength of the optical fiber
was estimated to be shifted to the longer side with the
continuous efforts for the reduction of OH content in it),

only two candidates were picked up among the III-V semiconduc-

- 18 -



tor compounds. Figure 1-7 shows the variation of the bandgap

and the lattice constént with composition for various III-V

semiconductor compounds given by Sasaki, Nishiuma, and Takeda

[143]. The solid lines and dashed lines indicate the bandgap

for a direct transition and an indirect transition regions,

'respgctively. From this figure, several groups of III-V
semiconductor compounds lattice matched to the substrates were
~picked up and summarized in Fig.l-8 with their corresponding
wavelength and the basic parameters of the binary compound
subétrates. The candidates for the low-loss optical fiber
communication seemed to be GaInAsP quaternary material on InP
substrate and AlGaAsSb quaternary material on GaSb substrate.
Then the GaInAsP/InP system was chosen from the following
merits in comparison with the AlGaAsSb/GaSb system.

[1] Free from the formation of tenancious oxides by an
introduction of Al, which leads to reliable and easier
crystal growth by a liquid phase epitaxy.

[2] The substrate InP has a wider bandgap than that of the
GaInAsP crystal, so that cladding layers for an optical
and an injected carrier confinements can be formed by
InP, which leads to easier crystal growth of a double
heterostructure. Figure 1-9 shows the lattice constant
and the bandgap of III-V semiconductor compounds by the
elements of (Ga, In, Al) (As, P, Sb) [l4l].

[3] The hardness of the substrate InP is larger than that of
GaSb, which is preferable for practical use.

[4] The melting point of the substrate InP is higher than

that of GaSb, which might lead to relatively larger
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tolerance of the crystal growth temperature by a liquid

phase epitaxy.

The current of that fime was on GaInAsP dquaternary system
and we could not get any successful information about AlGaAsSb
quaternary system. The successful reports of AlGaAsSb/GaSb
doubie heterostructure lasers have been done recently with the
operation wavelength of 1.5-1.8um region [143][156][157]. Other
material semiconductor lasers for the WaVelength frém 1 to

several um-were investigated in these three years [1581-[161].

-1.3 Progresses in research of GaInAsP/InP lasers

The appearance of GaInAsP quaternary semiconductor compound
on an InP substrate.has its origin in the theoretical study on
the bandgap and the lattice constant of GaInAsP crystal, which
was repdrted in 1974 by Moon, Antypas, and James [320]. They
clarified the relation between the alloy composition and the
bandgéé or the lattice constant of GaInAsP crystalvby use of
Vegard's law, and suggested the capability of the long wave-
length semiconductor laser for the optical fiber communication.
The first achievement of GaInAsP/InP laser was reported in
1975 by Bogatov, Dolginov, Eliseev, Milvidskii, Sverdlov, and
Shevcheﬁko [162] . Success in the room temperature CW operation
of this laser with the wavelength of 1.lum was reported soon
in 1976 by Hsieh, Rossi, and Donnelly [164]. After the big
~event in the optical fiber, the lasers with the operation
wavelength of l.3nm was aimed and achieved in 1977 by Yamamoto,

Sakai, Akiba, and Suematsu [167]. The (100) oriented substrate
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was used from this year, considering several advantages of
(1) easy forming of a laser cavity by cleavage, (2) feasibility
of a device fabrication on the analogy of AlGaAs/GaAs lasers
which were fabricated with the (100) oriented substrate, and
(3) relatively insensitive growth on misoriented surface. The
success of GaInAsP laser on the (100) oriented substrate
changed the trend of that on the (111)RB oriented substrate
and led out of following various kinds of stripe lasers.
After 1977, the number of’reporté.about GaihAsP/InP lasers
j»has been increasing year by year, because the life time of
vthis laser was assumed to be fairly long from the earlier
reports>of the life time of more than 4000hour and 10000hour
for the lasers grown by a vapor phase epitaxy and by a liquid
phase epitaxy, respectively [181][191]. A lot of stripe
structure lasers have been fabricated in order to get high
reliability such as a stable transverse single mode operation
and a low operation current, those by.a buried heterostructure
(BH) , a mesa substrate buried heterostructure(MSB); a rib
waveguide structure(RW), a self aligned structuré(SA), a ridge
waveguide structure(RidgeW), a buried crescent structure (BC),
a planar convex waveguide structure(PCW), a terraced substrate
structure(TS), a planar buried heterostructure(PBH),’a current
confined mesa substrate buried heterostructure (CCM), a
Separated multi-~layer structure (SML), an embeded mesa‘stripe
Structure (EMS), a V-shape grooved substrate buried hetero-
Structure (VGSB) , a shottky barrier defined- structure, and a
lens-like strip waveguide structure (LLSW).

The longer wavelength GalInAsP/InP lasers were investigated
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from relatively early time before the appearance of the
ultimately low-loss optical fiber [166][171][174]{176]1([179]
[180] . The room temperature CW operation of 1.5-1.6um wave-
length laser was achieved for the first time in July of 1979
by use of an anti-melt-back layer structure by Akiba, Sakai,
Matsushima, and Yamamoto [184]. Within a month after that,
Kawaéuchi, Takahei, Toyoshima, Nagai, and Iwane of NTT and we
obtained the room temperature CW operations. successively. The
reduction of the threshold current under room temperature CW
operation of the longer wavelength GaInAsP/InP laser was
échieved in the beginning of 1980 together with a transverse
single mode operation by introducing the buried hetero-
structure, by Nagai, Noguchi, Takahei, Toyoshima, and Iwane
[208] and by us [212]1[215]. However, there still remained a
big problem of the dynamic spectral width which means the
spectral width under direct modulation. In conventional semi-
conductor lasers which have Fabry-perot type cavity and facet
mirrors, the spectral broadening due to the mode ﬁopping and
mode competition was observed under high frequency direct
modulation even for the lasers which had built-in index step
for the transverse mode stabilization. Sakakibara, Furuya,
Utaka, and Suematsu reported the single longitudinal mode
operation under high-speed direct modulation in GaInAsP/InP
distributed Bragg reflector integrated twin guide (DBR-ITG)
laser with the operation wavelength of 1.3um [287]. Therefore
the operation wavelength of the DBR-ITG laser was shifted to
1.5~1.6um region [216] and the effective DBR-ITG lasers with

the buried heterostructure were obtained in 1981 by Utaka,
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gobayashi, and Suematsu [243]. However the threshold current
of those BH-DBR-ITG lasers were so high compared with a
conventional Fabry-Perot type laser, and the spectral property
of them under high frequency direct modulation was not so well
kxnown. Much effort was required to improve them and resulted
in the low threshold current operation and simultaneously the
narrow‘dynamic spectral width of less than 0.3nm with the
modulation frequency up to SGHz, which is described in Chapter
¢ of this thesis [2593.;After that,.such narrow dynamic
spectral width and the room temperature CW operations were
also achieved in GaInAsP/InP distributed feedback (DFB) lasers
at nearly the same time in October of 1981 by NTT group and
KDD group [261][262].

Other remarkable historical points in the progresses of
GaInAsP/InP lasers were the developments of the crystal growth
techniques, such as a vapor phase epitaxy(VPE) and a metal
organic chemical vapor deposition{MO-CVD), and of etched
mirror lasers. The VPE and MO-CVD techniques have seﬁeral
attractive merits compared with the LPE technique, such as
(1) suitability for mass production because of their simple
growth process and of the capability for a large size wafer
growth, (2) fine control of a layer thickness because of the
larger dynamic range in the growth speed, which enables us to
grow an ultra thin film devices, namely a quantum well
structure laser and a super lattice device. The room temper-
ature CW operations of VPE grown GaInAsP/InP lasers were
obtained with thelwavelength of 1.25-1.65um [1811[207][215]

[217]1[218]. MO-CVD grown GaInAsP/InP laser was reported in



1980, for the first time, by Hirtz, Duchemin, Hirtz, DeCremoux,
pearsall, and Bonnet [213], and was also operated under the
room temperature CW condition with the wavelength of 1.23um

in 1981 [250].

The etched mirror GaInAsP/InP laser was reported in 1980
py Iga and Miller [210], which aimed to make not only an very
shorf cavity laser but also make a batch process of lasers on
a wafer possible. The room temperature CW operation of this
laser was achieved in 1980 by Iga and Miller with the wave-
length of 1.3um [225].

The history of researches of GaInAsP/InP lasers was
summarized and listed in Table A in Appendix.

The lifetime of a GaInAsP/InP laser was estimated to be
far longer than that of an AlGaAs/GaAs laser though the dis-
location density of the substrate InP was much higher than
that of GaAs [291]{292], besides the limit power of the
optical damage to the facets of the GaInAsP/InP laser was |
found to be several times greater than that of thevAlGaAs/GaAs
laser [290]. Therefore the reliability of the GaInAsP/InP
laser could be better than any other laser at a present time
and will be improved for the practical use. Only the problem
of the GaInAsP/InP laser is a temperature dependence of the
threshold current, which wili be discussed later in Chapter 5.

The light'emitting diodes (LED) were also investigated
intensively for the short distance optical fiber communication

with a low transmission bandwidth [263]-[282]. The extrapolated
half lifetime in excess of lOghour was estimated at the ambient

temperature of 60°C in 1981 by Yamakoshi, Abe, Wada, Kamiya,
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and Sakurai [280], which led to the practical use for CATV

and the local communication system, etc.

1.4 Purpose and contehts of this thesis

This thesis gives investigations on the 1.5-1.6um long
wavelength GaInAsP/InP semiconductor lasers especially for
the light source of ultimately low-loss optical fiber
communications. Reliable 1.5-1.6um wavelength GaInAsP/InP
lasers were achieved by an introduction of newly proposed
anti-melt~back layer. Narrow dynamic spectral width reguired
for the long distance optical fiber communication was obtained
with BH-DBR-ITG laser.

In this thesis, Chapter 1 devotes to the introduction with
emphasis on the requirements of the light source for the long
distance and high capacity optical fiber communication.

In Chapter 2, the basis of 1.5-1.6um wavelength GaInAsP/
InP lasers with an anti-melt-back layer is discussed. The
temperature dependences of the threshold current and the
lasing wavelength of DBR lasers are discussedvto improve
the DBR lasers.

In Chapter 3, the crystal growth conditions of lattice
matched GaInAsP/InP lasers by the LPE technique are given
experimentally for almost complete wavelength region of
1.1-1.65um.

In Chapter 4, the lasing properties of GaInAsP/InP lasers
for the various wavelength are given, such as threshold
current density, temperature dependences of the threshold

current and the lasing wavelength, and so on.



In Chapter 5, fabrication process and the lasing properties
of buried heterostructure lasers of 1l.6um wavelength region
are given. The temperature dependences of the threshold current
and the differential quantum efficiency were measured and
analized.

In Chapter 6, fabrication process and the lasing properties
of buried heterostructure distributed Bragg reflector
integrated twin guide (BH-DBR-ITG) lasers of 1.5-1.6um wave-
length region are given. Dynamic spectral width measurements
under high frequency direct modulation up to 3GHz are given.

Chapter 7 is devoted to the conclusions.



CHAPTER 2 Basis of 1,5-1.6 wm WAVELENGTH GAINASP/INP
DousLE HETEROSTRUCTURE (DH) LASERs |

2.1 Introduction

In the study of 1.5-1.6um wavelength GaInAsP/InP lasers,
a meltback of the active layer during the growth of InP
cladding layer was the severest problem for a low threshold
current density operation. A new structure with an additional
"anti-melt-back (AMB)" layer was proposed and introduced for
the first time to overcome it. Another problem of the 1.5~1.6
um wavelength laser was to’get a narrow spectral width under

high speed direct modulation. It was overcome by an introduc-

‘tion of the distributed Bragg reflector (DBR) structure.

In this chapter, the threshold current density of the
newly proposed GaInAsP/InP double heterostructure (DH) laser
with the wavelength of 1.5-1.6um is discussed from the view-
point of the carrier confinement, the optical confinement,
and the first order gain. The temperature dependences of the
lasing wavelength and the threshold current density of a DBR
laser is also calculated taking account of the refractive

index variation due to injected carriers.

2.2 Carrier confinement

In the conventional GaInAsP/InP DH lasers with the wave-
length less than l.Sﬁm, a symmetric three layer structure was
used, where the GaInAsP active layer was sandwiched by both
N and p type InP cladding layers as shown in Fig.2-1(a).

However in the l.5—l.6ﬁm long wavelength GalnAsP/InP lasers,
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the active layer was easily melted back during the growth of
p type InP cladding layer in the liquid phase epitaxial growth,
GaInAsP of higher bandgap than the active layer was used as a
cladding layer to overcome it at the sacrifice of a low
threshold current density operation with a lack of the hetero-
junction barrier as shown in Fig.2-1(b). Therefore a four
1aye£ structure GaInAsP laser was proposed to give an encdugh
barrier height by InP cladding layer with inserting a GaInAsP
thin layer (the bandgap is larger than that of the active
- layer) between the active layer and the cladding layer as
éﬁown>in Fig.2-1(c). This GainAsP layer was named "anti-melt-
back (AaMB) " layer.

" The leakage current due to unconfined carriers is conside-
red in this section according to the manner presented by
Casey [339]. The carrier density injected to p type active

layer Nc is expressed as,

(2mZkT)3/2 o 5l/2 gg
N = _ (2-1)
c 2.3
21 R 0 1+exp{(E—EEC)/kT}

*
where m,, is the effective mass of an electron, k and fA=h/27
are the Boltzmann and Planck constants, T is the absolute
temperature, EFC and E are the quasi Fermi level of injected

electrons and an energy level both from the bottom of the
conduction band. The carrier density Np which contributes to

the leak across the p-p heterojunction is expressed as,

* 3/2
- (ZkaT) E1/2 aE

(2-2)
p :
21 %m3 JFAEC L+exp{ (E-Ep,) /kT}




where AE_ is the effective barrier height as shown in Fig.2-2
and is given as follows,
Epy~By2) ™ (Bpy=Eyy) ) (2-3)

where AEg is a bandgap difference between the active layer and

AEC=AEg~{(

the cladding layer, E is the quasi Fermi level of holes,

Ey1

and Ej, are the top energy levels of the valence bands in the

FV

active and the cladding layers.

When the field is taken as zero and only the diffusion
current is taken into account, the minority carrier density
in p type cladding region Np(x) is given,

7 Np(X)=Clexp(—x/Ln)+Czexp(X/Ln) (2~4)

where x is a position from the p-p heterojunctién, Ln is a
diffusion length of the electron. The arbitary constants are
evaluated by the boundary conditions. At x=0, NP(O) should be
Np given by eq. (2-2). And it goes to zero at the ohmic contact

located at a distance W away from x=0. Then, eq.(2-4) becomes,

exp{(W—X)/Ln}~exp{—(w—x)/Ln}
N (x)= N_ . (2-5)
P exp(W/Ln)~exp(—W/Ln) P

The diffusion current density Jn<is given by —eDndN/dx at

x=0,
eDnN
J = P (2-6)

=
" L tanh (W/L )

where D, is a diffusion coefficient of the electrons in p type
cladding region.
The diffusion current density due to holes can be derived

in a similar way,




eD N
J = p n (2-7)
L_tanh (W' /L
| pranh (W'/L,)

however, it is much smaller than Iy because of large value of
w' and small values of Lp' Dp’ and Nn'

Assuming that the threshold carrier density is 2X10180m-3

o) 3X10180m—3 and the impurity levels in both active and
cladding layers are the same, Epc is'calculatedvfrom eq. (2-1),

and Np ié given by eq. (2-2) putting the EF and AEC=AE

C g’
Figure 2-3 shows the leakage current density Jn due to the
drift current across the p-p heterojunction as a function of
AEg, where mz=0.043m0(for Ag=l.6§m)[293]—[295], Dn=75cm2/sec,
Ln=5um, and W=2um.were used. Here Dn was taken as constant
for each composition of quaternary cladding layer, whereas Dn
increases with the decrease of the bandgap of the cladding
layer in proportional to the electron mobility. Therefore, Jn
calculated heré»gives the lower limit of the leak current,
for the low threshold current density operation as low as
l—2KA/cm2, the barrier height AEC of more than 0.3eV can be
required.

In the four layer structure as shown in Fig.2-4, the
leakage current density due to the diffusion current is
estimated to be less than lA/cm2 because of higher effective
barrier height of AEC&O.SeV. An excess current density is
caused by the recombinations in the AMB layer and is given,

J,...=ed'N (2-8)

¥
AMB amp’
where d' and t1' are the thickness of the AMB layer and the

Carrier life time in it. NAMB can be expressed in a similar



way as eq. (2-2),

(2mZkT)3/2 o rl/2 4g
N :-————-f , (2-9)
AMB -, 23 AE!,  l+exp{ (E-Ey.) /KT}

wher¢ AEé is the barrier'height between the active layer and
the AMB layer. At high injection carrier density, the carrier
life time was experimentally found to be inversely proportional
to the iInjection carrier density [340], and is given,

1/1= N (2-10)
where Beff is the effective recombination constant and was

10

estimated to be 1-2x10~ cm3/sec for l.6um wavelength GaInAsP

/InP lasers. Using eq. (2-10), eqg.(2-8) can be rewritten,

2
'= '—1
JAMB/d eBeffNAMB (2-11)
Figure 2-5 shows the normalized carrier density JAMB/d' as a

function of the effective barrier height AEé, where Be was

£f
taken as$8X10*llcm3/sec [316]. The normalized threshold

current density of the conventional three layer structure is

written,

2
effVth

where d is the active layer thickness, N

Jth/d=eB (2-12)

th and Jth are the
threshold carrier density and threshold current density. For
1.3-1.5um wavelength GaInAsP/InP DH lasers of the conventional
three layer structures, Jth/d of approximately SKA/cmz/um was
obtained and N, was estimated to be 2x10"8cn™3 from it. as
can be seen in Fig.2-5, when the effective barrier height AEé

Of more than 0.leV was obtained, the excess of the Jth/d would

be only less than 20 percent even if the AMB layer thickness
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i

was comparsble to the active layer thickness. From egs. (2-11)
and (2-12), the observable normalized threshold current density
Jobs/d is given,

Jobs/d=éBeff{Nih+(d'/d)NiMB} (2-13)

2.3 Optical confinement
The optical confinement factor £ of the active layer

affects to the threshold carrier density, thus the effect on

£ by the insertion of the AMB layer is estimated in this

section. The refractive index profile used in this calculation
is shown in Fig.2-6. The electric field distribution for

guided TE mode is given as follows,

/Alexp{Kl(x+d)} -d>x> -
_ ~ Azcos(yzx)+A3sin(y2x), 0>x>-d
E_(x)= : (2-14)
Y A4cos(y3x)+A55in(y3x) d'>x>0
' \AGexp{—K4(x—d')} wo>x>d!
where A2=Al{cos(yzd)+(Kl/Y2)sin(Y2d)}
- Ag=A;{-sin(y,d)+ (K /y,) cos (v,d) }
— f . ~ T 1 I §
Ag Azcos(y3d )+A3(Y2/Y3)51n(Y3d )
. 2 __2.1/2
Ki-—Ko(neq ni)
_ 2.2 ,1/2
Y3740 (15 g
K0=2ﬂ/k

neq denotes the equivalent refractive index of the guided mode

which leads to the propagation constant as B=2ﬂneq/x .
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The eigen value equation is given from eq. (2-14),

K1%4
(K1+K4)cos(vzd)+(—;;—_Yz)81n(Y2d)

tan(y3d')= - (2-15)
K, K KaYa KoY
( 174 1 3+ 412

Y3 Yo Y3

—Y3)cos(y2d)—( )51n(y2d)
The optical confinement factor & of the active layer is

written, -
e=[gEs ax/ [~ B dx (2-16)

From egs.(2—14)—(2—16), £ was calculated and the results
are shown in Fig.2-7 as a function of.the active layer thick-
ness d with a parameter of the AMB layer thickness d', where
the refractive indices of nl=n4=3.1618, n2=3.5349(kg=l.62um),
n3=3‘3979(AAMB=1‘35ﬂm) were used. As can be seen in Fig.2-7,
the value of & hardly changes when the AMB layer thickness is
only about 0.lum.

Figuré 2-8 shows the equivalent refractive index neq as a
functidn of the active layer thickness. From thisg neq, the
maximum guide width WmaX for transverse single mode of the
rectangular waveguide is calculated by the analogy of slab

waveguide as,

- 2 __2,1/2
WmaX—A/{Z(neq—nl) } (2-17)

where ny is the refractive index of InP and neq is given by
eq. (2-15) . Figure 2-9 shows the W .x @5 & function of the
active layér thickness and the AMB layer thickness.
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2.4 Threshold current density
The threshold current density of semiconductor lasers is
defined by the gain, the loss, and the cafrier life time.
First, the linear gain with the assumptions of the
parabolic state density, the Fermi-Dirac distribution function,
and the momentum conservation(k-selection rule) was obtained
for the 1l.6um wavelength GaInAsP ‘active region according to

the theory presented by Yamada and Suematsu [341].

The linear gain u(l) of a lightly doped laser medium is
written as ,
X . A g (£ ~f) h
d(l):(u/g)i/2w<M>2[ CV' C "V ) aw (2-18)
| (Fu-W. ) >+ (/7. )2 = cv
WG cv in in
- _ *_ K * * .3/2 2.3 _ 1/2
where gcv—[{2mcmv/(mc+mv)} /(27°h )](WCv WG)
1

fc=[1+exp[{(wCV-wG)m$/<m;+m;)-(EFC-WG>}/kT]]‘

£= [Lrexp [ (= (W, —W ) me/ (metms) ~E, }/kr1] 7Y

U and ¢ are the permeability and dielectric constant, w is
angular frequency of the light, <M> is the expectation value
of the dipole moment, Tin is the relaxation time of the dipole
moment, mg, m;, and EFC’ EFV are effective masses and gquasi
Fermi levels of the electrons and holes respectively, and WG
is the bandgap energy. The energies in these equations are
heasured from the top of the valence band as shown in Fig.2-10.

Assuming a lightly p-doped laser medium, EFc and EFV are
determined by the following equations,




(2m )32 e wt/? aw
N =—— _C < (2-19)
2178/ 0 l+exp{(Wc—EFC+WG)/kT}
P =N+ P,
*3/2 1/2
_(2mV) T Iy (2-20)

27273 Jfo Ltexp{ (W ~Ep.,) /kT}

where N is the injected electron density, P is the total hole
density while PO is that thermally generated from acceptors.

P, is assumed to be almqst equal to the acceptor concentration

of leOl7cm_3 at room- temperature.

(1)

. To calculate « from eq. (2-18), the measured results for

and interpolated values from those of binary compounds for

M %

m

were used [294].

Fu

Figure 2-11 shows an example of the calculated results of
*
=

and Tin=l.OXlO_l35ec(intraband relaxation time) were used. The

*
the bandgap wavelength of 1.6um, where m O.O43m0, mv=0.62m0,
peak value of the gain spectrum is shown in Fig.2-12 as a
function of an injected carrier density with the various
values of Tin®
From the results in Fig.2-12, the peak gain uél) can be
approximately given by,

aél)ﬁAO(N—NG)=AON—uin | (2-21)
where AO is the gradient of aél) versus N, NG is the injected
Carrier density at which the peak gain is equal to zero, and
uinonNG is so called "biased loss of the laser medium".

The temperature dependence of the normalized peak gain as

@ function of N is shown in Fig.2-13 for Xg=l.6ﬁm. As can be



seen, approximation by eq. (2-21) is valid undexr most conditions.
B increases with decreasing temperature while N, decreases.
This is caused by the concentration of carriers into a narrow-
er energy region at lower témperatures due to the change of
the Fermi distribution function.

At threshold the péak gain aél) is equal to the total loss

in the laser cavity, i.e.,

(1) _
Eath = %10ss 7 -
=Eaac+(l—£)aex+ln(l/R)/2 (2-22)
where a(l) is u(l) at threshold, o is the total loss in the
i jo) ' "loss

th

" laser, £ is the optical confinement factor of the active region,
o and Oy, are the losses in the active region and in the
cladding region respectively, & is the cavity length, and R is

the reflectivity of the end mirrors.

In four layer structure lasers with the AMB layer, eq.{2-22)

may be written as,

(1)
E0¢h

=guac4g'qAMB+(1~g—g')aex+1n(1/3)/z (2-23)
where £' and Onymp 2re the optical confinement factor and the
loss of the AMB layer.

Combining egs. (2-21) and (2-23), the threshold carrier

density Nth'can be written,

Nep={0 ho, oy (B1/8) +a, (1-8-21) /E+1n (1/R) /2/8/ 38,
(2-24)
The relation between N and the current density J is
J=edN/TT (2-25)

where d is the thickness of the active layer and T1,, is the

T

total carrier life time which may be separated into radiative




and non-radiative parts. From experimental results, the carrier
life time was inverse proportional to the injected carrier
density as defined in eq.(2-10). Equation (2-10T can be

rewritten as follows,
TTzl/{Beff(N+PO)}zl/(BeffN)=TTONO/N (2-26)

where To, is a certain value of Tp @t a certain fixed value
of N.

From egs. (2-21), (2-25), and (2-26), the peak gain can be
written,

1)

=a, (3/a) Y/ 2q, (2-27)

(
0Lp in

e /2 1/2 _
where A —AO(TTONO/e) (2-28)

_ 1
“AO/(eBeff)

1
The calculated results are shown in Fig.2-14,.

Combining egs. (2-24)-(2~26). and (2-28), the threshold
current density can be written,

I =d/a%{a +1n(1/R) /8/E}? (2-29)
th 1" "total

where atotal=ain+aac+uAMB(g'/g)+uex(l—£—g')/E . >(2—30)
When the bandgap difference between the active and the AMB
layers was taken as more than 0.1lev, %aMB would be as same as
0.+ Thus the excess carrier density due to the insertion of
the AMB layer is negligible from the viewpoints of the optical
confinement and the loss. The excess of the threshold current
.density is only given by the recombination current in the AMB

layer as discussed in section 2.2.
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2.5 Temperature dependence of lasing wavelength of
Distributed Bragg Reflector (DBR) laser

For a narrow spectral width operation under high speed
direct modulation, a distributed Bragg reflector (DBR) laser
is one of the attractive devices. The fabrication processes
and the lasing properties of the BH-DBR-ITG lasers are detailed
in chépter 6. The importance of the DBR laser is a temperature
dependence of the lasing wavelength because the single wave-
iength operation condition depends on the wavelength shift due
to the change of the temperature.

In this section, the temperature dependence of the lasing
wavelength of the DBR laser is discussed taking account of the
refractive index variation due to the injected carriers. The
temperature range of single mode operation is also given.

The model used for the calculation is schematically shown
in Fig.2-15. In this figure, Li and & are the lengths of the
DBR regions and the active region, respectively. neq and ﬁ;;
are the equivalent refractive indices of +he DBR and active
regions, respectively.

| The reflectivity of the DBR at the end of the active region
is written,
ri=K/{—(AB—ju)+jycoth(yLi)}

=|x; lexp (-3¢;) (2-31)

Where k is the coupling constant between the incident and the
teflected waves, o is the loss of the DBR region due to the
free carrier absorption and scattering, Y2=K2+(a+jA8)2, AB is
deviation from Bragg condition given by,

AB=8—BO=2ﬂneq/k-pw/A (2-32)



A is the pitch of the corrugations and p=1 is for the first
order corrugations.

Using the complex reflectivies of DBRs' given by eq. (2-31),
the threshold condition of a DBR laser is written,

|zq ] lx,lexpli (~9,-¢,-2BL) Jexp (£, -a) £=1 (2-33)

where‘§=2ﬂneq/k, Iin’ and o are the propagation constant in
the active region, gain, and the loss of the cavity. The lasing
- wavelength condition is given by,

2E£+¢1+¢2=2mﬂ ‘ (m:integer) (2-34)

Assuming that the variation of the phase of the reFlected
wave ¢i is proportional to the deviation from Bragg condition

AB and the proportional constant is defined as,

(2-35)

B

3 =21,
3 (ABlAB=0  ©

£ £ 3
fo,1

where Lofs is so called the effective length of DBR region.

Then the mode separation Asep of the DBR laser is written as,

X
x = (2-36)
sep  2{AB et (Lo ppqthopen) Dogy!
ane ane
where Refr Neg 3N NeffPeq M35+ Lefr1 Leppy are for

DBR regions 1 and 2 as shown in Fig.2-15. Figure 2-16 shows
the calculated results of Leff as a function of the length of
‘the DBR region with parameters of kI and a.

When the lasing condition of eq. (2-34) is satisfied at the
temperature T, the increase of the temperature AT causes the
increase of A, AE;&, An__, and A¢i. Then the lasing wave-

eg
length condition is written as,
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Fig.2-16 Calculated effective length of DBR region as a

function of the DBR region length and «L.
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AT (g HAR ) L/ (AFAN) +(§1+4¢7 ) + (9 )+A¢ ) =2mn  (2-37)

| e o
where Aneq=8T AT+8A AX

9¢d.0on 30,

_9¥i%eq i
A¢i"3neq8? AT+sy

A

" Using eés.(2—34) and (2-37}, the differential coefficient of

the lasing waveiength to the temperature is given by,

aneG o Bne
B T L
%’% = A LR+ (L, +1L Yn (2-38)
o Meff VYeffl Merf2! Nefr

Aé can be seen, the variation of the lasing wavelength is
éxpressed by the averaged equiValént refractive index wvariation
due to. temperature variation. The equivalent refractive index
of the active region neq varies with the injected carriers

[298]11299], it is rewritten as,

- on -
neq—neq0+g3N N {2-39)

where ﬁ;&g is the equivalent refractive index of the active
region without carrier injection, T is a refractive index of
the active layer, £ and N are the optical confinement factor
of the active layer and the injected cafrier density. From

the experimental results of the temperature dependence of the

on
lasing wavelength of DBR lasers,-§fgg was estimated to be
approximately 3X10—4deg—l [243]. -%%~was estimated to be

~7n-10x10" 21

cm3 from the measurement of l.6um wavelength BH
laser [340]. Threshold carrier density variation due to the
temperature variation is estimated to be approximately

3X1016cm—3deq—l taking account of the temperature dependence

- 5] =~




of the threshold current density and the carrier life time.

Thus the effect of the injected carriers on the temperature
dependence of the equivalent refractive index should be taken

account. Then putting the eq.(2-39) into eq.(2-38),

g _ dN an
egO on —th _eq
o Yar tohawar )t Ceeeitlasen) 5
dx_ : (2-40)
dT Arr * (Lgpetlopen)Dgpg

where Nth is a threshold carrier dehsity. The temperature
_dependence of the threshold carrier density can be derived
- from the eq. (2-33) and the following assumptions.
Assumption (1) The gain profile is parabolic for the axis of
wavelength and written as,
Gep=aN,~b=c' (A=1,) > (2-41)
where KO is the peak gain wavelength, c' is a
constant, a and b are the constants correspond-
| ing to AO and 05 in eq. (2-21), respéctively.
Assum. (2) Temperature dependence of the threshold carrier
| density at A=AO is expressed by an exponential
function from the analogy of that of the threshold
current density and written as,

‘Nth(xzxo)=Nth0exp{T/(2T0)} (2-42)

where T0 is the temperature coefficient of the
threshold current density as given by,
Ten™T gno®¥P (T/Tp)
Assum. (3) The loss due to DBR mirror is approximated as
parabolic function in the main lobe near the Bragg

wavelength. For a symmetric structure DBR laser,
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the mirror loss is written by,
2_.- : 2
In| (1/x) | “=Rp{1+a(A-Ay) “} (2-43)

where AB is the Bragg wavelength, RB is the mirror
loss at_k=ké, d is a fitting parameter. In the case

of kL<1, RB and d can be expressed as,

RB =21n{coth (kL) } (2-44)

ln[l+{coth(KL//§)}2]—21n{coth(KL)}—ln2’

- 2{AZ/(Z )}21'{ th (kL) } (2-45)
»K B Trneq n{1co K

where the loss of the DBR region o denoted in the
eq. (2-31) was neglected.
Then the threshold condition for the symmetric structure

DBR laser is expressed by using egs. (2-31) and (2-43),
= LT , -3 12 _
ggth—guacf(l E)an+RB{l+d(X AB) /% (2-46)
The threshold carrier density can be obtained from egs. (2-41),

(2-42) , and (2-46),

Nth=Nth0eXp{T/(2To)}+{c‘(A—AO)2+RBd(A~XB)2/(EZ)}/a
(2-47)

Differentiating eqg. (2-47) by the temperature with assuming

that a, b, <¢', 4, RB' ¢, and 4 are independent of the temper-

ature,
aN dx dx di
—th 70 B -
ar =Rar~Bar ~Car P (2-48)
where A=2{C'(XfAB)+RBd(K—KB)/(§Q)}/a

B=ZC'(A~AO)/a
C=2Rpd (A-25) /(ERa)

D=Niy o/ (2Tl exp{T/(2T,)} .
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di ’
EEQ was considered to be constant from the experimental results
da

shown in chapter 4. EE- is given by,

dAi Ag on
aTB= . 'aTeq ' (2-49)
Defe

combining the egs. (2-40) and (2-48), the temperature dependences
of the threshold carrier density and the lasing wavelength can
be obtained by an iterative calculation method.

dN A di
T is positive, == is always smaller than =—= and

When gT ar

the lasing mode goes to the shorter wavelength side with
-iﬁcreasing the temperatufe in relation to the Bragg wavelength.
Then the lasing mode jumps to the next mode at the wavelength
éf AB—Aﬁksep/Z. The conceptional diagram of the movements of
the lasing mode , Bragg wavelength, and the peak gain wave-
length is shown in Fig.2-17. Figure 2-18 shows the conceptio~
nal diagram of the lasing wavelength as a function of the
tempéféture. For the conventional structure laser, the lasing
mode jumps to the next mode with a small increase of the
temperature of Tsﬂksep/cggg), which is approximately 2deg for
1l.6um wavelength GaInAsP/InP laser with Asep=lnm.

Assuming that the lasing wavelength A is just the Bragg
Wavelength at the temperature of 300K, the differential
.COefficient% is calculated from eqs. (2-40) and (2-48) as a
function of the gain peak deviation from the Eragg wavelength
as shown in Fig.2—19(a).-%%-varies with the temperature due to
the variation of the gain peak wavelength deviation Ao~Ag-

However, the single mode operation temperature range T  can be

Toughly evaluated by the following equation,
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iy O
ar . 4T

(2-50)
and the results are shown in Fig.2-19(b). As can be seen, the
reducfion of the threshold carrier density leads to large T,
at the fixed values of £ and £.

Eg. (2-50) can be approximately rewritten,

*s

T

s (2—51)

T . 2¢' Q>‘0}

2T, o (Ag=AolaT

o+ th
208 (~5) G e
0

From the eq. (2-51), the reductions of £ and & are effective to
increase ng They correspond to the increase of Asep and the
suppression of the refractive index variation due to injected

", carriers, respectively. Combining the egs.(2-12), (2-40), and
(2-48) , the temperature dependences of the threshold current
density and the lasing wavelength were calculated iteratively.
Wide temperature range of single mode operation of more than
100deg can be obtained by the reduction of the active region
length as shown in Fig.2-20. Figure 2-21 shows an example of
the temperature dependences of the threshold current density
and the lasing wavelength with 2=100um and £=0.22.

This kind of mode jump is particular for a DBR laser which
consists of an active and a passive regions, not for a DFB
laser which consists of only an active region. Thus the wave-
“length tuning mechanism by use of an electro-optic effect is

required for a DBR laser.

- 55 -




digs di di
Loss arar 4 74t
B} (-0-1nm/deg)
Inm—s> dia
1 T ar
21569.
(-0.13nm/deg)

’;//,,,/ﬂ—" As Wavelength

Gain  10cnY dlo
dT

0-5nm/deg)

————Y.30nm

Fig.2-17 Conceptional diagram of the monements of the
lasing mode, the Bragg wavelength, and the gain

peak wavelength with increasing the temperature.

#  Conventional LD Fig.2-18

éi«—ko Conceptiohal diagram
4/ of the lasing wavelength
| ﬂl » as a function of the
/’/;! DBR LD temperature.

Wavelength )

Temperature



o
®

e
5
€ . —_ ]
L0133 .
2 d1p/dT =0131 (nmidegq.)
~ 18 -3
o N"‘z.-15=2 X107 (em™)
Y
(a) £
TG 3x10"®
c2012 - —
T
&2 4x10"
£g 5x10%
K
g0 - =
E RO NSRSV S N N
s -0 =30 =20 -0 0 10 20 30 40

Gain Peak Deviation 1.-1s (nm)

£

i ] i T ; |

120 Ninly - 1,22 X10° (cm®) -

T (deg.)

100

60 I.N

A T

(b)

20 T

of Single Mode Operation
(841
x
<%

Temperature Range

0 TN RV TSN RN S S
-40 =30 -20 -0 0 0. 20 30 40
Gain Peak Deviation .-215 {hm)

Fig.2-19 (a) Temperature dependence of the lasing wavelength
as a function of the gain peak deviation from
Bragg wavelength. Used parameters are 2£=300um,
=L.=2 = =1 =
Ll 2 250um, Leff 100um, xIL=1, neq 3.2960,

P .

_ = _ 31~ 9n
neq—3.2630, neff—3.6960, neff—3.6630, eg="""eg=

.y — Y a
3x10" %deg™ 1, Ag=1.6um,£=0.22, oT  oT
.7y - — — A
%§= 7.2x107%ten™3, a=1.80x10"%6em?, c'=3.52x10%

cm_lum‘z, d)‘§2=O.5nm/deg, T,=60K, and T=300K.
dT :

(b) Single mode operation temperature range as a

function of the gain peak deviation.



Fig.2-20

(kA /cm?)

10

Threshold Current

140
120
©100

T

Temperature

i
K
o

G 100

200
Active Region Length

300
P (pum)

Single mode operation temperature region indicated

by hatched area of a DBR laser as a function of the

active region length. Used parameters are as same as

those in Fig.2-19.

201

| ] | ] l Eo

I =100 pm
A=AFAF71.68um
at 60°C

S Jth

/ 158

—1.569

|
-
o
N

0 50

Temperature (°C)

‘Wavelength { ym)

Fig.2-21 BAn example of the temperature dependences of

the lasing wavelength and the threshold current

density.

- 58 -~



2.6 Conclusion

The threshold current density of the four layer structure
GaInAsP/InP double heterostructure'lasef with an additional
anti-melt-back (AMB) layer was discussed theoretically from the
viewpoints of the carrier confinement and the optical confine-
ment. The excess of threshold current density due to the
insertion of the AMB layer is caused mainly by the recombinat-~
ion current in the AMB layer and it was found to be negligible
'when the effec+1ve barrier height between the active layer and
the AMB layer was more than 0.l1eV and the thickness of the AMB
“layer was less than 0.3um.

The temperature dependences of the lasing wavelength and
the threshold current aensity of DBR laser were theoretically
discussed taking account of refractive index variation due to
the injected carriers. Single mode operation temperature range
can be increased more than 100deg by the reductions of thé.
active region length and the optical confinement factor of the

active layer.



CHAPTER 3 GROWTH CONDITION OF GAINASP/INP CRYSTAL

3.1 Introduction

It is an essential to get a lattice matched GaInAsP
crystal on the substrate InP for an efficient light emitting
devices such as a semiconductor laser. In case of an AlGaAs/
caAs double heterostructure laser, the lattice mismatch of
less than 0.05 percent can be kept for ordinary used wave-
length, which gave far easier way to get a high performance.
However, the difficulty and the tireness in getting the growth
condition for a lattice matched GaInAsP crystal should be
cancelled cut by taking account of the advantages which
GaInAsP guaternary crystal has inherently. GaInAsP/InP
lasers can be operate with the wavelength region of 0.92-1.67
um by choosing the appropriate compositions while the complete
lattice match is maintained.

In this chapter, the growth process and the conditions for
the lattice matched GaInAsP/InP DH lasers over the almost
complete wavelength range of 1.11-1.65uym are given. The two
phase sclution technique and the substrate of (100) oriented

InP were used.

3.2 Lattice constant and bandgap of GaInAsP crystal

The lattice constant ag and the bandgap of GayIn s

l—yA xPl—x
quaternary crystal was calculated by Moon, Antypas, and James
in 1974 for the first time with an extrapolation according to

Vegard's law [320]. They derived the equations for ay and Eg

45 a function of the compositions of x and y from the lattice



constants and the bandgaps of the four constituent térnaries.
tn 1978, Nahory, Pollack, and Johnston derived the same kind
equations from those of the four constituent binariés of InP,
GaAS, InAs, and GaP, and demonstrated the Vegard's law [331].
perived equations for the lattice constant ao(A) and the

pandgap Eg(eV) are as follows,

2 (x.v)=5.8696-0.4184x+0.1894y+0. 0130xy (3-1)
2
Eg(x,y)=1.35+0.668x~1.17y+0.758x°+0.18y"
~0.069xy-0.322x2y+0. 03xy> - (3-2)

From ed. (3-1), the relation between x and y is given for any
GaInAsP crystai lattice matched to InP crystal by substituting
ao(x,y)=5.8696. Therefore the bandgap of the quaternary
crystal lattice matched to InP crystal is defined by one of
the compositions of x and y. The bandgap for the guaternary
crystal lattice matched to InP was empirically given'by
following equation [331],

Eg (y)=1.35-0.72y+0.12y> (3-3)
The contour map of the lattice constant and the banagap as a
function of the alloy compositions is shown in Fig.3-1. The
lattice constant of the four constituent binaries are listed

in Table 3-1.
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Table 3-1 The lattice constants of the

four constituent binaries.

Material Lattice constant ()

InP 5.8696

GaAs 5.,6536

InAs 6.0560

GaPp 5.4512

GaP Ga In. As p GaAs
(2.26eV) Yoy T -x (1.428V)
1.0 5. SOA 5.558A 5.60R  5.65A
0.
0.
0.
0.
>,

0.

o O o

+\

0.0
0.00.10. 203O 44.50.60.70.80,91-0
Inp InAs

(1.35eV) X (0.35eV)

Fig.3-1 The contour map of the lattice constant and the
bandgap as a function of alloy compositions of

x and y for GayInl_yAsxPl_X
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3.3 Liquid phase epitaxial growth technique

For the study of GaInAsP/InP lasers, the liquid phase
epitaxial (LPE) growth technique was employed with a conven-
tional horizontal type électric‘furnace. In this growth
process, the solutes are first disolved into the solvent at
the high temperature, then the substrate crystal is shifted
into énd touched with the solution with cooling the temper-
ature gradually or step by step.

In the growth of GaInAsP crystai, the solvent of Indium,
the solutes of InP,GaAé,'and InAs were used becéuse the
contour line of the lattice constant of InP lies on the
triangle area surrounded by those three constituent binaries.
The dopants of Zn and Te were mainly used for p and n type
regions because they are more reliable compared with other
dopants of Cd and Be for p type and Sn, Ge,>and Si for n type.
The growth temperature is limitedrfrom 580°C to 750°C because
the thermal damage due to the decomposition of InP substrate
becomes severe at 750°C and the growth instability aue to the
low solubility of P comes out at 580°C [335]}[336].

There are typically four kinds of LPE growth techniques,
namely, the equilibrium-cooling growth technigue, the super-
cooling growth‘technique, the step-cooling growth technique,
and the two-phase solution super-cooling technique [321]. In
the growth of GaInAsP quaternary system, the setting of growth
Parameters are complicated, because we have to determine the
growth temperature, the super-cooling temperature, and ﬁhe
distribution coefficients of Ga, As, and P in the Indium melt.

Thus, in the beginning of this research, it was very difficult



to grow, at will, a given composition of GaInAsP crystal, so
that we have to use the two-phase solution technique for the
growth of GaInAsP/InP DH wafer. Using this technique under a
consistent growth process, we could eliminate one parameter,
namely, the distribution coefficient of P. Because in this
technique the source crystal of InP can be loaded in excess
amount to saturate the Ga-~As-In solution, so that it is not
necessary té control or change the amount of InP when the
other components are varied. A detail report was given by
pollack,=Nahory, DeWinter, and Ballman concerning this two-
phase solution technique used for the growth of GaInAsP
lattice matched to (100) InP [328]. We have also reported it
separately [180]. As the details of both experiments were
different from each other, our results are compared with
theirs: in section 3.4.

In this section, the apparatus of LPE growth for this
study, the preparation of growth materials, and the growth

process are desgcribed.

(1) LPE apparatus

Two groups of LPE apparatus were used in this study,
that is, a combination of LPE furnace A and the carbon boat A
and the other combination of those B. First the two LPE
furnaces are explained with the help of the illustrations as
shown in Figs.3-2 and 3-3. The apparatus consists of the
electric furnace with an accurate temperature controller and
the processor for cooling control, an evacuation system, a

hydrogen purifier, a nitrogen filled box, and a quartz




reaction tube penetrated into the furnace. The horizontal
sliding type carbon boat is located at the center of the
furnace which consists of three zone block heaters. The
temperature flatness aloﬁg the Sliding direction of 0.05°C
within 20cm long growth region can be obtained by adjusting
the temperature controllers. As shown in Fig.3-3, the furnace
B>has é ﬁoving mechanism, the faster cooling after the growth
is capable and leads to the reduction of a thermal damage due
to the decomposition of InP. It also has a high vacuum turbo ..
molecﬁlar pump for the reduction of the residual impurities
by a high temperature baking (800-900°C) under a high vacuum
of 10_6Torr.,The specifications of these apparatus are listed

in Table 3--2.

Table 3-2 Specifications of two LPE apparatus A and B.
Apparatus A B
Electric Length 75¢cm 120cm
furnace Width 45cm 45¢cm

Height 40cm 40cm
Reaction Length 1400mm 1500mm
tube Diameter 7 0mm 70mm
(Quartz) Thickness 3mm 3mm
Evacuation Rotary pump
system Rotary pump Turbo molecular

pump

Vacuum -3 -7
degree (Torr) 10 10
Temperature (°C) 400-1000 400-1300
range )
Raising or o . _ _
cooling rate {(°C/min) 0-9.9 0-9.9
(Accuracy) (°C/min) 0.01 0.01
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Fig.3-2 (a) Schematic diagram of the LPE apparatus A, and
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The two types of the horizontal sliding boat made of high

purity graphite were used for this study as shown in Figs.3-4

and 3-5. The boat A was used with the furnace A in the early

term, mainly for the study of the growth conditions of lattice

matching. The boat B was used with the furnace B for the

growth of larger size wafer which made the fabrication of the

integrated twin guide lasers and the buried heterostructure

lasers much easier. These boats basically consisted of four

- parts, namely, (a)- the solution holder, (b) the substrate

holder, (c) the chassis, and (d) the screws used to contact

the’ solution holder and the substrate holder tightly in order

to prevent the solution from carrying over. In the bocat B, a

large well was opened to set a cover of InP just on the

substrate in order to prevent the thermal decomposition of it,

which was an useful way for the regrowth of the etched and

shaped wafer.

in Table 3-3.

The specifications of these boats are listed

Table 3-3 Specifications of two growth boats A and B.
A B
Length 119mm 176mm
Solution holder width 4 2mm 50mm
Thickness 10mm Smm
Bin size 7mmX 7 mm 12mmX2 0mm
(7pieces) (10pieces)
Length 23 1mm 360mm
width 2 2mm 31mum
Substrate holder Thickness 5 mm 3mm
Channel size 7mmX 9mm 12mmX22mm
depth 0.4mm 0.4mm
Length 225mm 350mm
Chassis width 4 2mm 50mm
Thickness 16mm 10mm
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Fig.3-4 Schematic diagram and the photograph of the growth
boat A, which consists of (a)the solution holder,
(b) the substrate holder, (c)the chasis, and (d)the

screws.
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Fig.3-5 Schematic diagram and the photograph of the
growth boat B, which consists of (a)the solution
holder, (b)the substrate holder, (c)the chasis,

and (d)the screws.
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Before the use, a new boat was treated by following
procedures.

[1]1 A1l the parts of the boat were cleaned in pure water
using ultrasonic cleaner. The pure water was changed
with the interval of 30min cleaning until the water
did not become cloudy with carbon radicals(3-4 times).

[2] They were dried in natural air with a drying lamp after
blowing the water drops away.

[3] They were baked for about 4hour in high vacuum of 10~
Torxr withléhe temperature of 900°C.

[4] They were baked for 1-3 days in hydrogen atmosphere with
the temperature of 900°C. , P

[5] After the construction, Indium was loaded into each bin,

then the baking was continued with the same way as in [47.
[6] Baked Indium was taken out, then the boat underwent to

the growth. When the Indium contacted tightly,with the

boat, the solute of InP was put into the meth

- In the use of the furnace A, the procedure [3] was avoided.

ion Qf,grqwth,materials
‘preparation of the growth, the substrate InP, the source

:Crygtal;flnp,‘GaAs,‘and‘InAs were cleaned by;u;trgsgg;c clggner;

i?»@??hY;fa;mOth,,trichloroethylene,.and methyl alcohol again

7f9¥55f,lo,,and 5min, respectively. Then the substrate, the

source crystals, the solvent Indium, and the dopants were

'etch@@ as follows.

,Illzihe substrate InP was treated with the solution of

,320+§H259 (95kpercent)+H202(35 percent) at 70-90°C

4




[2]

[3]

[4]

for about 20sec in order to prevent it from the
generation of uneveness after the following etching by
Br-methanol. The etching was stopped by flashing the
beaker several times with pure water. Then the beaker
was flashed with methanol.

The solvents of 6n grade Indium were etched.by HNO3(60

percent) for 3min. Electronic grade HNO, should be

3

diluted with the same volume of pure water to suppress

-the furious reaction. Then etching was stopped by the

same manner as in [1].

The substrate and the source crystals were etched with
0.3 percent Br-methanol for 2min. The etching was
stopped by flashing tha beaker several timea with
methanol. In the case of the etching of the substrate,
appropriate etching time was used for the thickness of
each substrate. Then the etching was stopped by methanol
thoroughly. |

The dopant alloys of In-%n and In-Te were etched with
diluted HNO3(30 percent) for 30sec. It was stopped by

the same manner as in [1].

After above mentioned etchings, the substrate, the source

crystals, the solvents of Indium, and the dopant-~alloys were
cleaned by methanol and preserved in high purity grade
methanol. Then they were dried in natural air by use of a
drying lamp, and put on glass spoons. Figure 3-6 shows the
pPhotographs of (a) small glass ladles used for ultrasonic
cleaning of the source crystals and the substrate and (b)

glass spoons used to carry the growth materials into the



(a)

Fig.3~-6 Photographs of (a) glass ladles used for ultra-
sonic cleaning and (b) glass spoons to carry the

source materials.
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nitrogen box.

In the earlier study Qf the growth, 5n's or 6n's pure Te
and Zn were used as the n and p type dopants, respectively.,
These dopants have fairly high distribution coefficients.

Then the dopant alloys of In-Te and In-%Zn were prepared by
dissolving the dopants into Indium under the same condition
as thelwafer growth, that is, after keeping the temperature
670°C for 40min it was cooled down with a cooling rate of
0.85C/min for 50min and the furnace was moved out.

Other'dgpant matérials Sn and Cd were also tried but their
distribution cbefficients were much low,which made us afraid
of the affection to the growth conditions. Not only that Cd
has high vapor pressure at the temperature of 670°C, it
sublimated from. the solution and congealed to the cool region
of reaction tube such like soot.

The donor and acéeptor concentrations as a function of the
atomic fractions of Te and Zn in Indium are shown in Fig.3-7
(a) and (b), respectively [327]. In Fig.3-7(b), the éqceptor
concentration measured by C-V characteristic method of the
grown wafers using 1 percent (weight) In-Zn alloy is shown as

a reference, after Rosental, Itaya, and Suematsu [328].

(3) Growth process
After cleaning and chemical etching, solution sources
were loaded into graphite boat in nitrogen ambient gas in
Order to prevent the oxidation and to keep the locading area
clean.

After the loading, the reaction tube was evacuated and
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Fig.3-8 (a) An example of growth schedule used for the
| growth of the three layer structure laser.
(b) Conceptional diagram of the two-phase
solution growth technique. Excess of InP
source crystal is considered to be floating

on Indium solvent during the growth.



flashed with Pd-purified hydrogen gas for 0.5-lhour. Then the
DH wafer was grown with the schedule as shown in Fig.3-8. The
temperature was raised rapidly to about 630°C in 30min, then
slowly raised to the soak.temperature of TS=67O°C in 37min,
and held there for 40min to dissolve the source crystals into
Indium. Then the temperature was lowered with the cooling

raterof 0.81°C/min. When it came down to 663°C, the substrate

was slid into pure Indium melt and held there for 1l0sec to
remove the gas etched surface. By this procedure the substrate
was melted back about 10umAdepth. As the depth of melting back
wés larger at the edge of the substrate, that the first layer
of n type InP was grown about 10um thick to compensate the
discrepancy of the substrate orientation caused by the melting
back procedure. When the temperature came down to a fixed
point of the growth temperature Tg’ the substrate was slid
into the solution for the growth of GaInAsP active layer. At
last a cladding layer of p type InP was grown. However, as
there was a problem of melting back of an active layer for
longer wavelength lasérs(k?l.Sum), these longer wavelength
lasers were realized by different configuration of DH wafer
as detailed in section 3.6.

After the growth, Indium left over the substrate was
removed by putting it into Hg and wiping off thevsurface with
methanol. Then the grown wafer was applied to the measurement

of a lattice matching.

3.4 Growth conditions of lattice matched GaInAsP/InP DH wafer

For the growth of heterostructure crystals it is very
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important to get lattice matching between the crystals with
different compositions, not only the crystal growth itself,
but also from the viewpoint of highly efficient and reliable
devices. The lattice mismatch of AlGaAs/GaAs DH structure
was ordinary about 0.04-0.05 percent for the value x (Al
content ratio) of 0.3-0.4, however highly efficient and
reliabie devices have been obtained even though such
relatively large lattice mismatch exists. On the contfary in

the GayIn S Pl_y/InP DH system, complete“lattice match can

l--yA b
; in principle, be obtained in the wavelength range of 0.92-
vl.67ﬂm by choosing the appropriate compositions of x and y
[1791[184][320]1[323]. So there is a possibility of more
reliable devices in this quaternary system than the AlGaAs/
GaAs system. In this section the growth conditions of lattice
matched (100) GaInAsP/InP DH lasers in the range of 1.11-1.65
um are given.

The lattice mismatch between GaInAsP quaternary layer and
InP layexr was eyaluated by X-ray diffractometer meagurements.
In this measurement, the diffraction of Cu~Ka doublet
radiation frdm the (400) plane was used, the lattice mismatch
Aa/a (percent) was calculated from the diffracted peak shift
angle A6 (rad) of Cu—Kdl and is given by,

Aa/a=A08coth (3-1)
Substituting 6=31.7(deg) into eq.(3-1), the lattice mismatch
as a function of A6 (min) was calculated as shown in Fig.3-9.
For example, the diffraction pattern obtained by reflections
O0f Cu-Ko doublet radiation from the (400) planes are shown in

Fig.3-10. The estimated lattice mismatch resolution from the

~



resolution of the diffractometer was less than 0.02 percent
in the best condition but usually less than 0.03 percent. As
the lattice mismatch was‘usually within the resolution of our
diffractometer, that we refer it only as within of 0.03
percent.

In the super-cooled solution technique, P or Ga fraction
in liqﬁid solution was changed in order to get the lattice
match [322], However, adopting the two-phase solution technique,
the lattice match-can bé obtained by chaﬁging the As atom
fraction= |

v'vFoilowing discussion is limited mainly to the case of the
two—?hase solution technique. The growth solution consists of
InP,GalAs, InZs, and In. If the amount of InP and GaAs can be
fixed, only the As atom fraction could be controlled by
varying the amount of InAs, because the atom fraction of In
in the solution is very large compared with the other three
elements. In these experiments with use of the LPE apparatus
A and the boat A, 1 gram of Indium solvent was ﬁsedvand the
amount of InP was fixed to be 1l0mg. Then the amount of InAs
was changed for a given amount of GaAs, and the lattice
mismatch of the grown wafer was measured. The lattice mismatch
Aa/a changed almost lihearly with the As atom fraction in the
two-phase solution at a given amount of GaAs, as shown in Fig.
3-11. In the same way, the lattice matching conditions of As
atom fractions for various amounts of Ga atom fractions were

determined experimentally.

Then the dependences of lasing wavelength on the growth

temperature Tg and on the amounts of loaded source crystals
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for the léttice matched GaInAsP crystal under the fixed soak
temperature 'I‘S were studied. The results are shown in Fig.3-12.
The weight of GaAs or InAs for any composition of lattice
matched GaInAsP grown on (100) InP can be directly read from
Fig.3-12. It is remarkable that in the case of Tq=631°C the
lasing wavelength varies linearly with the weight of GaAs in
limited‘range from 1.25um to 1.55um. This tendency was also
observed with Tg=623°C and the rate of 1as%ng wavelength shift
to the amount of the GaAs was ZO(nm/mg). Lasing wavelength is
80 sensitivé with the amount of.GaAs, that GaAs was weighed
Qﬁite accurately with an error of less than 1 percent. The
lasing wavelength fluctuation of laser diodes cut out from the
same wafer was typically about 20nm. So it is possible to
obtain a laser emitting at any wavelength with setting error
of less than 20nm using the two-phase solution technique. The
gradient of the curve on InAs weight corresponds to severity
of lattice match because lattice mismatch has a correlation

to wavelength shift due to the change of solid compoéition
[322] [332]. There is another remarkable point in Fig.3-12: the
lattice match is rather severe for the growth of DH wafer of
longer wavelength compared with that of shorter one. The
growth temperature dependence of lasing wavelength is also
read from Fig.3-12. The data are translated, for simplicity,
as shown in Fig.3-13, with a parameter of the amount of GaAs.
In this figure, three data points (GaAs/In>2 weight percent)
are consistent with the other two pairs of data linked by

solid lines. The incremental wavelength-growth temperature

ratio was AA/ATg=—4.5nm/deg and is in good agreement with



the value of -3.9nm/deg obtained by "step-cooling" technique
[332]. When Tg was reduced from 631°C to 623°C with using.the
same composition of the solution, the lattice mismatch changed
only less than 0.05 percent, but in the case of Tg=615°c the
amount of InAs for lattice matched growth changed more signi-
ficantly. From these results concerning lattice match, the
two~pha§e solution technique for this gquaternary system is
considered to be more stable than the "step-cooling" technique
in this limited temperature range. And the above mentioned
Significant change of the amount of InAs at Tg=615°c is
jbohéidered to be caused by the nature of large superncboling
temperétureg[322]. Thus several pairs of Ga and As fractions
in the different lasing wavelength were obtained under the
temperature condition of (TS, Tg)=(670°C, 631°C), as given

in Table 3-3.

For comparison to other experiments published previously
the solid compositions should be known. For this purpose, we
simply assumed that the lasing wavelength A corresponds to the
bandgap energy Eg’ and obtained it by following relation,

Eg(eV)=l.2398/K (um) . (3-2)
This assumption leads to the error of less than 10 percent in
accounting the solid compositions X and v of GayInl—yASxPl—x'
The lattice matched ternary Ga0_471n0.53AS/InP laser was .
Operated at A=1.67pm [179][184], the difference between the
bandgap wavelength Xg=l.656um of the lattice matched GaInAs
on (100) oriented InP, which was measured from photolumine-
Scence spectra by Pollack, Nahory, DeWinter, and Ballman [328],

Was only 15nm.
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Using Eg determined from the iasing wavelength, the solid
éompositions x and y were estimated with a help of the Vegard's
law deduced by Nahory, Pollack, and Johnston [331]. Figure 3-
14 shows the As atom fraction in the two-phase solution and
thus estimated solid compositions x and y versus Ga atom
fraction in the two-phase solution for the growth of lattice
matched GéInAsP on (100) oriented InP. In this figure, thus
estimated values x and y are about 10-15 percent larger than
- those by Pollack et al [328], even thouéh the felations of Gg,
énd As fractions in the two-phase solution are almost coinci-
dent with each other. Thevdiscrépancy seems to be caused by
the difference of temperature conditions of TS and Tg' Even
if the lasing wavelength is longer than the bandgap wavelength
about 20nm at around Xg=l.65pmr the difference of ) of here
obtained data and Ag 6f Pollack's data should be less than
40nm because the difference of Tg is only 4°C and AA/ATg=—4.5
nm/deg. But it was about 100nm and 50nm for A=1.55um and 1.35
um, respectively. Then there are two chances which cauée this
discrepancy, one is the absolute temperature difference due
to the difference of graphite boat structure, and the other
is the différence of the amount of InP loaded in excess in the
two-phase solution because the melt composition changes during
the growth on floating InP. The curve of As atom fraction in
the two-phase solution changes smoothly into a straight line
as indicated by the dashed line as shown in Fig.3-14. The
incline in this line AAs(a/o)/AGa(a/o) is almost unity. This
means that the amount of InAs need not be changed in the

straight line region, when the amount of GaAs was changed.
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Table 3-3 Atom fractions of Ga and As in the
two~phase solution for lattice match,
the averaged lasing wavelength, and

distribution coefficients of Ga and As.

Atom Fraction Solid Composition | Distribution
Coefficient
Ga{a/o)] As{(a/o A (um) x 1% kGa kAs
0.30 2.26 1.11 0.343 0.157 26,2 6.45
0.72 4.01 1.25 0.547 0.252 17.5 6.83
1.06 4.71 1.35 0.676 0.312 14.7 7.17
1.40 5.14 1.45 0.792 0.368 13.1 7.70
1.74 5.55 1.55 0.899 0.419 12.0 8.10
2.27 6.06 1.65 0.997 0.466 10.3 8.23

(Té,Tg):(675°C,635°C):a,A,E:by Pollack et al,
(Ts,Tg):(670°C,631°C):®,A,E] :this work
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Ga Atom Fraction in Ga(3/s)

the Two-Phace Solution

Fig.3-14 Arsenic atom fraction in the two-phase
solution and solid compositions x and y
for the lattice matched wafer as a function
of Ga atom fraction in the solution.
Previously reported data are included

for reference [328].
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Fig.3~15 Distribution coefficients Koq and k,  as
a function of solid composition x with two
references [324][328]. Data point indicated
by a triangle was calculated after ref.,[3247,
and obtained by step-cooling technique.

The others were obtained by two-phase

solution technique,
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The distibution coefficients of Ga and As were calculated
from following relations,

KGa=lOOy/2Ga(a/o), KAS=lOOx/2As(a/o). (3-3)

These values are not exactly correct because the solution
composition varies from the initially loaded composition due
to the crystal growth on the surface of floating InP during
the coéling time. In Fig.3~15, KGa and KAS are shown as a
function of solid composition x, and in comparison, data
obtained by Nagai and Noguchi for step-cooling technigque
‘unde: the conditions of Tg=637°c with the step-cool temper-
ature of At=10°C are given [324].

The data obtained in this study are relatively larger at
any composition value of x compared with other data, it is
considered to be caused by lower growth temperature [325].
There were other reports about the distribution coefficients
of Ga and As obtained by step-cooling technique with Tg=640°C
and At=10°C for small range of x [325][327].

The thickness of the quaternary crystal layer waé measured
by means of a scanning electron microscope (SEM) after cleaving
and etching the grown wafer with the solution of diluted KOH
and K3Fe(CN)6. This etchant was prepared by fellowing
procedures.

[1] 5~7 grains of KOH(250mg) were dissolved in 4cc of
warmed pure water( 40°C).---solution A

[2] 250mg of K3Fe(CN)6 was dissolved in 4cc of warmed pure
water ( 40°C)-=——=—m—rmmm solution B

[3] Solutions A and B were mixed just before the usage.

This etchant etches much faster the GaInAspP layer than



InP layer, however the etching time of less than 1l0sec is
enough to observe the thickness.

There are several reports about growth conditions of
lattice matched GaInAsP on InP, but the dependence of the
growth speed on the compositions of quaternary crystal was
. not previously reported. For more complicated functional
devices (e.g., ITG laser), which need precise thickness
control of each layer, it is important to know growth speed
of various compositions of GaInAsP. Active layer thickness d
of the DH wafer with a configuration of InP(n)/GaInAsP (undoped)
/InP (p) is shown in Fig.3-16 as a function of growth time t
with a parameter of lasing wavelength A. But concerning the
two data points of A=1.05um, we could not obtain a laser
oscillation from the grown wafer so A was estimated from the
compositiéns of the two-phase solution using Fig.3-12. The

0.7 for

active layer thickness d varied in proportion to t
various wavelength lasers within an investigated time range.
The growth speed increased with lasing wavelength due to
larger amount of sources in the solution. So, the growth was
considered to be donelby supercooling and the initial cooling
temperature was determined by the amount of sources in the
solution [321]. Next we compared the growth speed of different
growth temperatures Tg=615°c and 631°C, as shown in Fig.3~17.
In this case, the saﬁe amount of GaAs was used but the amount
of InAs was chnged to obtain lattice match as shown in Fig.
3-12. The slower growth speed can be obtained by lowering the

growth temperature with the same cooling rate even if the

wavelength of a laser is longer. However, in the range



rﬂ’»ww*w B

d (um)

Fig.3-16

Grown Thickness d(um)

—

o

o O

[TTTT]

E llll[

—(Ts,Tq)=(670°C,
Cooling Rate: 0.81°C/min.

TTTT] I
631°C)

]

Growth Time

§ 05 =
S 1.35
.= e +0.7
< 1.25 dec t? B
o
01 —
c T F T
= 005 R Cool.Rate:0.08°C/min. |
o
- A =13 um -
Ll Cg bl 1
5 10 50 100 200

t (sec)

Active layer thickness as a function of growth

time for the three layer structure DH wafer with

a parameter of the lasing wavelength. Growth

conditions (Ts’Tg’ and a cooling rate) were fixed.

Tg=631°C
O—' ’/—‘
6 _
4 ]
Ta=615°C
2 -

Fig.3-17

Active layer thickness as
a function of growth time for
the three layer structure DH
wafer with a parameter of
growth temperature T

The composition of the
solution was changed to get

lattice match.

!

|

|

N

20

40 60

100

Growth Time

t (sec.)

- 90 -



indigated by the dashed line for Tg=615°C, we could not
obtain a flat active layer. Much slower growth speed was also
obtéined by lowering the cooling rate, typically 0.05um/5sec
at the cooling rate of 0.08°C/min, as will be described in

+he next session.

3.5 Comparison of the growth characteristics between
the LPE apparatus A and B

The growth conditions for lattice matched GaInAsP crystal
and the growth spéed of it were also investigated by use of
 ,the LPErfurnace.B and the boat B with the various temperature
.condifions of (TS, Tg)=(670°C, 630°C), (670°C, 615°C), and
(630°C, 615°C). for all these cases, 5g of Indium was used to
get the same thickness of the solution as used in the LPE
apparatus A. 50mg and 37mg of InP source crystals were used
for the cases of the soak temperaturé TS of 670°C and 630°C,
respectively.

The amounts,of GaAs and InAs for lattice match are shown
in Fig.3—18(a;>and (b) as a‘function of the lasing wavelength
with the data obtained by the LPE apparatus A mentioned in
former session. The tendency in the lattice match conditions
is almost as same as that of the former one, however the
lasing wavelength was a few tens nm shorter in this investi-
gation. This discrepancy is considered to be caused by the
difference of impurity levels, the threshold condition, and
of the growth solution condition, not by the difference of
LPE furnace. Because the discrepancy was cancelled by intro-
ducing the same amounts of dopants and the same kind of boat

B into the growth by the LPE furnace A.
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The growth speed of the longer wavelength GaInAsP crystal
was larger as can be seen in Fig.3-16, the low growth
temperature and the low cooling rate were necessary to control
the layer thickness precisely in order to get the longer
wavelength GaInAsP/InP ITG laser. Figure 3~19 shows the grown
layer thickness of GaInAsP with the lasing wavelength of 1.62
um as a function of the growth time. The lower growth speed
was obtained for the lower growth temperature when the soak
temperature was fixed at 670°C. However, it became much larger
when the soak temperature was lowered to 630°C. These results
were considered to be caused by *the reduction of the initial
cooling temperature during the cooling time before the growth

of the quaternary layer.

3.6 Solution of meltback problem

It is very difficult to grow a longer wavelength GaInAsP/
InP DH wafer, where an active layer of GaInAsP crystal is
sandwiched by InP confining layers, because the gquaternary
layer of longer wavelength composition tends to dissolve into
the solution of Indium and Phosphorus. This tendéncy seems to
be stronger when the lasing wavelength is longer. This "melt-
back" is caused by the’difference between the liquid atomic
fractions of P and As. The degree of super-cooling should be
defined to the substrate, in other words, it changes with the
substrate crystal even if the same solution was used. When the
meltback occurs, the degree of super—-cooling temperature can
be considered to be negative. A solution for this problem is

to increase the degree of super-cooling temperature for the



R

substrate of an As rich quaternary crystal.

From that reason, Nagai and Noguchi used the quaternary
crystal with the corresponding wavelength of 1.05um as a
cladding layer to get DH lasers for the first time [174].
However the threshold current density of the lasers of this
"quaternary cladding structure" was not sufficiently low
compafed with that of an ordinary symmetrical structure using

InP cladding layers [176][180]. The cause of higher threshold

‘was considered to be the lack of the barrier height of hetero

- interface between the active layer and the guaternarv claddin
i Y g

layer. Then the cladding layer of InP was required to get a
low threéhoid longer wavelength lasers. One of the solutions
of it was an insertion of a quaternary layer between the
active layer and InP cladding léyer. This guaternary layer
was used only to prevent the meltback not to confine the
carriers, this is why it was named an "anti-melt-back (AMB)
layer". Another solution was a reduction of the growth
temperature to about 53%0°C [197]. However, the growﬁh temper-
ature can not be reduced at will, there is a limit wavelength
of the laser grown by this way.

Using this AMB layer, Ga pIno 53As/InP DH lasers were

0.47
obtained at the emission wavelength of 1,67um. Figure 3-20
shows the X-ray diffraction pattern of this four-layer
structure wafer. Complete lattice match was obtained with this
structure. Figure 3-21 shows the SEM photograph of cross

section of DH wafers of (a) ordinary three layer structure

and (b) four layer structure with the AMB layer.
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InP(p):Zn 3x10em ; 3um

/ InGaAsP (n) 0.5um

InP(n):Sn 3x10cm;11um

SUBSTRATE InP(100)
(n) 2x10em

/l InpP (Zn-doped, 4um)
B GaInAsP (Zn-doped, 0.15um,
anti-meltback layer,
i - A'=1.25um)

active layer,
A=1.65um)
InP

/ (100) InP Substrate

GaInAsP (undoped, 0.6um,
(Sn-doped)
Fig.3-21 SEM photographs of cleaved and etched cross
sections of DH wafers, (a) ordinary three layer
structure with the lasing wavelength of 1.35um,
(b) four layer structure with the lasing wave-
length of 1.65um and the corresponding wave-

length of the anti-melt-back(AMB) layer of 1.25um.



3.7 Conclusion

A new structure GaInAsP/InP longer wavelength laser with
an additional quaternary layer called "anti-melt-back (AMB)"
layer was proposed to pfevent the meltback problem during
the liquid phase epitaxial growth.

The growth conditions of GaInAsP lattice matched to (100)
oriented InP substrate were clarified for the almost complete
wavelength range by use of the two-phase solution technique.

The growth temperature dependences of the growth condi-

‘ti ns and the growth speed was clarified.
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CHAPTER 4 1.5 - 1.6 um wAVELENGTH GAINASP/INP DH LASERS
WITH ANTI-MELT-Back (AMB) LAYER

4.1 Introduction

In this chapter the lasing properties of the GaInAsP/InP
DH lasers grown by the two-phase solution technique are given.
The threshold current densities of 1.5-1.6um wavelené%h
GaInAsP/InP DH lasers with an additional "anti-melt-back (AMB)
layer" structure are given in comparison with the ordinary
:'structure GaInAsP/InP lasers. The temperature dependences of
the threshold current, the lasing wavelength, and the sponta-
ﬁeoué emission spectrum are given for the various wavelength
lasers. Finally, room temperéture CW operations of 1.5-1.6um
wavelength GaInAsP/InP DH lasers with Si02 defined stripe

structure are presented.

4.2 Fabrication of laser diode

After the growth of GaInAsP/InP DH wafer, injection
lasers were fabricated with a broad area contact structure
and an Sio2 defined stripe structure. Fabrication processes
of the coxide stripe lasers are given as follows.

[1] The grown wafer was put into Hg to remecve Indium left
over. Both upper and down surfaces were wiped by
absorbent cotton damped with methanol.

[2] Cleaning the wafer surface by the same manner in [1]
with acetone, methanol, and trichloroethylene, success-
ively.

[3] Depositing SiO2 on the surface with the thickness of



[4]

(5]
(6]

[7]

[8]

[91]

[12]

[13]

[14]
[15]

[161]

200-300nm by chemical vapor deposition technique.
Cleaning the wafer by the same manner in [1] with acetone
and methanol.

Drying for 30-40min at 100°cC.

Spreading the photoresist of A%Z-1350 on the wafer with
the spinner condition of 4000rpm for 30sec.

frebaking for 30min at 90-100°C.

Mask alignement and eéxposure. Exposure time of l-2sec
was used for 10-30um wide stripe windows by the light
source of mercury lamp.

Development was done for 2sec in AZ-1350 developer.
Washing in éure water and blowing the water drops off.
Post baking for 30min at 120-140°C.

Etching of SiO2 film by the solution of NH4F(4Og)+HF
(l4cc)+H20(100cc) for 50-60sec. Washing in pure water.
Removing the photoresist by AZ—135O remover at 60-70°C.
Washing in pure water.

Zn diffusion by use of vacuum closed guartz amﬁle. The
diameter and the length of the ample were 10mm and 10cm,
respectively. 10mg of ZnP2 and 10mg of ZnAs2 were used
as the diffusion sources. This ample was inserted into
the diffusion furnace for 2-3min and pushed into water.
Polishing the substrate side of the wafer to a thickness
of about 100-150yum.

Evaporations of Au(80mg)/Zn(1l5mg) and Au(80mg) /Sn (15mg)
to the p and n type sides, respectively.

Alloying in high pure hydrogen atmosphere for 2min at

410-420°C.
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[17] Evaporations of Au(40mg) and In(60mg) to the p type side.
[18] Cleavage to form facet mirrors.

In the case of the fabrication of the broad area contact
lasers, the processes of [3]~{13] and [17] were avoided.
4.3 Threshold current density

Laéer diodes were cut out by cleavage with the cavity
length of 200-400um. For broad contact lasers the width was
chosen to be about a half of the caviﬁy length. Then the laser
diode. was mounted on an,Indiqm bed on an Au-plated copper
 block, with p Side down, as shbwn in Fig.4-1. These lasers
‘were operated under pulsed condition, at first, with the pulse
repetition rate and the width of 1KHz and 200-400nsec,
respectively. Figure 4-2 shows (a) the photograph and (b) the
schematic diagram of the pulse driving circuit. In the measure-
ment of the injected current versus the light output character-
istic, Ge-APD was used as a detector. The size of a laser diode
was measured by a surface end type microscope with the accuracy
of 2um. In the measurement of the lasing wavelength, Ge solar
cell of one inch diameter combined to a low noise amplifier
circuit was used because there was no other detector material
available for the wavelength region of l.5~l.6pm and it was
very difficult to use Ge-APD for this measurement due to the
small size. Figure 4-3 shows the schematic diagram of the
detection circuit together with the outlook of it.

Threshold current density Jip normalized by the active
layer thickness d is a convenient parameter for evaluating the

quality of the grown crystal, the resonator structure, and the
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smoothness of the active layer. Jth of various wavelength
lasers were measured under above mentioned pulsed condition
and the results are shown in Table 4-1 with the thickness of
the active layer and that of the AMB layer. In this Table, the
samples of wafer No.3 were Si0, defined stripe lasers with the
stripe width of 25um, others were broad contact type lasers.
Jth/d of these lasers were approximately 5—6KA/cm2/Qm in the
wavelength range of 1.45-1.65um. It is almost comparable to

: .the value S.BKA/cmz/um of Gao.47In0-53As/InP ordinary struc-
'_ture laser obtained by the molecular beam epitaxial growth
>techniQue [176] and also to the value 4—5KA/cm2/um of 1.52um
wavelength oidinary structure GaInAsP/InP lasers obtained by
the two-phase solution technique with lower growth temper-
ature of Tg=623°C, Normalized threshold current density and
the threshold current density of both ordinary structure laser
and the four layer structure with AMB layer are shown in Fig.
4-4 as a function of the lasing wavelength averaged in the
wafer. Slightly higher value of Jth/d of the four layer
structure laser was caused by the thinner active layer thick-
ness (for the lasing wavelength A of more than 1.5um), and

for the lasers with the lasing wavelength of 1.45um, it was
~due to the lack of the barrier height between the active layer
and AMB layer. At the lasing wavelength of 1.lum, Jth/d was
l.5times higher than that of longer wavelength lasers of A>1.2
Mm, where the leakage current flowing over the hetero barrier
is dominant although the barrier height is estimated to be
0.23ev. Assuming that the active layer is thick enough and the

loss of external cladding region can be neglected, and the
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Fig.4-1 Photographs df the laser mount. Laser diode was set
on (a) an Indium bed on an Au-plated copper block and
fixed by (b) an Au-plated pin. The screw seen in the
center of the mount was used to press the diode down.

(Designed by S.Akiba)
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Fig.4-2 (a) Photograph of the pulse current driving
circuit.

(b) Schematic diagram of the driving circuit.
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Fig.4-3 (a) Photograph of the detection circuit used for
pulse opérating measuremnent.
(b) Schematic diagram of the detéction circuit.
Bias voltage was supplied by a dry battery
cell packed in the unit.

(Designed by H.Kawanishi)
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Table 4-1 Active layer thickness and threshold current
density of four layer structure lasers with
AMB layer. d and d' are thickness of active and

AMB layers, respectively.

Waf. No. A (um) d {(um) da' (um) Jth (KA/cmz)
1 1.45 0.30 0.05 1.7~2.2
2 1.50 0.60 0.17 3.0~3.6
3 1.51 g.40 0.10 2.0~3.0
4 1.53 0.30 0.20 1.5~1.9
5 1.59 0.25 0.15 1.6~2.0
6 1.60 0.15 0.10 1.2~1.8
9 1.62 0.30 0.10 1.7~2.0
8 1.65 0.60 0.15 2.5~3.6
'€
3 . :
ig 10| | [ [ | | 110
O 3 B :{ hgo =1.25um, Tg=6317c )
g -\ At hga =1.35um, Ty =615°) —
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Fig.4-4 Normalized threshold current density th/d

and the threshold current density J as a

function of the lasing wavelength, e
Dotted open circle data were obtained by
ordinary structure lasers. Data indicated by
“the sguare and the triangle were obtained by

four layer structure,
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threshold carrier density of GaInAsP laser is almost constant
for the wavelength range of 1.1—1.65um, then the ratio of the
jeakage current to the effective current will go up at the
jonger wavelength becauée the quasi Fermi level of injected
carriers will be higher than that of shorter wavelength laser
due to the smaller effective mass of an electron. Therefore,
the barrier height of more than 0.25eV was considered to be
necessary for the longer wavelength GaInAsP lasers. In the |
visible light emitting AlGaAs/éaAs lasers, the regquired barrier
height is smaller because the effective mass of an electron is

much larger.

4.4 Temperature dependences of threshold current density
and lasing wavelength

The threshold current density J is approximated by

th
exponential dependence against the temperature T as follows,
Jth(T)=JOexp(T/TO) (4-1)
where T, is the temperature parameter with 100-150K for
GaInAsP/InP DH lasers at low temperature, and is similar to
that of AlGaAs/GaAs DH lasers, however, it deéreases at around
room temperature, which remains as a serious problem for
practical use [175]([304].

The temperature dependences of the threshold current and
the lasing wavelength were measured for the various wavelength
GaInAsP/InP DH lasers at the same time. Figure 4-5 shows (a)
the schematic diagram of the experimental set up and (b) the

photograph of the dewar used for this measurement. The laser

mount described in the previous section 4.3 was set on the
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copper plate (2mm thick) which was cqntacted to the bottom of
+he dewar through sufficiently thick and large copper block.
A part of the copper plate was rounded by Ni-Cr heating wire
jsolated by thin mica plates. For the detection of the temper-
ature, thermocouple was set on the copper plate near to the
laser diode. The temperature was controlled by using liquid
nitrogen and the heater from 110K to more than 100°C. With
this set up, the threshold current was measured through the
monochromator with the resolution of about 4nm, ﬁext the
iasing wavelength was measured at the injection current of
1.2times the threshold current with the resolution of 0.4-0.6
nm.

Aé a result, a breakpoint was usually observed in the
threshold~temperature characteristics for any wavelength laser
investigéted, although there was no such breakpoint in the
lasing wavelength property. Examples of experimental results
are shown in Table 4-2, where A is the laéing Wavelepgth at
room temperature (23°C), and Ty is the temperaturé coefficient
of threshold, defined by eq. {4-1), below the breakpoint

temperature T and T, is that above TB. Sample No. of B1-Bll

B’
and 81-812 correspond to the broad contact type lasers and the
Si02 stripe geometry lasers, respectively. Longer wavelength
lasers with AMB layer are denoted by open circles for BL1l and
S57-812. Figure 4-6 shows typical examples of the temperature
dependences of threshold and lasing wavelength for ordinary
Structure lasers. Figure 4-7 shows the examples of them for
four layer structure lasers with AMB layer. For most lasers,

TO were 100-150K and independent of lasing wavelength. For

Stripe geometry lasers(S9-511), Ty is relatively small. This
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fact is considered to be due to the carrier leakage from the
stripe edge because T, of broad contact type lasers prepared
from the same wafer (Jth/d=5KA/cm2/um) is relatively larger

(T0=100—150K). The ratio J T=3OOK)/Jth(T=150K) was 5-6 for

th(
the ordinary structure lasers with the breakpoint, but it was
g~13 for the lasers of smaller TO without the breakpoint.
Taking‘account of Jth/d=4—5KA/cm2/um for ordinary structure
lasers and Jth/d=5—6KA/cm2/um for the four layer structure
lasers, Jth(T=150K)/d should be less than lKA/cmz/um with the
cavity length\of 200-40Cum.

The temperature dependence of the threshold current has
been studied intensively related to the Auger recombination,
non radiative recombination at the hetero interface, carrier
leakage flowing over the hetero barrier, and the absorption
due to transitions between the split off band and heavy hole
valence band [304]1-[319]. It will be discussed in the next
chaptér in section 5.5.

The lasing wavelength of the peak mode was measﬁred at

I=l.21t . It increased almost linearly with the temperature.

h
Figure 4-8 shows the incremental lasing wavelength-temperature
ratio AM/AT as a function of lasing wavelength at room
temperature. The ratio AA/AT increased with A. It is interist-
ing to say that AMA/AT of the Si02 stripe laser with stripe
width of 20—30pm is about 10 percent smaller than that of
broad contact laser. However, this fact is not fully under-
stood. |

Next the spectrum width of spontaneous emission was

measured with PbS detector at various temperatures. SiO2
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Fig.4-5 (a) Schematic diagram of the experimental set up
used for the measurement of the temperature
dependences,

(b) Photograph of the liguid nitrogen dewar
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Table 4-2 Temperature characteristics of various

wavelength GaInAsP/InP lasers.

wavelength| Sample J1, (300K) | AA/AT

A (um) No. To (X) T (K) Tp(K)| Jcp(250K) |(nm/deg.)
— B1 56.0 13°9 | 748 PRV 0,38
1.24 B2 137 52.3 | 245 2.69 0.36
B3 117 42.1 | 261 .76 Y
1.28 B4 119 41.1 | 260 2.86 0.44
e B5 154 48.5 248 2.32 0.42
1.29 B6 109 50.9 | 278 1.98 0. 40
T g B7 98.1 50.5 1 278 5,05 0. 43
1. Bg |108 54.7 | 266 2.13 0.41
BO  [102 20.8 | 274 5.42 N
1.52 B10 | 149 42.3 | 257 2.91 0.53
5 1.67 B11 | 108 0.6 | 223 T3.76 059
51 112 2370 | 266 PR —
.30 s2 |i54 - | 42.4 | 265 2.56 0.38
83 133 63.6 | 238 .18 030
1.32 s4 {109 67.6 | 242 1.94 0.20
| s5 1130 57.8 | 247 2.30 .36
1.35 s6 |102 57.2 | 246 541 0 44
157 | 90.0 0.5 | 267 10 1 039
© 1.45 | 4g 1147 51.2 | 261 2.31 0. 44
''''' 59 61.8" 45 .3 267 2.73 0.44
0:1.55 s10 | 74.7 | 56.5 | 245 2.43 1 olas
' 1 sl1l 62.6 | _——1| — 2,23 0.54

o 1.67 512 | 100 43.0 | 263 2.63 |

T | I l
s Broad Contact Laser
¢ | N
—E et
c s
£ 05~ ey
£ . s/
- it
S - — (o} -
2 - Si0, Stripe Laser -

0 1 | i 1 !

1.2 1.3 1.4 1.5 16 17
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Lasing Wavelength 4 (um)
Fig.4-8 Incremental lasing wavelength-temperature ratio

as a function of room temperature lasing wave-

length. The slope of both extrapolated lines is
0.56nm/deg/um,
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gstripe lasers of 20um width were used at low CW current level
of about 200A/cm2. Figure 4-9 shows spontaneous spectrum
profile as a function of the temperature for (a) 1.30um wave-
length and (b) 1.55um wavelength lasers. Emission intensity
was normalized by the total intensity. The temperature |
dependence of peak wavelength AA/AT was consistent with that
of the‘broad contact laserxr. In the case of l.SSﬂm laser, there
was no emission peak near 1.25um which corresponds to bandgap
wavelength of the AMB layer. Emission intensity at 1.25um was
less than 1 percent of the éeak emission intensity at -1.555um
at room temperature. Spectral width increased exponentially

- with the temperature for both lasers as shown in Fig.4-10, but
there was no such breakpoint temperature as seen in threshold
~characteristic. The half maximum spectral width was 100nm or
73meV at A=1l.3um and 140nm or 75meV at X=1.55um, respectively,
at room temperature, but the energy spread was guite similar

in each wavelength [1741[179].

4.5 Room temperature CW operation and the lasing properties
Quite low threshold current density of less than ZKA/cm2
was obtained at the wavelength of 1.5-1.6um by use of the AMB
layer as listed in Table 4-1. From these low threshold wafers,
the low threshold currents of of less than 200mA were obtained
for the SiO2 defined stripe lasers with the stripe width of
10-25ym as shown in Fig.4-1l1. The low threshold current lasers
with the threshold current less than 250mA were bonded with

the copper heatsink by Indium solder in order to get low

thermal resistance.
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Fig.4-9 Spontaneous emission pattern from the edge
emission of SiO2 stripe laser as a functicn of
the temperature. Stripe width was 20um and the
measurement was performed at low CW current
level of 200A/cm2.

(a) Ordinary structure laser with A=1.30pm.

(b) Four layer structure laser with A=1,55um.
The corresponding wavelength of AMB layer
was l,25ﬁm.
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CW operations of these longer wavelength GaInAsP/InP
lasers were obtained at room temperature with the lasing
Wavelenéth cf 1.5-1.6um. Figure_4—12 shows (a) the I-L
characteristic and (b) the lasing spectrum of CW operated
1aser with the stripe width of 25um and the cavity length of
.300pum. This laser coperated more than 700hours under room
temperature CW condition with the constant output of 1.5mW/

. facet. No significant change cf lasing spectrum was'obsérved
after that aging, the threshold current after 700hours' aging
'”beéame smaller than that'ofrinitial condition-as shown in Fig.
"4-13. This instability in the threshold current and the gquite
- low differentialrquantum'efficiency were due to the poor
bonding technique:. After several trials, the room temperature
'CW‘operatiqn of 1.5%um wavelength GaInAsP/InP~laser,with the
~ stripe width of 13um was obtained with the lower threshold
—=current and the higher differential quantum efficiency of
'éBOmA and 38 percent, respectively. Figure 4-14 shows (a) the
I-L characteristic and (b) the lasing spectrum of 1.5%um

GaInAsP/InP laser under room temperature CW operation.

4.6 Conclusion

Room temperature CW operations of 1.5-1.6um wavelength
GaInAsP/InP DH lasers were obtained by use of an anti~melt-
back (AMB) layer with the threshold current of 230mA and the
differential quantum efficiency of 38 percent. Reliability of
this longer wavelength GaInAsP/InP laser was confirmed to be
more than 700hours under room temperature CW operation. The

normalized threshold current density of 5—6KA/cm2/um and the
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threshold current density of less than 2KA/cm2 were obtained.
The temperature coefficient of the threshold current was
100-150K and 40-70K at the temperature below 250K and at
around room temperature. These values were independent of the
lasing wavelength of the lasing wavelength. Incremental ratio
of the lasing wavelength to the temperature was 0.4nm/deg for

1.3um wavelength laser and 0.5nm/deg for 1.55um wavelength

laser.
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cHAPTER 5 1,6 um wAVELENGTH GAINASP/INP BuriED
HETEROSTRUCTURE (BH) LASERS

5.1 Introduction

GaInAsP/InP DH lasers have received considerable attention
as light sources for optical communication especially for long
distance communication using ultra low-loss silica optical
rfiber [20]. Room temperature CW operations ofAl.S?l.Gum wave-
length were achieved by LPE growth technique through some
speciél techniques and by'VPE‘growth‘technique. Reliability of
these longer wavelength GaInAsP/InP lasers were confirmed to
be more than 10000hours in 1981 by Noda, Sakai, Matsushima,
and Akiba [244]. These CW operated lasers reported in earlier
time were all SiO2 defined stripe lasers with the stripe width
of 10-25um which caused the high threshold current and low
limit temperature of CW operation. ”

However for practical use, it is important to develop
lasers with good lasing properties, such as a tranéverse
fundamental mode operation, low threshold current, higher
efficiency, single longitudinal mcde operation under high
frequency direct modulation, etc. Therefore several kinds of
GaInAsP/InP stripe lasers have been investigated mainly in
the 1.3um wavelength region, such as a buried heterostructure
(BH) laser, ad MSB laser, an RW laser, an SA laser, a Ridge W
laser, a BC laser, a PCW laser, a CCM la;er, a PBH laser, an
SML laser, an EMS laser, a VGSB laser, and an LSW laser, which
are denoted in section 1.3.

In this chapter, a BH laser was selected from the view
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point of its high performances and was fabricated at the wave-
jength of l.6ﬂm. Fabrication technique and the lasing properties
of the BH lasers are given. Room temperature CW operation with
quite low threshold current and stable transverse single mode
operation were obtained. The temperature dependences of the

threshold current and the differential quantum efficiency are

measured and discussed.

5.2 Merits of BH laser

For practical use of the long distance optical fiber
communications, the following superior properties are reguired
to the light sources,

[1] Lasing wavelength of 1.5—1.6pm

[2] High differential guantum effiqiency

[3] High optical output power

[4] High éoupling efficiency to the single-mode optical fiber
[5] Fairly long life time |

[6] High temperature CW operation

[7] High speed direct modulation

[8] Narrow spectral width.

The item [1] is achieved by use of GaInAsP/InP laser, the
other candidate of AlGaAsSb/GaSbh lasers have not been known so
well as GaInAsP/InP lasers. The items [2]-[4] are devoted to
the increase of the transmission distance limited by the
minimum detectable optical power of the light detector. From
the item [4], a transverse gsingle mode operation of the laser
is preferable. The item [5] is desired to all devices and it

is estimated from the accelerated life test under high
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temperature CW operation denoted in the item [6], for which
the low threshold current operation is required. The item [7]v
is achieved by the direct modulation of the injection current
Qith the frequency up to a few GHz with the bias current of
1.2-1.5 times the threshold current, and this freguency will
be inc;eased by the increase of the bias current, for which

the low threshold current operation is preferable. The item {8]

is essential for the long distance optical fiber communication

asrdiSCussed in section l.l.'HdWever, if there is any other
modulation technique preferable to the direct modulation of
injection current, the item [8] will attach very severe
cgndition to the laser. In other words, there are two types of
lasers which are applicable for the practical long distance
optical fiber communications. One is the laser with a high
speed external modulator and the other is the longitudinal
single mode operating laser under High speed direct modulation
of injection current.
On the other hand, a buried heterostructure (BH’ laser has
the following advantages inherently,
[1] Low threshold current
[2] High temperature CW operation
[3] Built-in index guiding
[4] Linear output characteristic
[5] Simple structure.
Most attractive merit of the BH laser is denoted by the
item [1], it will make high temperature CW operation possible
and the reliability will be confirmed in a relatively short

time, which leads to faster realization of the optical fiber
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communication system. Not only that, it also leads to the
Possibility of the monolithic integration of a large number of
jasers with additional electronic devices. The item [3] is
necessary for the stable transverse .single mode operation
under high speed modulation and it also gives the good linear-
ity in the output characteristic denoted in the item [4], it
also leads to a.possibility of a optical integrated circuit
using three dimensional optical waveguide. Simple structure
would be preferable when other electronic devices and other
functions are added. Items [7] and [8] mentioned in the
‘requirements for:the light sources can be achieved by the
introduction of periodic structures of the distributed Bragg
reflector (DBR) and the distributed feed back (DFB). Only the
disadvantage could be the smaller optical output due to a
narrow active region width, but it is not so significant from
the viewpoint of the long distance optical fiber communication
becaﬁse it can be overcome by a improvement of the qoupling
coefficient to the fiber and 6dB reduction of the optical
output power reduces the transmission distance only about 12Km.
From above mentioned points, BH laser, which has the
fundamental structure of the practical light source for the
optical fiber communication, is considered to be one of the

most attractive and promising devices.

5.3 Fabrication of BH lasers
First the five layer structure DH wafer consisting of (i)
n type InP cladding layer (Te-doped, 10um thick), (ii) GaInAsP

active layer (undoped, 0.2-0.3um thick), (iii) p type GalnAsP
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aAMB layer (Zn-doped, O.lpm thick), (iv) p type InP cladding

layer (Zn-doped, 3—4pm thick), and (v) p+ type GaInAsP cap

layer (zn-doped, 0.5um thick) was grown on (100) oriented InP
substrate by the two-phése solution technique.‘To ocbtain good
carrier and light confinements, bandgap wavelength A a and
thickness of AMB layer were set to 1l.3um and 0.lum, respecti-
vely. The light confinement factor of such an asymmetric
gtructure is not strongly depepdent on the thickness d' of

AMB layer in the range of 0<d'<0.3um as.detailed in section 2.3.
This DH‘wafer underwent the mesa stripe etching and the regrowth

of InP layers for current blocking.

(1) Fabrication processes

After the growth of “the DH wafer, SiO2 was deposited on it
with the thickness of 200-300nm by CVD technique and 5-8um
wide stripes were left along the <011> direction as masks for
the following mesa etching process. Conventionally,vthis wafer
was etched across the active layer by the sclution of Br and
methanol and then underwent the regrowth of p and n types InP
current blocking layers as shown in Fig.5-1(a). In this study,
a new fabrication processes using a selective etching process
and a slight meltback method was proposed and demonstrated
taking care not to expose the etched InP surface to high
temperature atmosphere in order to prevent the thermal damage
of InP surface and to get a smooth regrowth of the blocking
layers. In this fabrication technigque, the DH wafer was first

etched by Br-CH,OH to the middle of the p type InP cladding

3

layer and then etched by a solution of 4HC1+H,O at about 1°C.

2
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Schematic diagrams of two kinds of fabrication
processes of BH laser. First, CVD deposited Si02
film was formed to narrow stripe mask along the
<011> direction by a conventional photolithography
technique. Then (a) it was etched across the
active layer by Br—CH3OH and underwent the regrowth
of p and n-types InP current blccking layers, or
(b) it was etched by Br~CH3OH and by 4HC1+H20
solution to the surface of GaInAsP AMB laver and

underwent the regrowth cycle.
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This etching stops automatically just at the AMB layer because
t+his etchant is selective etchant for InP. GalInAsP layers on
pboth the cap layer and the AMB layer work as masks for this
etchant, so that the severity of the etching time to get good
reproducibility of the stripe width can be relaxed. After
those etching the DH wafer underwent a regrowth process using
a sligﬁt meltback method as shown in Fig.5-1{(b). This fabrica-
tion technique utilizes the special properties of GaInAsP
quaternary crystal as follows,

f1] Thefmal damage of GaInAsP crystal is not serious

| compared with that of InP.

[2] GAThASP crystal can easily be melted back by the Solﬁtion
of Indium and Phosphorus. Therefore there is proper
condition of In-P solution by which only GaInAsP layer
1s melted back though InP layer is not melted back, that
is, in a sense, a selective melt back method.

This fabrication technique, which is a combination of the
selective etching process and the selective melt back method,
is applicable not only for this type BH laser but also for
other types lasers which need the regrowth on InP surface and
for flat and smooth growth of the external waveguide adjacent

to the active region such as a butt jointed built-in waveguide.

(2) Etching conditions
Figure 5~2 shows (a) the etching characteristics on a DH
wafer using 0.2 volume percent Br-CH3OH at approximately 20°C
and (b) an example of the SEM photograph of the cross section.

In the Fig.5-2(a), X, Y, .and 'Z show the side etching depth,
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etching depth to the mesa neck, and the etching depth to the
bottom, respectively. The mesa etched by this etchant has an
undercut shape and the etching properties are complicated
because the width and the depth of the mesa neck do not vary
linearly with the etching time. For example, the speed of the
side etching near an etching time of 5min is more than 1.5um/
min, as shown»in Fig.5-2(a), so that the width of the neck is
changing 3um/min. Therefore, if the mesa neck isAmade at. the
active layer and the same stripe width of the Sioz mask is
used for all waférs, the width of the neck will vary as much
as luym from wafer to wafer when the total thickness of p type
Iancladding layer and p type GaInAsP cap layer fluctuates
within 0.5um. To put it another way, stripe width of Si02 mask
should be set to an appropriate value for each DH wafer in
order to gét the reguired stripe width of the BH laser.

On the other hand, the mesa neck width can be controlled
by using the above mentioned two step etching process because
the selective etchant of such a solution reshapes the mesa to
a rectangular type by both etch stop layers of GéInAsP, In this
etching process, the mesa neck width can be controlled by the
first Br-CH;0H etching time; it is not necessary to change the
stripe width of the Si02 mask, even though the total thickness
of the p type InP cladding layer and the p type GaInAsP cap
layer fluctuates in each wafer. Figure 5-3(a) shows the
etching speed in InP using the solution of 4HC1+H20 at
approximately 1°C and Fig.5-3(b) shows an SEM photograph of
the cross section of the DH wafer etched by Br-CH,CH for 30sec

3
to remove the top GaInAsP cap layer and then etched by 4HCL+
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HZOuat l1°c for 3min. Side etching was suppressed by both

GaInAsP layers of the cap layer and the AMB layer.

(3) Regrowth condition
After the etching, the DH wafer was cleaned by boiling
methanol and trichloroethylene successively, and kept in the
vapor of trichloroethylene. Figure 5-4 shows the photograph of
the distiller in which etched DH wafers are kept for the
regrowth.
Then the DH wafer underwent regrowth to make the blocking

‘Alayers of p~n-p InP. In this cycle, p-InP, n-InP, and p-InP

© layers were successively grown on the etched wafer; the top

of the mesa was covered with an SiO2 mask. In this growth,

the LPE furnace A and the graphite boat B were used, the
etched DH wafer with a size of about lcmXlcm was surrounded

by InP substrate and was covered with InP cover crystal (same
as the substrate). After evacuating and flashing hydrogen gas
in the reaction tube, the temperature was raised tov563°c in
30min and then slowly to 600°C in 37min. After maintaining
this temperature for 30min, it was lowered with a cooling rate
of 0.81°C/min. The wafer was slightly melted back at 590°C by
an unsaturated In-InP solution for 2sec, then three layers
were successively grown for 3, 5, 3min, respectively. For this
small meltback, 10mg of InP source material and 5g of Indium
were used to make an unsaturated solution. The growth schedule
used for this regrowth is shown in Fig.5-5. Figure 5-6 shows
an SEM photograph of the cross section of the obtained BH

Structure. As can be seen, there is no eat into the active
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Fig.5-4 = The photographs of the distiller in which
etched DH wafers are kept. Heated trichloro-
ethylene vaporizes and congeals in the upper

part of the distiller cooled by water.
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: 2nd Growth Schedule

Cooling Rate: 0-81°C/m.

Soak 600 °C
590°C
563°¢ S~
0
(a)
30m4 37m. 30m, 12m.j 2 s.
Meliback
p-InP La’yer/
n-inP "
p-InP

Fig.5-5 (a) Growth schedule used for the regrowth of
p, n, and p-types InP current blocking layers.
(b} Photograph of an example of the grown wafer

just after the regrowth.
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Fig.5-6 SEM photograph of cleaved and etched cross section of
the BH laser with the active region width and thickness

of 4um and 0.3um, respectively.
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region due to meltback, which is peculiar to InP crystal growth

on a longer wavelength quaternary crystal because the n type InP

cladding layer and the AMB layer worked as stop layers for the

meltback and a guite low growth temperature was used.

After this regrowth, the wafer was covered with Si02 by
cvD technique and 10um wide windows were opened to diffuse Zn
for low ohmic resistance contacts. The top p type InP layer in

~ the regrowth cycle was made to account for eventual misalign-
ment of the Zn diffusion region. After polishing the substrate
side of the BH wafer to a thickness of approximately 100um,
ohmic contacts were made by Au/Zn and Au/Sn for p and n type
sides, respectively. After 2min alloying at 420°C in pure
hydrogen gas, Indium was evaporated onto the p type side for
soft contacting. A schematic diagram of an example of the

obtained BH laser is shown in Fig.5-7.

5.4 Low threshold current operation.

The BH wafer was cleaved into chips with the cavity length
of 250-350um and the chip was mounted on an Indium bed on an
Au plated copper heatsink with p-side down. First threshold
current was measured under pulsed operation. The pulse width
and the repetition rate were 400nsec and 1KHz, respectively.
Threshold current as low as 23mA and averaged threshold
current of 42mA were obtained from 84 samples with a cavity
length of about 300um and an active region width of 3-5um.
Figure 5-8(a) shows the I-I characteristics of samples with
a8 relatively low threshold current. Figure 5-8(b) shows the

distribution of the pulsed threshold current of 84 samples of
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the BH lasers. Threshold current density of broad contact type
lasers from thiéyDH wafer was about ZKA/cmZ. Therefore
threshold current should be less than 30mA for the lasers with
the above mentioned size of the active region if there is no
leakage current nor additional loss due to roughness of
boundary between the active region and regrown InP region. For
most samples the light output increased linearly up to twice
the threshold current. Transverse single mode operation of
this BH laser was obtained up to moré than three times the
threshold cugrent as shown in Fig.5-9. Room temperature CW
operation With the threshold current of 37mA and the differ-
ential quantum efficiency of 25 percent was obtained at the
wavelength of 1.62um without thermal bonding only by pushing
down to the Indium bed. Figure 5-10 shows the lasing spectrum
under CW operation with the output power of 2mW/facet. Then
laser chips were thermally bonded on an Au plated copper
heatsink using Indium solder evaéorated to the heatsink to
obtain hiéh.éfficiency and high power operation. The results
are listed in Table 5~1. The lowest threshold current obtained
was 28mA ‘and the highest differential quantum efficiency was
43 percent as shown in Fig.5-11. Maximum output power of about
10mW/facet was obtained under room temperature CW operation.
Further refinements to get low thermal resistance are still

hecessary to obtain high power operation.
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Fig.5-8
(a) I-L characteristics
of 1.6um wavelength
GaInAsP/InP BH lasers

under pulsed operation.

(b) Distribution of the
threshold current of
84 samples.

Averaged threshold

current was 42mA.
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Table 5-1

Threshold current
and the differential
quantum efficiency of
1.6um wavelength
GaInAsP/InP BH lasers
under room temperature

CW operation.

Fig.5-11

I-L characteristics of
1.6uym wavelength GaInAsp/
InP BH lasersvunder room

temperature CW operation.



5.5 Temperature dependences of threshold current and
differential quantum efficiency

Although a low threshold current operating laser was
obtained in l.6pm wavelength region, there still remains the
major problem of temperature dependences of threshold current
and differential quantum efficiency. A sharp increase of
thresﬁold current was reported by many workers [162][175][2051
"[304][305]1[314]1[315]. Phenomena such as non-radiative carrier
recombination, carrier recombination at hetero interface, and
Auger recombination in active region have been proposed to
explain the temperature dependence of the threshold current
[306]—-[309]11[312]1~[3141[3171-[319]. However, those mechanisms
can not explain the temperature dependence of the differential
guantum efficiency.

The threshold current of GaInAsP/InP laser with the lasing
wavelength of 1l.6um increased with the temperature‘in the same
manner as that of 1.3um wavelength GaInAsP/InP laser though
the estimated barrier height between the active layer and InP
cladding layer was sufficiently larger, as shown in Fig.5-12.
The cause of this phenomenon was studied and triéd to be
explained related to the temperature dependence of the injected
carrier lifetime [304].and that of the spontaneous emission
intensity [304][306][312]. However, in the discussion of the
laser diodes which have two different transition mechanisms
below and above the threshold, not only the carrier loss but
also the optical loss should be included. The optical loss of
4 laser diode is estimated from the differential quantum

efficiency.

- 137 -




l I T l I
— Wafer No. InP-418 (1=1.65um)
EZOOO— Si0; Stripe  (Ws=30um) , Pulsed _
~ Sample NoJ To(K)| T, (K) oA
£ 1000 11 ()] 129 | 56 B—
- - 280 (A)[105 | 53 B =
— 273 (@) 99 |57 g2~ —
I= B P -
N o ]
5 r 2 -
o0 0 O Ss—lywexp(T/T)
B 100~ R A; —
.g‘. ‘ = 8 0 _as™ -
73] » 0] " =
o - & O/A/\ 1
!—E 30 gg. /A/ Ithwexp(T!To) i
S : I ) | i
120 150 200 250 300 350 370
Temperature T (K)

Fig.5-12 Temperature dependence of threshold current of Si02

stripe GaInAsP/InP lasers, Lasing wavelength at room

temperature was 1.65um and the stripe width was 30um.

No-412
273
3 282
Q.
295
}..
2 e
o £
=2
© 20 305
L
=
=
<
-
18]
844

t [JRE SIS TN WU WU S S )
0 20 40 80 80 100 120 140
CURRENT (mA)

Fig.5-13 1I-L characteristics of BH laser under CW operation

for various'temperatures.

- 138 -



Therefore the temperature dependences of the differential
gquantum efficiency nq and the threshold current I, vere
measured at the same time on l.6ﬂm wavelength GaInAsP/InP BH
lasers. Measurements were carried out under CW condition to
avoid misleading I-L characteristic due to poor light output:
and poor SNR of Ge solar cell. A sharp decrease in the
diffefential quantum efficiency was observed with increasing
temperature, which is consistent with the sharp increase of
the threshold current. The observed I~L characteristics for

one sample are shown in Fig.5-13. As can be seen, above 250K,

Iin

decreased. The variation of Ng and Ith are plotted for several

increased quickly with increasing temperature while Ng

- samples as shown in Fig.5-14. Here the length, width, and
thickness of active region were about 300um, 4um, and 0.3um,
respectively. The devicés were bonded with Indium solder to
an Au plated copper heatsink and the CW output power was
‘measured using Ge solar cell. The highest CW operation
temperature obtained in this measurement was 51°C.v

The differential quantum efficiency is given by the
following equation,

in(1/R)
al+1ln(1/R)

n. {5-1)

ng~ i

Whére R is the reflectivity of the end mirrors, o is the
effective absorption loss coefficient along the laser, % is
the cavity length of the laser, and n; is the internal quantum
efficiency above the threshold.

The internal quantum efficiency n; may be written as

follows,
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l .
n;= - (5-2)
l+TR/TNR

where T_ and T are the radiative and non-radiative carrier

R NR

lifetimes, respectively. At the injection current below the

threshold, T, is limited by the spontaneous carrier lifetime

R

of approximately Z2-4nsec at room temperature. At the injection

current above the threshold, TR which should be called the

stimulated carrier lifetime is limited by the carrier intraband

. relaxation time of approximately lO-i3sec. The lower limit of

. the non-radiative lifetime T is considered to be more than a

NR
. measured carrier lifetime. Thus,ni can be regarded as unity
above the threshold although there may be some causes to reduce

ny below the threshcld. Then the eq. (5-1) can be rewritten,

- In(1/R)

nd S
Cof+In(L/R)

(5-1")

Therefore the temperature dependence of the differential
guantum efficiency must be explained by means of that of the
effective absorption loss coefficient a. The effective loss
coefficient o is given by the following equation,

o =Euac+(l—€)uex (5-3)
where 0 is the absorption loss coefficient in the active
layer, Ogy is that in the cladding layer, and & is the optical
confinement factor of the active layer. To put the eq. (5-3)
into eqg. (5-1"}, a_. was calculated from measured value of ng

and £=300um, and assuming values R=0.42 for the TE
1

00 mode,

£€=0.636, and an:ZOcm— at the temperature of 300K. The results

are shown in Fig.5-15. The wvalue dac increases swiftly from the
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temperature of épproximately 250K, and is lOO-lBOcm_l at room
temperature. |

The cause of the large value of o, Should be explained.
Adams pointed out two possible absorption mechanisms which
could be applied to explain the experimental results [310].
One 1is the absorption due to the transition from the split-off
pand into the heavy hole band, Oq » The other is the absorption
due to the transitions from the split-off band into impurity
levels, Oy Other absorption‘mechanisms,4éuch as a free
carrier absorption, a transition from impurity levels into the
conduction band, and a transition from the conduction band
~minimum into higher lying minima, were considered and those
effects were concluded to be very small. Figure 5-16 shows the
schematic diagram of the band structure of the quaternary
active layer indicating photon emission across the bandgap and
Cits reabsorption by the transitions from the split-off band
into the heavy hole band tal) and into the accepto; level (az).

The absorption losses 04 and o, can be written as follows,

ay =B,/ [1+exp{ (By~-£ ) /kT}] (5-4)
0,=B,/ [1+3exp{ (E,~£_) /KT}] (5-5)

where El’ E and fv are the energy of the state the electrons

Al
in the split-off band transit into, that of the Zn acceptor

level, and that of the hole guasi Fermi level. B, and B2 are

the fitting parameters. Putting the values of El=0.15ev,

1 1

E2=0.03ev, Bl=3.7X1050m— ’ B2=630m_ , and the temperature

dependence of fV calculated from the measured injection

current into the egs. (5-4) and (5-5), 0q and o, were calculated

as a function of a temperature as indicated by the broken lines
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in Fig.5~16. This absorption loss oy will tend to decrease
with increasing photon energy, and will be relatively small in
1.3um wavelength GaInAsP/InP lasers and AlGaAs/GaAs lasers.

Using the relation between the threshold current density
and the differential quantum efficiency given by the following
equation, which was derived by combining egs. (2-29), (5-1"),
and (5-3), _

3..=d/(8;)%{a, +1n(1/R)/(EL)/n }?

th 1 in d

“The temperature dependence of the threshold current was
calculated with the theoretical values of Ng given by egs.
(5-1'), (5-3), (5-4), and (5~5), as shown in Fig.5-14. The
broken line in Fig.5-14 corresponds. to the case of nd=l at
any temperaturé. Remaining gap between the theoretically
~calculated curve and the measured data, that will be increased
when the thermal resistance of the laseg is reduced, can be
- explained by the non-radiative carrier loss of Auger recombi-
nation.

It is‘calculated that the temperature dependences of the
threshold current and the differential gquantum efficiency can
be dominated by both the non-radiative carrier loss due to
Auger recombinatiocn and the absorption loss due to the
transitions from the split-off band into the heavy hole band.
Therefore the higher differential guantum efficiency must be
obtained by the reduction of the coptical confinement factor

of the active laver and that of the cavity length.
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Fig.5-14 Temperature dependences of the threshold current
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5.6 Conclusion

1.6ﬁm wavelength GaInAsP/InP BH lasers were fabricated by
a new fabrication process using a selective etching and a
selective meltback method. Low threshold current of 28mA and
the differential quantum efficiency of 43 percent were obtained
under room temperature CW operation with the cavity length,

- the stripe width, and the active region thickness of 250-350um,

-+ 3=5um, 0.3pum, respectively. Under pulsed operation, the

threshold cﬁrrent as low as 23mA and the averaged threshold
ﬁxcurrent of 42mA from>84 samples were obtained.

- The transverse single mode’OPeration with the injection
i"fcurrentjup to more than 3 times the threshold was obtained.

- The temperature dependences of the threshold current and

~. the differential quantum efficiency were-measured in wide

bjtempératu:e rahge for the first-time.‘Steep_increasewofrthe
_—threshold current in the temperature;dependence was related
tdftﬁé temperature deéendence of the differential gquantum

~efficiency through the'intervalence band absorption due to
the transitionS'from'the split-off band into the heavy hole

band and the Zn acceptor level.
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CHAPTER 6 1.5-1.6 um WAVELENGTH GAINASP/INP DISTRIBUTED
BrAGG REFLECTOR (DBR) LASERS

v6.l Introduction

In the long distance optical fiber communication, the
highest performance is obtained by the single-mode fiber with
the minimum loss and the light source with a narrow spectral
width as discussed in chapter 1. However the spectral width of

the conventional laser will bé no more narrow when it is

--modulated directly, because the spectral broadening due to the

lasing mode hopping occurs. Therefore strong selectivity of
the lasing mode will be levied on the laser for practical use.
Candidates for that purpose are a distributed Bragg reflector

(DBR)- laser, a distributed feed-back(DFB) laser, and an ultra

s short cavity laser such as a surface emitting(SE) laser [253].

In this chapter, the fabrication and the lasing properties

~including the spectral width property under high speed direct

modulation of the buried heterostructure distributed Bragg
reflector integrated twin»guide(BH~DBR-ITG) laser are shown.
A stable single mode operation with the modulation frequency
up to 3GHz was obtained. This laser is confirmed to be
applicable for the long distance optical fiber communication
with the transmission bandwidth-transmission distance product

BL of 185GHzKm.
6.2 Dynamic spectral width of semiconductor laser

In conventional lasers which have no special selectivity

of the lasing wavelength, multi-mode lasing occurs under high
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speed direct modulation due to a variation of the injected
carrier density. In the stationary operation the injected
carrier density would be almost clamped down at the threshold
carrier density even in high injection current level when the
temperature change due to the injection current was negligible.
The schematic diagrams of gain profiles under a stationary‘
fopératibn and a high speed direct modulation are indicated by
the solid line and the dashed line in Fig.6-1. As can be seen,
several resonant modes have a gain more than the threshold
gain under high spéed direct modulation, which leads to a
-'multifmode operation. This phenoménon was reported by Ikegami
in 1979 [283] and was called "spectral broadening". The
r:spectfal widfh_due to this spectral broadening was measured

-~ to be 2.3nm for AlGaAs/GaAs TJS laser and 10nm for 1.6um wave-
-~length GaInAsP/InP BH laser [289], as,shown,in,Fig.Gez(a)Aand,
~(b), respectively. This large spectral width leads to a
desperateAvalue of the transmission bandwidth-transmission
‘distance product BL of approximately 5GHzKm for the’cﬁnvent¥
~ional single-mode optical fiber.

On the5contrary, a stable single mode operation under high
speed direct modulation was obtained by DBR-ITG laser with the
lasing wavelength of both 1.3pm and 1.5-1.6um regions [287]
[288]. Figure 6-3 shows the schematic diagram of the gain
bprofile under a stationary operation and a high speed direct
modulation as indicated by the solid line and the dashed line,
respectively. As can be seen, only a single mode can have a
9ain more than the threshold gain even in high speed airect

Modulation. Thus a stable single mode operation in high speed
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direct modulation and the very small spectral width, which
leads to high value of BL, could be expected. However, there
still remains an excess spectral width due to the refractive
index variation caused by the variation of the injected carrier
density in a high frequency direct modulation.
Thg contribution to the refractive index variation due to
plasma oscillations of free carriers is expressed theoretically
-~ by Nash [298] as,
| ‘An:—ean/(zmcwze) {6-1)
. where e, n, n, m,, o, and € are the electronic charge, the
i carrier density, the refractive index, the effective ﬁass,of
— - an ‘electron, ﬁhe‘angular;frequencyrof-the light, and the
f'dielectric conétant; respectively. The ratio of the;réfractive
Vuindexqvariation to the_injecté& carrier density dn/ (dN)
I=—7;6X10f2lcm3 could be obtained by differeéntiating the eq.

~(6=-1) by N and putting‘the'values of.n53.62,4mc=0,044m (the

0
i mass of an’electrOn), w=21c/X (c:light velocity in space) ,
?fﬂtl.ﬁumf"e=12.4so (eo:permittivity of vacuum). When the laser
-+ is directly modulated with a sinusoidal current, the injected
- carrier density will be expressed as,
jwmt

N=N+N_(w_)e (6-2)

" ‘where w is the modulation angular frequency. Then the maximum
spectral width under direct modulation will approximately be
given as the following equation,

Akm={2NmE(dn/dN;/neff}A (6~-3)
where &, Ncer and A are the optical confinement factor of the

active layer, the effective refractive index of the laser

Ccavity, and the lasing wavelength, respectively. This kind of
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an excess spectral width under high speed direct modulation
‘was found by Kishino, Aoki, and Suematsu [289], and called a
"dynamic line shift". Schematic diagrams of the variation of
the injected carrier dehsity and the corresponding dynamic
line shift are shown in Fig.6-4 for a help of the explanation.
The dynamic spectral width, which means the time domain
averaged spectral width under a direct modulation, is limited
by the spectral broadening for conventional-lasers and the
dynamic line shift for the special lasers such as a DBR
laser,’a DFB laser, and aﬁ ultra .short cavity laser. The
former one is usually'méré:thén ten times larger than the
f,Alatter_one, the ultimately lower limit of the dynamic spectral
width, which leads to the ultiﬁate value BL of the conventio-
: nal single-mode optical fiber, shquld be discusséd on the
’;dynamic line shift.wThisvdynamicéliﬁejshift can be reduced
ﬂ by the réductidn éf Nmrand £ andr byfanfiﬁfroductiOn of an
“~unexcited region along the light propagating direction.
However, the former two ways can not berapplicable under a
- constant output power’condition,vlnva DBR laser which has an
ﬁnexcited regibn of DBR, the'dynamié line shift is expressed
as,

‘Axm={2ng(dn/dN)/neff}Az/(£+Leff) (6-4)

where £ and L.gg are the active region length and the effect-
ive length of DBR region denoted in chapter 2, respectively.

In a constant output power condition, it is almost proportional
to Ahmmi/VTfiiggg) [289'1. The same feature ca be expected for
the ultra short cavity laser consisting of an excited region

and an unexcited region such as an SE laser.

- 149 -



Conventional LD

DC
PR R Loss
——d- G OB / .
= N [Ty
, REdRE RN RN
Gain with modulation

Fig.6-1 Schematic diagram of the gain profile of conventional
laser. Solid and dashed lines indicate that under a
- stationary operation and a high speed direct modulation,

respectively,

b .
m=3494 .
=117 hnl —oGh: Ig/1tn =114 o
1] ]
¥ 'n v Jt
i f =1GHz o
fv 0.38nm B L
e m : modulation - Al
T " depth :
' ‘ o= - 1.8 Nm
c
R |
1
. I, '
=~ Without P
i . . ’ ] .
a Modulation R TN
c ‘ =0 Y% . I
@ m -0 ’@A ,i lL - ' ‘ ‘_~‘
bt 1
c -
— " -— 3 nm
With . R
s . *
£ Modulation !
(2] .
o
o
>
=
o
®
@

i;:n!iiet':-xf!!llnl=i=

A
NN AU Y A
834 839 1.60 1.61 1.62

Wavelength [nm] wavelength {(jum])

(a) (b)

Fig.6-2 Lasing spectrum under high speed direct modulation
measured on (a) AlGaAs/GaAs TJS laser and
(b) GaInAsP/InP BH laser, after refs.[289]1[289"].

- 150 -



Fig.6-3
Schematic diagram of gain
DBR LD profile and the loss profile
of DBR laser. Solid and
dashed lines indicate that

- under a stationary operation

DC and a high speed direct

modulation, respectively.
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6.3 PFabrication of BH-DBR-ITG laser

In this study, l.S—l.Gﬁm wavelength DBR lasers were
fabricated aiming at a narrow dynamic spectral width. They
were fabricated with the integrated twin guide (ITG) structure
because of the capability of the application for monolithically
integrated light sources. A schematic diagram of DBR-ITG
laser is shown in Fig.6-5. The light generated in the active
‘guide layer couples to the output guide within the active
region and then couples to the DBR region. The equivalent
refractive index of the active guide layer was designed to
match to that of the output guide layer for higher coupling
efficiencies of CO and COut defined by Utaka, Kobayashi, and
Suematsu [243]. The distributed Bragg reflector was formed on
a thin InP layer between the active and output guide layers
in order to prevent the increase of a scattéring loss. The
fabrication of BH-DBR-ITG lasers mainly consists of four
processes such as the growth of ITG structure wafer, the
regrowth for BH structure, the formation of the DBR, and the
formation of electrodes.

First, an ITG structure wafer, which consists of seven
layers of (i) n type InP cladding layer(Te-doped, 5-10um thick),
(ii) n type GaInAsP output guide layer (Te-doped, 0.6um thick),
(iii) n type InP separation layer(Te-doped, 0.3um thick), (iv)
undoped GaInAsP active guide layer(0.2um thick, Ag=l.59um),

(v) undoped GaInAsP anti-melt-back layer(O.lpm thick, Xg=l.35

Pl

um) , (vi) p type InP cladding layer (zZn-doped, 2um thick), and

(vii) p type GaInAsP cap layer (Zn-doped, O.Spm thick, kg=l.25

Mm), was grown on (100) oriented InP using the two-phase
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solution technique with the growth éonditions of (TS, Tg)=
(670°C, 615°C) as mentioned in chapter 3. Amounts of the
source crystals and dopants used for this wafer growth are
listed in Table 6-1 with the éstimated doping levels. Figure
6-6 shows an example of the growth schedule typically used
for the growth of the ITG wafer.

Afﬁer the growth, the wafer was evaluated by the degree of
a lattice mismatch and the thickness of each layer. Then a
part of it was cut off and underwent the fabriéatioﬁ procéss
of broad contact type lasers. Threshold current density of
2~3KA/cm2 and the break down wvoltage in the V-I characteristic
of more than 7 volts were obtained. Lasing wavelengths of
these lasers were measured for the design of the corrugation
period. The other part of the grown wafer underwent the
etching for mesa stripe and the regrowth for BH structure. In
this case, the ITG wafer waé conventionally etched down to
the n type cladding layer with the etchant of Br~CH3OH and
was slightly melted back in the same manner describea in
chapter 5. Because the GaInAsP output guide layer could not
be three dimensional waveguide when the new fabrication
process mentioned in chapter 5 was applied. Regrowth conditions
were almost the same as those used in chapter 5.
After the regrowth, the corrugation was formed on the InP
separation layer according to the following procedures.
[1l] After removing the SiO2 mask, the wafer was cleaned and
dried in the same manner as described in section 4.2,
[2] Photoresist of AZ-1350 was spread on the grown wafer

with the spinner conditions of 5000rpm and 30sec.
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[7]

[8]

[9]

[10]

Drying for 5min at 90°C, the same procedure was repeated
5 times to get hard contact of the photoresist because
it will be damaged by the following etchings.

Drying for 30min at 90-100°C.

Mask alignment and exposure. Exposure time of 4-5sec was
used for 800um wide stripe windows and the interval of
i200um perpendicular to the direction of the buried
stripes. Then the development was done 4-5sec in AZ-1350
developer.

Post bakingvfor 30min at 120-140°C.

Etching of GaInAsP cap layer with the selective etchant

of 3H.S0,+H O7+H 0O solution at 30°C.

257472 2
Etching of InP cladding layer with the selective etchant
of 4HC1+H20 solution at 1°C.
Etching of the AMB layer and the active layer with the
saﬁe etchant used in the procedure [6].
Removing the photoresist by AZ remover, the wafer was
cleaned in boiling methanol, acetone, and trichloro-
ethylene, and then dried for 30min at 100°C.
Spreading the diluted AZ-1350 phoﬁoresist with the same
volume of AZ thinner. The spinner conditions of 8500rpm
and 20sec were used to get a thin photoresist film (100
nm thick) for the formation of the first order corruga-
tions for DBR with a period of 240-250nm.
Drying for 5min at 90°C.
Exposure of the first order corrugations by conventional

holographic photolithography technique using the 325nm

wavelength line of He-Cd laser. A schematic diagram of
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[131]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

the experimental set up and the photographs of it are
shown in Fig.6-7(a) and (b), respectively.
Development by AZ-1350 developer for 3-5sec.

Checking the period of the exposed corrugation by the
measurement of the diffraction angle using the same
He-Cd laser as shown in Fig.6-8.

Post baking for 5min at 120°C.

Etching of the corrugations with the solution of HC1+

CH COOH+HZO(named KKI etchant in ref.[2731). Etched

3
corrugation dépth of approximately 30-50nm was obtained
with the etching time of 2-5sec at 30°C.

Removing the photoresist and cleaning the wafer in
boiling methanol, acetone, and trichlorcethylene.
Deposition of SiO2 film with the thickness of 200-300nm
for the mask of Zn diffusion and the electric isolation.
Stripe windows were opened on the active region and

Zn diffusion was carried out in the same manner as
detailed in section 4.2.

Polishing the wafer to a thickness of approximately
150um, which was relatively thicker than that of
conventional lasers because the total length of this
laser was approximately more than twice larger than
those lasers.

Evaporations of Au(40mg)/Zn(l5mg) and Au(80mg)/Sn(15mg)
to the p and n type sides, respectively. In the

evaporation of Au/Zn, a metal mask, which has stripe

windows of 30um width and 350um length with a interval

of 1200um, was adjusted on the wafer to make a ohmic
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Fig.6-5 Schematic diagram of 1.5-1.6um wavelength
GaInAsP/InP DBR-ITG laser.

Table 6-~1 Composition, typical thickness, doping level, and

contents of each layer for 1.5-1.6um ITG wafer.

No. layer Ag thickness doping_;.evel content (mg) 4
(um) (pm) {cm 7) InP § GaAs | Inas Te/InZ) Zn/In3)

1 | n-Inp 5-10 1.2x10%8 50 40
2 | n-GaInasp(0.6.)|1.45| 0.55 1.2x10%8 50 | 90 |a285 | 40
3 | n-Inp(S.L.) 0.4 1.2x10%8 50 40
4 GaInAsP(A.G.)| 1.60] 0.2 (1 x107y 1 50 li16s 200
5 GaInAsP (AMB) | 1.35] 0.1 (x x10*7)y § s0 | 70 {280
6 | p-inP 2-3 1 x10t7 37 5
7 | p-GaInAsp 1.30] 0.5 © 3x10%8 50 | s0 |225 40

1) for 5¢g of Indium solvent, 2) 2.5% Te in Indium, and 3} 1% Zn in Indium.

Fig.6-6
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; \

(b)

Fig.6-7 (a) Schematic diagram of the experimental set up
for the holographic exposure.

(b) Photograph of the holographic exposure system.
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Fig.6~8 (a) Schematic diagram of the measurement system
for the period of the first order corrugations.

(b) Photograph of the experimental set up.
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Fabrication processes of BH-DBR-ITG lasers

iTG wafer (1002
i Chemical etching for 1TG structure

<oﬁ‘>/\
01D

-Fabrication of
Chemical etching for BH structure  firsi-order gratings

Formation of electrodes
Second growth for BH-1TG wafer and Au deposition

Fig.6~9 Schematic diagram of the fabrication processes for

BH~DBR-ITG lasers,.
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CORRUGATIONS ON INP

Fig.6-10 SEM photograph of the corrugated surface

of InP with the first order corrugatiomns.

p-GalnAsP{Cap L.}

p-inpP

P-GalnAsP{AMB. L.)
GalnAsP(A.G.)
n~-inP{sS.L.)

n-GalnAsP (0.G.}

DBR region

Active region n-inP

Fig.6-11 Schematic diagram of 1.5-1l.6um wavelength
GaInAsP/InP BH~DBR-ITG laser.
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[22]

[23]

[24]

[25]

[26]

contact on the active region.

Alloying in highly pure hydrogen atmosphere for 2min at
410~-420°C.

Evaporations of Cr, 'Au(40mg), and In(40mg) to the ptype

side. In this case, they were evaporated to the entire

area of the wafer for the formation of TM mode filters

and the tight contact of thermal bonding.
Bonding the wafer to a ceramic plate with melting wax

and sawing it to- long bars by a thin steel wire after

. cooling the wax. These loeng bars were preserved in

acetone to remove them from the ceramic plate.
Cleaning the bars by fresh acetone several times and
drying them by a lamp.

Cleaving the bars into laser chips with a cleaved mirror

and a DBerirror on the opposite side of the chip with

. the active region length and the DBR re@ionglengthvof

250-350um and 500-800um, respectively.

From above mentioned procedures, asymmetric structure

BH-DBR-ITG lasers were fabricated as schematically shown in

Fig.6~9. Figure 6~10 shows the SEM photograph of the first

order corrugations formed on InP substrate crystal.

6.4

Lasing properties of BH-DBR-ITG lasers

(1) Stationary operation

Thus obtained BHE-DBR-ITG laser is schematically shown in

Fig.6-11. The BH-DBR-ITG lasers which had relatively low

threshold current less than 150mA under pulsed operation at
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room temperature were bonded to copper heatsinks as mentioned
in chapter 4. The pulsed threshold current as low as 80mA was
obtained at room temperature with the active region width and
length of 3pm and BOOﬂm as shown in Fig.6-12. CW operations
of these lasers were obtained with the temperature up to 12°C.
“Figure 6-13(a) shows the temperature dependences of the
threshold current and the lasing wavelength under CW operation.
_ Figure 6-13(b) shows the I-L characteristic and the lasing
spectra for various currént levels under CW operation at the
temperature of 0°C. The incremental lasing wavelength variation
of é;lnm/deg which is 1/5 times that of the conventional lasers
waé obtained. The threshold current, output power, and the
~differential guantum efficiency of 78mA, 2.4mW, and 7.6 percent‘
"Were obtained at 0°C. Stable single. longitudinal mode operation
was obtained ﬁith the injection current level up to more than
1.54 times the threshold cufrent.‘Another results of thosé
properties‘are also shown in Fig.6—14(a) aﬁd'(b). For this
- laser, the threshold current, output power, and the differential
quantum efficiency of 37mA, 6mW, and 16.3 percent were obtained
. at the temperature of 248K. Single longitudinal mode operation
with the injection current level more than 1.54 times the
threshold and the incremental lasing wavelength variation of
0.1Inm/deg were also obtained for this laser. The large differe-
nce of the lasing wavelength of these two lasers was considered
to be caused by the non uniformity of the wafer such as the
deviation of the thickness of the output guide layer ana the
incomplete etching of the active layer in the DBR region. For

both lasers, the DBR mode operating temperature region of
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approximately 25deg was obtained as can be seen in Fig.6-13(a)
and Fig.6-14(a), that was caused by a poor reflectivity of the
DBR mirror and by a poor coupling cdefficient of CO and Cout'
The differential gquantum efficiency Ng of the asymmetric DBR-

ITG laser shown in Fig.6-11 is expressed as

1-R
g~ [l+{R/(CgutRc)}l/2

1{1-(c?

1/2
outRRc) }

« In{1/(c2 R )1/?}

. (6-5)

X 2 1/2
ag+1n{1/(cou RR) }

t

where R and Rc are the reflectivities of the cleaved facet and
the DBR, Cout'is the coupling coefficient between the active
region and the DBR region. Putting u=38cm—1, 2=350um,. R=0.42
and nd=0.l63 into the eq. (6-5), the effective reflectivity of
the DBR was calculated to be CgutRc:O'ls' This low yalue was
due to the phase mismatching between the active guide and the
output guide and to the poor reflectivity of the DBR. Further
improveﬁents in these factors are required still now. The
problem of the phase matching was too severe for the high
differential quantum efficiency and the low threshold current,
a new structure DBR laser of a butt-jointed built-in (BJIB)

type was proposed to overcome it [260]. Figure 6-15 shows the

Schematic diagram of the BJB-DBR laser.
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Light output

BH-DBR-ITG (pulsed)
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. Current (mA)

Ho0mAT

Fig.6-12

I-I, characteristics of BH-DBR-ITG lasers

under pulsed operation at room temperature.
Active region thickness and width were 0.Zum
and 3um, and the lengths of active and DBR
regions were 200-350um and 500-800yum,

respectively.
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(a)

(b)

current and the lasing wavelength of laser A.
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.6-13 (a) Temperature dependences of the threshold

(b) I-L characteristic and the lasing spectra

for various injection current levels of

laser A.
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Fig.6-15 A schematic diagram of a 1.6um wavelength
GaInAsP/InP butt-jointed built-in (BJB) DBR laser.
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Fig.6-16 Schematic diagram of the measurement system of

the high speed direct modulation.
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(2) High speed direct modulation

The sample B of BH-DBR-ITG laser was directly modulated by
sinusoidal current. DC bias current was fixed at 1.2 times the
thresholdicurrent. The modulated current was supplied to the
léser diode through the feeding coaxial cable and the strip
line of 50 resistance. The modulated current was monitored by
sampling Oscilloscope. The modulated optical power from the
laser diode was detected by PbS detector through the monochro-
mator. The response time of PbS detector was much large, so
that the time-averaged spectra were measured. The spectrum
resolution was estimated to be about 0.07nm fron the full
width of half maximum of the spectrum without modulation. The
experimental set up used in this measurement is schematically
shown in Fig.6-16. |

Figure 6~-17 shows the spectra of BH-DBR-ITG laser under
--high speed direct modulation with the modulation depth of 100
percent. A stable single mode operation was obtained with
““modulation frequency from 0.25GHz to 3GHz. Only the increase
‘of the spectral width of the lasing mode, so called dynamic
line shift , was observed, but the dynamic spectral broaden-
ing usually seen in Fabry-Perot type lasers was not observed
at any frequency. Dynamic line shift was caused by the
refractive index variation of the active layer under "direct
modulation. The maximum dynamic line shift was 0.27nm at the
resonance-like freqguency of 1.8GHz. This value was almost as
same as the spectral width of only one lasing mode of directly
modulated conventional Fabry-Perot type lasers [28%]. But

because of éingle mode operation under direct modulation, the
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-dynamic spectral width of BH-DBR-ITG laser measured was equal
to the dynamic line shift and approximately 1/37 times the
dynamic spectral width of conventional Fabry-Perot type lasers.
Figurev6—18 shows the lasing wavelength of CW operation and

the spectra of directly modulated BH-DBR-ITG laser at the

. -~resonance-like. frequency of 1.8GHz with the modulation depth

m of 100 percent as a function of the heatsink temperature.
As can be seen,'a(Singlevméde operation undéer high speed
.direét modulation was obtained in the almost whole»temperature
fange at stable CW DBR mode operation.

The dynamic liné‘shift varies with the modulated carrier

density which depends on the modulation depth and the frequency.

- Figure 6-19 shows an example of the modulation depth dependence

6f the dynamic line shift with the modulation frequency of
,TlfSGﬁz; The . dynamic line shift increased with the‘moduiation
-+ depth. The modulation_frequency depéndence of the dynamic line
‘ 'shift was measured for the modulation depth of 50 and 100
v percent and the.results are shown in FPig.6-20. As can be seen,
‘%uthe dYnémic line shift has a maximum value at a resonance-like
frequency and the results agfeed with the theoretical calcula-
tion from a large signal analysis as indicated by the solid
lines.

Figure 6-21 shows the calculated transmission bandwidth of
conventional single-mode optical fiber with the material
digpersion of 20psec/nm/Km as a function of the transmission
distance with the parameter of the dynamic spectral width of
light source. As can be seen, the transmission bandwidth

increases to 185GHzKm by using BH-DBR-ITG lasers with such
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Fig.6-19

Lasing spectra of BH-
DBR-ITG laser with wvarious
modulation depths.

The modulation frequency
was fixed at 1.8GHz which
was almost the resonance-

like frequency.

Fig.6-20
Dynamic line shift as a
function of the modulation
frequency with the modulation
depths of 50 and 100%,
Solid lines indicate the
calculated results from a

large signal analysis.
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narrow spectral width of 0.27nm as measured here. The bandwidth
is about 37 times larger than that by using conventional Fabry-
Perot type lasers. It could be possible to increase the trans-
mission bandwidth to the material dispersion limit still more
by optimizing the laser structure as discussed in section 6.2.
However, this small value of the dynamic spectral width is
fairly enough for the long distance optical fiber communicat-
‘ion system using a presehtly available light detector as

- discussed in section 1.1.

6.5 Conclusion

The BH-DBR-ITG lasers of low threshold current were fabri-
cated in the wavelength region of 1.5-1.6um. The CW operation
temperature as high as 12°C, the threshold current of 37mA,
the differential quantum efficiency of 16.3 percent, and. the
- output power of more than 6mW“were obtained at the temperature
of 248K. The single mode operation with the injection current
~ more than 1.54 times the threshold current was obtained.

The single longitudinal mode operation under high speed
direct modulation was also obtained with the frequency up to
3GH; with the modulation depth of 100 percent at the bias
current of 1.2 times the threshold. The dynamic spectral width
of 0.27nm was obtained at the resonance—liké freguency. From
that, the transmission bandwidth-transmission distance product
BL of 185GHzKm for the conventional ultimately low-loss single
mode optical fiber was obtained and the capability of the
BH-DBR-ITG laser for the practical use in the long distance

optical fiber communication was proved.
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CHAPTER 7/  CONCLUSIONS

The purpose of this thesis is to realize a long wavelength
GaInAsP/InP laser as a light source for the long distance
optical fiber communications using an ultimately low-loss
optical fiber which has the minimum transmission loss wave-
length of 1.5~1.6um. = According to that, the low threshold
current GaInAsP/InP lasers with the wavelength of 1l.6um were
developed by_introducing an anti-melt-back (AMB) layer
structure for the first time, and a buried heterostructure.
Next, very narrow dynamic spectral width of less than 0.3nm
under high frequency direct modulation up to 3GHz was realized
by a buried heterosﬁructure distributed Bragg reflector
integrated twin guide (BH-DBR-ITG) laser with the wavelength
of 1.5-1.6um, which is enough for the long distance optical
fiber communicationsvusing presently available optical fibers
and detectors.

The concluding remarks in this study are summarized as
follows:

[11 A new structure using an additional "anti-melt-back"
layer was proposed to prevent the meltback problem during
the ligquid phase epitaxial growth of longer wavelength
GaInAsP/InP lasers, and the room temperature CW operations
of 1.5~1.6um wavelength GaInAsP/InP lasers were achieved
by introducing it.

[2] The growth conditions of GaInAsP quaternary crystals
lattice matched to (100) oriented InP substrate were

~clarified and the fabrication of GaInAsP/InP double
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[3]

[51]

heterostructure lasers of 1.1-1.67um wavelength region was
made possible.

The threshold cufrent density normalized by the active
layer thickness of 5—6KA/cm2/um was. obtained for the anti-
melt-back layer structure laser with the wavelength of
1.45-1.65um, it was almost comparable to that of the
brdinary structure laser with the wavelength of 1.2-1.5um.
Thus the increase of threshold current due to the
additional anti-melt-back layer was experimentally found
to be negligible.

The temperature dependences of the threshold current and
the lasing wavelength variation were made clear with the
lasers of different compositions of the active layer. For
all the lasers investigated, the threshold current was
found to increase with the temperature exponentially as
given by I of 100-150K

(T)=It Oexp(T/TO), the value T

th h 0
and 40-70K was obtained at the temperature below 250K and
at around room temperature, respectively. Thevtemperature
dependence of the lasing wavelength was found to be 0.4nm/
deg for 1l.3um wavelength laser and 0.5nm/deg for 1.55um
wavelength laser.

A new fabrication process using a selective etching and a
selective meltback method was propoéed to make buried
heterostructure lasers of 1l.6um wavelength region taking
account of fine crystal growth on the side walls of the
etched stripe mesa. By use of this method, the room

temperature CW operations of 1l.6um wavelength GaInAsP/InP

BH lasers were obtained with a low threshold current of
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[7]

[81]

28mA and a differéntial guantum efficiency of 43 percent
for the cavity length, the stripe width, and the thickness
of active region of 250-~350um, 3-5um, 0.3um, respectively.
The steep increase of the ﬁhreshcld current versus the
temperature was found to be related to the temperature
dependence of the differential gquantum efficiency from the
ﬁeasurements of the l.6um wavelength BH lasers with CwW
conditions. This fact was concluded to be caused by the
intervalence band absorption-and non—raaiative Auger
recombination, the reduction of the optical confining
effect was proved to be necessary for the high differential
guantum efficiency.

The buried heterostructure distributed Bragg reflector
integrated twin guide laser of the low operation current
was achieved in 1.5-1.6um wavelength region. The CW
operation temperature as high as 12°C, the low threshold
current of 37mA, the differential guantum efficiency of
16.3 percent per front facet, and the output éower of omW
at the.temperature of 248K were obtained. The single
longitudinal mode operation was kept with the injection
current of more than 1.54 times the threshold.

The temperature region of the single longitudinal mode
operation of the distributed Bragg reflector laser was
discussed theoretically taking account of the effect of
the refractive index variation due to the injected carriers.
It was proved to be increased by the reductions of the
active region length and the optical confinement factor of

the active region.
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[9] The single longitudinal mode operation under high

frequency direct modulation was obtained for the BH-DBR-
ITG laser>with the frequency from 0.25GHz up to 3GHz and
the modulation depth of 100 percent at the bias current of
1.2 times the threshold. Any spectral broadening, which
occurs in conventional Fabry-Perot type lasers due to the
increase of lasing modes under high frequency direct
modulation, was not observed. The dynamic spectral width
of this laser was only 0.27nm as the maximum at resonance-
like freguency of 1.8GHz and was only 1/37 of that of
conventional 1.5-1.6um wavelength BH lasers. This value
corresponds to the transmission bandwidth-distance product
of 185Gﬁz-Km for ordinary ultimately low-loss optical
fiber, and also gives the prospect of this laser as a
light source for the long distance optical fiber communi-

cations.
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APPENDIX

History of GaInAsP/InP lasers

: G t . -
year Szgw.grgiﬁg A (um) Remarks Authors Ref .No.
' A.P.Bogatov
1375 L.M.Dolginov
ILPE P.G.Elisecev
(111)B 1.1 pulse M.G.Milvidsky | [162]
B.N.Sverdlov
E.G.Shevchenko
1976} [11yg 1.1 pulse 3.3.Hsich [16
-1p J.J7.4sle
LPE
1.1 CW J.A.Rossi [164]
(111)B J.P.Donnelly
LPE . u K.Qe .
(111)B 1.15 pulse K.Sugiyama [165]
1LPE H.Nagai .
(111)B 1.7 I=77K Y.Noguchi [166]
1977 T. Ya?amoto
1.PE K.Sakai
Y.Suematsu
LPE 1.21 BH J.J.Hsieh [168]
(100) 1.25 CW, I_,=60mA C.C.Shen
Y.Itaya
(igg) 1.13 pulse Y.Suematsu [169]
(T=110K) K.Iga
K.Oe
e 1.3 cw S.Ando [170]
(100) K.Sugiyama
C.J.Nuese
VPE ; R.E.Enstrom [171]
1.7 pulse J.R.Appert
K.Wsakao
LPE 1.2 pulse K.Moriki [172]
(100) : vertical furnacet T-Kambayashi
K.Iga
1978} LPE H.Nagai
(100) 1.5 pulse Y.Noguchi [174]
T.Yamamoto
L.PE K.Sakai
(100) 1.3 CW S.Akiba [175]
Y.Suematsu
B.I.Miller
J.H.McFee
MBE
(100) 1.65 pulse R.J.Martin [176]
P.X.Tie
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1978 H.Kawanishi

LPE : DBR Y.Suematsu
(100) 125 T=150K .| Y.Itaya [177]
: pulse S.Arai
H.Kano
LPE 1.3 BH K.Oe
(;00) ) . ‘CW’ Ithm60mA S.Ando [178]
K.Sugiyama
S.Akiba
LPE
(100 1.67 Quizernary Clad. K.Sakai [179]
o puise .Yamamoto
S.Arai
1L.PE i Y.Itaya .
(100) 1.2-1.5 pulse Y.S?Emétsu -[180]
K.Kishino
S.Katayama
1979 VPE CW, I_,=85mA G.H.Olsen
1.25 n =50%h C.J.Nuese [181]
Life>4000hrs M.Ettenberg
K.Kishino
LPE
(100) 1.3 MS? Y.Suematsu [182]
puse Y.Itaya
Vi
LPE Jth=77OA/cm Y,Itaya
(100) 1.3 5.Katayama [183]
Y.Suematsu
S.Arai
LPE
(100) 1.67 AM? Y.Suematsu [184]
pulse Y.Itaya
. . A.Doi
LPE 1.15 RW N.Chinone
(100) : W K.Aiki [185]
R.Itoh
LPE ‘ Opt. Waveguide N.Kobayashi
(100) 1. pulse Y.Horikoshi [186]

H.Kawanishi

DBR(first order)| v guematsu

' T=180K
LPE 1.3 ol K.Utaka [188]
(100> pulse Y.Itaya
S.Arai
D.J.Bull
LPE 118 18 N.B.Patel :
(100) . T=100K F.C.Prince [189]
pulse Y.Nannichi
H.Nishi
SA M.Yano
LPE . ,
1.3 cw Y.Nishitani [190]
(100) Y.Akita
M.Takusagawa
T.Yamamoto
LPE CW kai
1.3 ; K.Sakai [191
(100) Life>10000hrs S, Akiba ]
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-



LPE ) Cw .
2=1. J.J.Hsieh
1979 (100) L.2-1.3 Zn-diffused e [192]
Y.Itaya
Y.Suematsu
LPE
100) 1.3 Cw S.Katayama [193]
( K.Kishino
S.Arai
A.Doi
LPE DFB T.Fukuzawa
- 1.1 - M.Nakamura [194]
(100) T=170K R.Ttoh
K.Adiki
AMB S.Akibs
LPE \ I K.S8akai
T.Yamamoto
LPE. pulse G.D.Henshall
(100) 1.55 Jth=2'lKA/cm2 P.D.Greene [196]
H.Kawaguchi
LPE oW K.Takahei
L .
1.55 B Y.Toyoshima [197]
(100) Ith—ZSOmA H.Nagai
G.Iwane
. F.C.Prince
FPE 1.3 EMS N.B.Patel [198]
(100) pulse D.J.Bull
I.P.Kaminow
LPE Ridge Waveguide | R.E.Nahory
B 1.55 CW M.A.Pollack [200]
(100) L.W.Stulz
J.C.DeWinter
LPE 2 -
(100) 1.35 J,,=6704/cm R.J.Nelson [201]
H.Soda
. LPE K.Iga
(100) 1.2 S%L C.Kitahara [203]
T=77K Y.Suematsu
S.Arai
LPE AMB M.Asada
(160) 1.51 cw Y.Suematsu [204]
Y.Itaya
. K.Utaka
LPE DE?‘IT“ Y.Suematsu R
1980 (100) 1.3 first order) K.Kobayashi [206]
pulse ol
H.Kawanishi
- T.Mizutani
cwW M.Yoshida
i (dual chamber) A.Usui
VPE 1.3 H.Watanabe [207]
00
(100) T.Yuasa
I.Hayashi
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1980

Y.Itaya

BH (AMB) T.Tanbun-Ek
(Il‘gg) 1.62 s K.Kishino [208]
I .=110mA S.Arai
th Y.Suematsu
R.J.Nelson
Strip-BH P.D.Wright
LPE 1.3 cwW P.,A.Barnes
(100) T . =170mA R.L.Brown [209]
th T.Cella
R.G.Sobers
TPE 1.3 Etched Mirror K.iga -
(100) I.,~300mA B.I.Miller [210]
H.Nagai
BH Y.Noguchl
LPE 1.5 cwW K.Takahei [212]
(100) T . =25mA Y.Toyoshima
th G.Iwane
J.P.Hirtz
J.P.Duchemin
P.Hirtz
%igggCVD 1.15 pulse B.DeCremoux [213]
T.Pearsall
M.Bonnet
E.A.Rezek
LPE 1.16 Quantum well N.Holonyak,Jr. {[214]
(100) B.K.Fuller
S.Arai
BH (AIVIB) M.Asada
LPE 1.62 CW Y.Suematsu .
(1-00) T . =37mA Y.Itaya 1215]
th T.Tanbun-Ek
K.Kishino
K.Utaka
LPE 1.5-1.6 DBR-ITG (AMB) K.Kobayashi
(100) : : (first order) K.Xishino [216]
pulse Y.Suematsu
G.H.Olsen
(ng) 1.55 cW T.J.Zamerowski }[217]
1.65 N.J.DiGiuseppe
W.D.Johnston,Jr
JPE
VPE 1.5-1.55 | CW K.E.Strege [218]
(LUU)
T.Murotani
BC ®.Oomura
LPE 1.3 oW . ‘H.Higuchi [219]
(100) Iy ~28mA H.Namizaki
W.Susaki
LPE
(100) 1.5 cw J.J.H8sieh [220]
‘LPE Wet—etched B.I.Miller [221]
(100) 1.3 Mirror, pulse K.Iga
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M.Hirao

1380 BH S.Tsuji
LbE 1.3 cw K.Mizushima | [223]
(100) T =10mA A.Doi
th M.Nakamura
N.Matsumoto
PCW K.Onabe
T.Yuasa
LPE 3 ,
1.5 cw Y . Matsumoto [224]
(100)
T.Furuse
I.Sakuma
LPE 1.3 Etched Mirror K«Ega'11 [225]
(100) -t Cw, I+h=l90mA B.I.Miller
Y .Nakano
BH (p~InP Sub.)| g Takahei
CW ,
Y.Noguchi
LPE _
’ 1.5 Ith—40mA M.Tokunaga [227]
(100) :
H.Nagai
K.Nawata
M.Fujimoto
K.Moriki
K.Wakao
LPE 1.3 TS M.Kitamura [228]
{100 ’ CwW
(100) K.Iga
Y.Suematsu
BH Y .Noguchi
LPE K.Takahei
1.65 cw .Ta
(100) T..=33mA Y.Suzuki [229]
Zth- H.Nagai
T-laser P.C.Chen
1LPE (on semi-insul. K.L.Yu, ’ 230
(100) 1.2 Sub.) 5.Margalit [230]
pulse A.Yariv
I.Mito
1981 PBH K.Kaede
LPE 1.3 CW M.Kitamura 931
(100) AL I _=15mA Y.0dagirdi [231]
th M.Seki
K.Kobayashi
BH (semi-insul. T.Matsuoga
LPE 1.5 Sub.) K.Takahe% [232]
(100) : CW, ItH=38mA Y.Nogu?hl
: H.Nagai
SML H.Imai
H.Ishikawa
LPE 1.5 CW T.Tanzhashi [233]
(100 Ith=82mA M.Takusagawa
E.Oomura
BC H.Higuchi
LP CwW R.Hirao
K 1.3 1 .=12mA H.Namizaki [234]
(100) h _
T.Murotani
W.Susaki
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o

J.P.Hirtz

1981 M.Razegt}i .
- LP-MOCVD 1.3 pulse J.P.Larivain [235]
(100) ! S.Hersee
J.P.Duchemin
PCW 'Y.Noda'
LPE 1.5 CW K.Sakai ) [236}
(100) Y.Matsushima
H.Asahi
_ CwW Y.Kawamura o
1‘14}311. 1.70 T=6°C M.Ikeda 1237]
(100) H.Okamoto
Y.Suzuki
BH-LD array (4) | Y.Noguchi
LPE 1.5 cw . K.Takahei [238]
(100) I y=o0ma H.Nagai
G,Iwane
P.C.Chen
K.L.Yu
EMS
LPE 1.3 T . =45mA S.Margalit [240]
(100) th A Yariv
v ,
LPE 1.3 J . =1KA/cm”™ F.Z.Hawrylo
(110) L. th awry [241]
BH-DBR-ITG E-%ObiyaShl
. CW (T=250K -Utaka [242]
LPE 1.5-1. ( ) Y.Abe
(100) Y.Suematsu
BH-DBR-ITG K.Utaka
LPE 1.5_1' Single mode K-KObayaShl [243]
(100) f=1CHz Y.Suematsu
(AMB) Y.Noda.,
cW K.Sakai [244
LPE 1.5 Life>10000hrs Y .Matsushima L ]
(100) S.Akiba
H.Ishikawa
VGSB H.Imai
1LPE 1.3 CwW T.Tanahashi [245]
(100) ’ Iiy,=10mA Y.Nishitani
M.Takusagawa
J.C.Bouley
Shottky-barrier G.Chaminant
LPE 1.3 stripe, J.Charil 12461
(100) cw P.Devoldere
M.Gilleron
LPE S kami :
100y 1.55 DFB, pulse 0.Mikami [249]
D M.Razeghi
J.P.Hirtz
CW P.Hirtz 250
LP-MOCVD 1.23 Ith=250mA J.P.larivain | L2301
(100) R.Bondeau
B.DeCremoux
J.P.Duchemin
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1981

Etched Mirror

K.Moriki

. . K.Iga
LPE 1.3 Lens—l%ke StTiP | M.Uchida [252]
(100) . waveguide K.Wakao
Ith=l60mA T.Kunikane
H.Okuda
BH-SE H:.SOd% .
LPE 1.2 T=77K K.Moriki [253]
(100) Y.Motegi
K.Iga
i W.Ng
1PE + BH (MO-CVD over| o.g. Hong ]
MOCVD 1.3 growth) H.Manasevit [254]
(100) CW, I, =57mA P.D.Dapkus
M.Razeghi
pulse P.Hirtz
_2 SKA/cm J.P.Larivain [255]
1P-MOCVD 1.5 R.Blondeau
(100) B.DeCremoux
\
J.P.Duchenin
_ . Y.Nakano
BH (p-InP Sub.) | g Takahei
CW
Y.Noguchi P
LPE 1.55 Ith:BOmA H. Nagal L256]
(100) K.Nawata
M.Tokunaga
W.J.Delvin
R.H.Walling
BC P.J.Fiddyment
oW R.E.Hobbs {2571
LPE 1.54 _ D.Murrell
(100) T . =45mA
th i1
R.E.Spillett
A.G.Steventon
CCM H.Nomura
(100) 1.58 t A.Suzuki
T.Tanbun-Ek
(first order) F.Koyama
LPE 1.58 cw K.Kishino [259]
(100) . <T=250§= S.Yoshizawa
Ith=3/mA) T.Watanabe
Y.Suematsu
F.Koyama
BH~DBR-ITG S.Arai 1
s s 5 [259"]
LPE 1.58 Single mode Y.Suematsu
(loo) ° 0.5GH=z<£<3GHz K.¥dishino
Y.Abe
BJB-DBR K.Kishino
(igg) 1.55 (first order) Y.Suematsu [260]
pulse S.Arai
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1981

BH-DFB

(igg) 1.5=1.6 (second order) NIT group [261]
CW, Ith=60mA
Single mode
K.Utaka
BH~-DFB S.Akiba
LPE 1.57 (first order) K.Sakai [262]
(100)

CwW, Ith=250mA

Single mode
f=500Mbit/s

Y.Matsushima
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