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Chapter 1. Introduction

1-1. Introduction

The present human community is characterized by a large
volume of information. Various kinds of information are col-
lected, stored, processed, selected and transmitted with the
help of communication systems and computer systems. Our life is
believed to be enjoyable by utilizing wide variety of informa-
tion. This is driving us to look for more convenient tools han-
dling information and hence the development of new communication
systems and new computer systems providing higher speed, larger
capacity and cost effectiveness becomes indispensable. The com-
munication system using optical fibers(1) is attractive because
of its advantageous characteristics such as very low loss, wide
transmission bandwidth and inexpensive system cost in comparison
with conventional coaxial cable systems.

The capability of the computer system is governed by three
factors. The first is the speed of transistor. The second is how
dense these transistor can be integrated. The third factor is
softwafes. These three factors are closely related with each
other and the most basic factor is the speed of transistor.

The ability of optical communication systems is also
decided by the following three factors. The first factor is the
speed of electronic circuits and this is very similar to the

limitation of computer systems. The second one is opto-



electronic devices i.e.,light emitting diodes, laser diodes or
photodiodes. The third one is optical fiber cables. Among these
factors, the opto-electronic device looks to have much room for
improvement in comparison with the established fiber charac-
teristics at present stage.

From the point of view of the aforementioned factors, the
improvement of opto-electronic devices and transistor toward
higher speed, higher efficiency and lower cost are very impor-

tant.

1-2. Opto-electronic devices

One of major devices in opto-electronic is the semiconduc-
tor device(l) due to its attractive characteristics, i.e., com-
pactness, low power consumption, low cost.

A fundamental requirement for optical devices is
realizable materials giving expected optical properties. Semi-
conductor materials are separated into many groups. Silicon and
germanium are elemental semiconductors and they have quite a
long history of research. However, these semiconductors are not
so usable for light emitting devices because of indirect
transition (2) property. On the other hand, compound
semiconductors (3) are quite attractive for optical devices due
to the wide region of bandgap wavelength. Particularly; ITI-V
compound material are good candidates because of a direct tran-

sition properties and suitable bandgap wavelength for optical




communications.

Oon the other hand, devices can be classified into two
groups based on stfucture. Group 1 is devices with homogeneous
semiconductor material. Group 2 devices have structures with
hetero-interfaces of different materials such as GaAs-GaAlAs or
GaInAsP-InP. III-V compounds can be used for heterostructure
devices because of the possibility of many different composition
with good lattice match as shown in Fig.1-1(4).

Heterostructures formed by III-V compound semiconductors
are very important to obtain CW operations of a laser diode (3),
which was basically high power, high efficiency, and high speed
modulation capability. For the operation of the laser diodes,
double heterostructure provides two important confinement ef-
fects as shown in Fig.1-2. One is confinement of carriers within
the active region withvpotential barrier of hetero interface.
The other is optical confinement effect in the active region
using difference of refractive index in each materials. Without
these effects, CW operation at room temperature could not be ob-
tained. First CW operation in room temperature was’reported
with double.heterostructuré formed by GaAs/GaAlAs Systems in
1970 (6=7) and which was a milestone in the progress for opto-
electfbnics devices.

| Another merit of heterostructure for optical devices is
quantum well structure (8) made of ultra thin film sandwiched by

wider bandgap materials. The electron is confined in energy

9
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potential well by this sandwiched structure and standing wave of
electron is observed when well width is comparable to
wavelength of electrons. By this effect, change in physical
characteristics, such as, change of density of state and dipole
moment with polarization, are obtained.
| Improvement of lasing characteristics is expected by ap-
plication of quantum well structure (9. 10) to laser. Drastic im-
provement of characteristics such as decreasing of threshold
current was achieved in GaAs/GaBAlAs lasers. By single quantum
well with graded index separate heterostructure as shown in
Fig.1—3(11), best confinement structure for carriers and photon
were achieved separately and very low threshold current
density(12‘15)(~ 140A/cm2) and extremely low threshold
current (under 1mA) (15) were obtained. By the reduction of
threshold current,.problem of heating under CW operation is
solved and bias of modulation(16) can be deleted. This
facilitates integration of opto-electronic devices. Other im-
provements in lasing characteristics by quantum well structure,
such as less dépendence of temperature(17), narrow
linewidth(18), high efficiency (19) and high modulation limit (20)
were achieved in GaAs/GaAlAs quantum well systems.
As for modulator, enhancement of change in absorption
coefficient (21) and refractive index(22) due to the electric
field was expected in quantum well structure because overlap

integral of wave functions of electron and hole, proportional to
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dipole moment, changevappreciably by electric fields. Using
large refractive index change, inter sectional optical
switch(23) was proposed and high speed modulation can be
achieved by feducing the capacitance which is possible due to
small voltage applicable area.

Ultimate application of heterostructure to devices will be
achieved by employing multidimehsional quantum well effect (24),
By three dimensional quantum well (quantum box) structure, more
superior lasing characteristics was analyzed(24'25) because
there is a big change in density of state as shown in_Eig.1—4.
In quantum box structure, state density is simply composed of 5‘
-function at each quantized levels and injected carriers are
concentrated only in these levels. Hence, injected carriers are
used effectively for lasing action compared to other structures
where the state density gets distributed.

As mentioned above, the heterostructure by III-V compound
semiconductor is very attractive structure for optical devices.
The merits of heterostructure can be improved by quantum well
structure and ultimate application of heterostructﬁre‘will be

higher dimensional quantum well structure.

1-3. Epitaxial growth technique
To obtain the heterostructure, thin film epitaxial growth
technique is indispensable. First fabrication of laser diode was

achieved by development of liquid phase epitaxy methods (6/ 7).

"’



After success of LPE, many epitaxial methods were developed for
improvement of productivity and abrupt hetero interface. In case
of liquid phase epitaxy, subsﬁrate is contacted with the melt
and that method have a problem for uniformity, abrupt interface
and cost for each growth. The second method is chloride vapor
phase epitaxy(26:27), The epitaxy is performed in a gas phase
where materials are transported as chloride-compounds. Hydride
vPE (28, 29) and atomic layer epitaxy using chloride (30) use the
same principle. The third is metal organic vapor phase
vepitaxy(OMVPE)(31'32) where materials are transported as o:ganic
compounds. Flow modulation epitaxy(33); laser atomic layer
epitaxy (34) and plasma assisted MocCVD (3) use the same prin-
ciple. The fourth is molecular beam epitaxy (MBE) (30) in which
materials are evaporated in high vacuum. Phase lock epitaxy(37)
or migration enhanced epitaxy (38) use the same principle. The
comparison of each epitaxial methods is shown in Table 1-
1 (39, 40),

To obtain productivity that is very important for develop-
ment and cost economization, uniform growth is an important
requirement in growth technique.

To obtain quantum well structure, growth must be limited
by transportation of sources and etching after growth must be
prevented. Thus, non-equilibrium growth mechanism is preferred
to quasi-equilibrium growth mechanism. Hence, OMVPE and MBE are

suitable for fabrication of quantum well structure. Observation



Table 1-1
techniques(39'4o).

The comparison of

each epitaxial growth.

Technique Characteristics
Solid Purity Advantages Disadvantages
composition
LPE Thermodynamics 11l melt, Simple, Volume limited,
(phase diagram) : Low cost apparatus inflexible,
: morphology
VPE . Thermodynanics Gases, Flexible, No AlGaAds or
(hydride) leaks, Productivity, other Al alloys®
reactor materials High purity
OMVPE Kinetics, 0¥ sources, Most versatile, Toxic gas
arrival hydride, Productivity,
at surface C contamination, Abrupt
leaks
MBE Kinetics, Vacuum, Kost abrupt, Expensive,
flux, sticking Sources, low temperature, Slow growth rate,
coefficient systems In-situ Problems with
(wall) observation phosphorus

3J



of the quantum size effect and improvement of devices by quantum

well structure have tight relation to development of those

growth methods.

OMVPE was proposed by Reuhrwein in 1958 (41) and developed
by Manasevit, et al., in 1968 (31). In basic mechanism of OMVPE,
organo-metallic compounds as III groups sources and hydride as V
groups source are decomposeé. As an example, trimethylgallium (
TMG: Ga(CH3)3) and arsine (AsH3) are used for growth of GaAs and

basic reaction is as follows.
Ga(CH3)3 + AsH3 — GaAs + 4 CHy

Manasevit et al., applied OMVPE method for various III-V com~-
pounds, such as GaAs, GaP, GaAsP, GaSb, GaAsSb, AlAs, GalAlAs,
ALN, GaN, InAs, InP, GalnAs, InSb and InAsSb(42-46) and
feasibility of OMVPE for compound semiconductors growth was also
indicated. However application was impossible at that stage be-
cause of poor crystal quality due to high impurity concentration
of grown wafer because of impurity of sources. Expansion of
OMVPE was stopped until improvement in purification of organo-
metallié sources. |
Present activity of OMVPE was restarted from report by
Rockwell group (Dupius and Dapkas et al.) (32,47-51), They indi-
cated high performance of OMVPE by fabrication of GaAs/GaAlAs

double heterostructure lasers in 1977(47) by OMVPE with vertical



reactor as shown in Fig. 1-5. They reported fabrication of first

quantum well laser in 1978(50:51), After those reports, suffi-

ciently high crystal quality and abrupt hetero interface for ap-

plication to the devices were indicated and reports of

GaAs/GaAlAs OMVPE increased year by year. At present stage, many

excellent results were obtained by GaAs/GaAlAs OMVPE as follows.

1)

2)

3)

4)

5)

High purity GaAs can be grown as shown by obtaining of
high hall mobility at 77K (139, 000cm2/vs) (52).

Abrupt hetero interface can be grown by improvement of ap-
paratus and growth condition(53). Switching of different
composition under one monolayer was confirmed with obser-
vation of lattice image by transmission electron
microscope (54) .

Fabrication of conventional double heterostructure laser
with low threshold current (33), excellent uniformity(ss)
and high reliability (37) proved high performance of OMVPE.
The quantum well laser grown by OMVPE exhibited excellent
lasing characteristics(ss) as low threshold current den-
sity and high efficiency, and these are comparable to
those fabricated by MBE.

Application to fine structure is also indicated by modula-
tion doped fieldveffect transistor(sg) with high mobility
énd small fluctuation of threshold voltage and that have

less surface defect as observed in MBE growth.

[N
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MBE was based on high vacuum evaporation and sources are
supplied from effusion cell containing pure sources, to sub-
strate by mélecular beam as shown in Fig. 1-6. Purity of grown
layer is decided by purity of sources and vacuum level. Gunter
proposed the concept of MBE and fabrication of poiy—crystal was
reported in 1958 (60), First single domain of grown crystal was
reported by Davey, et al., in 1968 (61), In 1974, first fabrica-
tion of laser was reported by T.P.Lee and A.Y.Cho (62) . Although,
crystal quality was poor at this stage, lasing was made poséible
by annealing. Threshold current density comparable tovoﬁhe:
methods wés reported by W.T.Tsang in 1979 (63)., Low threshold
current density by multi- quantum well laser was achieved by
W.T. Tsang in 1981 (64),

By comparison, MBE would be superior to OMVPE in abrupt-
ness of hetero interface. However, abruptness of hetero inter-
face is limited by atomic layer and abruptness under one-atomic
layer can be obtained by OMVPE(53). other demerits of OMVPE are
complicate apparatus and many parameters for growth conditions,
particularly, pattern of gas flow. However, these demerits can
be solved experimentally. Demerit of MBE is mainly introduced
from high vacuum chamber. Usually, chamber should be opened
every.time for the exchange of sources, hence maintenance of
high vacuum is difficult for productivity.

To overcome this demerit, metal-organic molecular beam

epitaxy (MOMBE) (65-68) yas developed by combination of those two

i3
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methods as shown in Fig.1—7(68) and good result was reported. In
this method, sources are supplied by gas phase from gas cylinder
or metalorganic bubbler. Hence, opening of chamber is eliminated
when source is exchanged. However, combination of two methods
makes the apparatus expensive.

In conclusion, OMVPE is the most suitable growth method
for fabrication of devices with quantum size effect from abrupt

interface and productivity.

1-4. GaInAsP/InP OMVPE

As materials for research of III-V compounds, most popular
and well known material is GaAs/GaAlAs systems. First CW opera-
tion of laser at room temperature was reported with double
heterostructure of GaAs/GaAlAs systems. However, the emitting
wavelength of this material is 0.78-0.87 4 m and this wavelength
is not fit for lowest absorption region of silica optical
fiber(59). Long haul communication was improved by using lasers
emitting in 1.3-1.5, m because absorption characteristic of
silica optical fiber is extremely low, 0.2dB/km in this region
as shown in Fig.1—8(7°). For obtaining laser in this region,
doble-hetero structure iaser by GaInAsP/InP system was
developéd(69). After fabrication of GaInAsP/InP conventional
laser, research on GalInAsP/InP DSM laser emitting at single
wavelength became more active (69, 71),

Hence, GalInAsP compound crystal lattice matched to InP is



very attractive material and development of new crystal growth
method of GaInAsP/InP with high productivity and abrupt hetero
interface is very important. As the new growth method of
GaInAsP/InPf MBE is not suitable from following two reésons.
First reason is that phosphorus is adsorbed to chamber wall
after growth and high vapor pressure of phosphorus break high
vacuum atmosphere. Trial to solve this problem was reported(72)
by W.T.Tsang. However, the apparatus became more complicate,and,
expensive. Second reason is that the controllability of V groups
composition ip the_growth of quaternary is difficult due to in-
stability of V groups elements because of high vapor pressure.
Recently, MOMBE (65-68) or gas—source MBE (198) eliminated these
demerits, although these growth methods were not developed when
the author started this research. From these reasons, OMVPE was
preferred in this research work.

For In-containing materials, i.e.,GaInAsP/InP, it was dif-
ficult to get a good crystal quality by OMVPE due to the
parasitic reaction of metalorganic sources at early stage. The
organo-metallic sources of In were too reactive and undesirable
reactions were occurred between organo-metallic sources and
hydrides at room temperature (46:73,74), Those reactions were
confirmed by observation of non-volatile polymeric liquid or
solid at upstream of reactor. As the results of this reaction,
efficiency of growth and control of composition were poor.

Hence, many methods were proposed to suppress those parasitic

.



reaction for growth of GaInAsP/InP.

First trial to prevent parasitic reaction is separation of
metalorganic sources and hydride until jﬁst before the gas
reaches the substrate(46:75), A demerit of this method is poor
uniformity of grown wafer due to insufficient mixing of gas
source.

The second method is using low pressure reactor and decom-
position of hydride as shown in Fig. 1-9(73,76,77), By low pres-
sure, gas velocity increased and reaction time is reduced.
Phqsphine(PH3) was decomposed through pyrolysis oven before in-
froducing it to reactor to prevent extremely strong reaction be-
tween triethylindium(TEI) and PH3. Decomposed P4 has sufficient
vapor pressure for transportation of source. Combining those two
methods, first lasing(78) in GaInAsP/InP system was reported.
The author’s gfoup also obtained lasing(79) by combination Qf
sources gas separation, reduced pressure reactor and pyrolysis
oven. Many results concerning quantum size effect in GaInAsP/InP
were reported by this methods (81-84),

The third approach to prevent parasitic reaction is the
method with adduct (85-87), stable metalorganic source is formed
by reaction between metalorganic of III group and V group, as an
example, trimethylindium (TMI)-trimethylarsenic(TMAs). This ad-
duct can be used as III group source instead of conventional
metalorganic source. This method is effective to prevent

parasitic reaction. However, it is not so popular until now due

i’
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to the following reason:

1) Difficulty of treatment due to the low volatile charac-
teristics of adduct.

2) Contamination of grown crystal due to the impurity from V

groups organo-metallic sources.

Recently, C.C.Hsu, et al. (88), and Mircea et al. (89) found
that parasitic reaction of TMI was not so strong. This
phenomenon is strongly related with the purification of metalor-
\ ganic source because Mircea etlal.(gg) reported that nit;ogen
mixing to carrier gas was effective to get a good crystal
quality in their early stage, although they reported that the
effect of nitrogen was disappeared after more purification(go).
By this development, GalInAsP/InP OMVPE research to devices was
incfeased drastically(91"97) and OMVPE was applied to other
materials containing In, as an example, AlGaInp(3?8-100), very
attractive material for visible laser. TMI seems superior to TEI
from stability of reaction. However, characteristics of TEI is
also improved by purification. That was confirmed by elimination
of pyrolysis oven without degradation of crystal(101). When the
author started research of this work, TMI seemed not suitable
from high mélting point and poor purity. Hence, TEI with reduced
pressure was used in this research. More research of new growth

conditions must be required if source material is to be changed. -
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1-5. Purpose and contents of this thesis

As mentioned until now, heterostructure is a good tool to
obtain laser diodes with good characteristics and GalnAsP/InP
are attractive materials for lasers. Moreover, enhancement of
merits of heterostructure is expected by introduction of quantum
well structure. To achieve quantum well structure devices,
development of new growth technique is indispensable.

When the author started this research project, GalInAsP/InP
OMVPE for fabrication of lasers was remained an unknown factor
and there was no report at’all about quantum well laser by
GalInAsP/InP. For multi—aimensional structure, only a rough
proposal was reported(24).

Hence, the first purpose of this work was improvement of
GaInAsP/InP crystal quality grown by OMVPE and its appiication
to optical devices such as laser diodes. Second purpose is for-
mation of abrupt interface by OMVPE as a basic technique for
fabrication of laser structure with three dimensional quantum
well (quantum box) structure.

Summary of this thesis is given as follows.

In chapter 2, the growth apparatus and improvement of
crystal quality in GaInAsP/InP OMVPE, pafticularly for growth of
heterostructure, are discussed. Doping for InP is also dis-
cussed.

In chapter 3, the application of GaInAsP/InP OMVPE to con-—

ventional lasers is described. Threshold current density com-

<0



parable to best value by other methods was obtained. CW opera-
tion by fabrication of buried heterostructure is also reported.

In chapter 4, fabrication of ultra thin films by CMVPE and
single quantum well laser are described. Improvemént of ap-
paratus for ultra fine film and measurement of quantum well
properties are also reported.

In chapter 5, quantﬁm box laser is proposed theoretically.
Optical gain in quantum box and estimation of threshold current
density are described. Ideal materials for quantum box laser are
also described.

In chapter 6, the fabrication of quantum box laser is
described experimentally. The design of structﬁre and processes
are introduced from practical fabrication side. Development of
fabrication process are also indicated. Measurement results of
fabricated structure are described. The design of structure and
processes are discussed again from experimental result.

In chapter 7, the conclusion of the thesis is given.

The flow chart of the thesis is as shown in Fig. 1-10.

I




Chap. 1
Introduction

Chap. 2

Crystal quality of Chap. 5
GalnAsP/InP OMVPE

T Theory of Quantum Box Laser

Chap. 3

GalnAsP/InP lasers by OMVPE
.‘ ' N

Chap. 4
Quantum Well Lasers by OMVPE

Chap. 6
Fabrication of

Quantum Box Lasers

l

Chap. 7
Conclusion

Fig.1-10 The flow chart of this thesis



Chapter 2. Crystal quality of GaInAsP/InP OMVPE

2-1. Introduction

For fabrication of GaInAsP/InP opto-electronics devices
with heterostructure, development of growth method is important.
Particularly, for abrupt interface and mass-productivity, new
epitaxy method must be developed. For abrupt interface, equi-
librium in the growth mechanism must be weak. The available con-
dition for epitaxial growth is expand to wide region when equi-
librium in growth mechanism is weak. In fact, very thin film
with abrupt interface(8:54) or strained layer
superlattice(102'103) can be grown, although guarantee of crys?
tal quality is reduced. On the other hand, growth with equi-
librium, as an example, LPE, the crystal quality was not so dif-
ficult if layer was grown.

Hence, improvement of crystal quality is very important
for OMVPE growth. Growth condition of quaternary materials and
relation between gas flow and alloy composition were studied by
the author’s groups and it was reported in doctor thesis of
S. Sugou. Howeﬁer, fabrication technique of heterostructure with
good crystal quality is difficult in GaInAsP/InP and this tech-
nigque was not so studied before this work. This difficulty is
caused by two kinds of V group in quaternary composition. Each
layer in heterostructure has different bandgap with differen£ v

group composition under lattice matching condition. Re-
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vaporization of V group materials due to high vapor pressure is
introduced degradation and that possibility is depend on
fabrication technique of heterostructure.

In this chapter, improvement of crystal quality, par-
ticularly, for dduble heterostructure, is discussed. At first,
growth mechanism of OMVPE is discussed while apparatus of OMVPE
is described. Secondly, improvement of crystal quality of bulk
growth is discussed. Thirdly, fabrication of hetero interface is

studied. lLastly, doping condition of InP bulk is reported.

2~2. Growth mechanism and apparatus

In design of OMVPE apparatus, growth mechanism is impor-
tant to get good crystal quality and abrupt interface.

The chemical reaction in OMVPE is supposed from supplied
materials and grown crystal composition is as follows in the
author’ s system:

For growth of InP
In(CgHg) 3 + PH3 — InP + 3CgHg
For growth of GalnAsP,

(1-x) In(CHg5)3 + x Ga(CgHs)3 + (1-y) PH3 + y AsH3
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The stagnant layer(104) above substrate is formed due to
viscosity of gas and have gradient of temperature and velocity
as shown in Fig.2-1. Thermal decomposition is occurred in this
stagnant layer or substrate surface. Growth is limited by
supplement by diffusion of metalorganid source from gas flow to
stagnant layers. Hence, the growth rate is proportional to con-
centration of metalorganic sources in gas flow and iﬁversely
proportional to height of stagnant layer. The height of stagnant
layer is varied by reactor design, gas velocity and kinds of
gas. Hence, the growth rate was changed by concentration of
metal organic sources in gas flow, velocity of gas and kinds of
gas. On the contrary, growth temperature is not so severe for
the growth rate from growth principle of non-equilibrium.

Decomposition process from metalorganic sources to elemen-
tal metal is not well known. Some reports(105‘107) showed that
decomposition is finished in stagnant layer, and other
reports(65'66r108'109) showed the final bond between metal and
organic had not decomposed until making of the bond between me-
tal and substrate surface. From many reports, it may bevcon—
cluded that both of two mechanisﬁs exist and dominant mechanism
is changed by growth condition, i.e. velocity of gas. When the
final bond between metal and organic is cut after making a bond
between metal and substrate surface, enhancement of migration
-that is important for abrupt interface- was reported(11o) as

indicated in Fig.2-2. To obtain those growth mechanism with
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strong migration, it was reported(110) that high velocity of gas
flow was important. Hence, thin stagnant layer may be important.
Recently, OMVPE growth without hydrogen was reported by
cNET (111) and possibility of another decomposition mechanism
about metal organic source was indicated. However, main reaction
with enhancement of migration may be same.

From above consideration of growth mechanism, high gas

velocity is important for abrupt 1nterface. Of'course, high gas
velocity introduces speedy change of atmosphere in reactor as
other merit. Low pressure oMVPE (112) is attractive to obtain
high gas velocity.

Other factor that must beitaken into consideration in
de51gn of reactor are convectlon and entrance effect(113).
Abruptness, purity and crystal quality are degraded when fabri-
cated nuclees escape from stagnant layer and return to substrate
after cooling. This phenomenon is occurred by avback flow. The
The strong convection flow in vertical reactor introduces the
back flow. Hence, horizontal reactor is prefer to vertical reac-
tor. Entrance effect is recovery process from unstable flow by
the change of gas flow condition (shape of tube, temperature,
etc.,) to the stable flow. This recovery length is also changed
by gas characteristics and long recovery length disturbs uniform
growth.

Moreover, suppression of parasitic reaction must be con-

sidered in design of GaInAsP/InP OMVPE as described in section
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1-4. For suppression of parasitic reaction, reduction of colli-
sion time between metalorganic sources and hydride is important
and high speed gas velocity and suppression of back flow are
also effective for this reduction. Hence, the authors use low
pressure atmosphere and horizontal reactor for their OMVPE. Ad-
ditionally, they use a separation of metalorganic sources and
hydride just before substrate and pyrolysis oven of PH3.

Other basic caution of OMVPE is suppression of leakage in
apparatus. A contamination by the leakage introduces degradation
of crystal quality while leakage of hydride is very dangerous
for people due to toxic of hydride.

From above consideration, author’ s apparatus was designed.
Diagram of apparatus is shown in Fig.2-3. Photographs of ap-
paratus are shown in Fig.2-4. A reactor consists of horizontal
quartz tube with water-cooling jackets. Substrate is fixed on
SiC coated carbon susceptor and heated by RF induction. Suscep-
tor temperature is measured by thermocouple inserted carbon sus-
ceptor and maintained by automatic-electrical controller of RF
generator. The measured temperature is calibrated by an infrared
thermometer because the thermocouple has a error due to quartz
tube cover for protection from reactive atmosphere. Reduced
pressure is used for reactor pressure. Pressure value is
measured by diaflum type pressure gauge and maintained by
orifice change of exhaust valve. Pressure in bubbler of metal

organic source is equal to that in reactor for speedy exchange
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Fig.2-4 Photographs of the apparatus. (a)Whole view of ap-
paratus. This apparatus is placed in a small room for
safety with air-duct. (b)Reactor tube, carbon susceptor and

RF coil.
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of atmosphere in bubbler and the bubbler has bypassing vent line
for making of stable flow before switching to reactor. III group
sources and V group sources are introduced through quartz tube
just before susceptor and separated by coaxial structure of
quartz tube. Separation length between the end of introducing
tube and susceptor is 4-6cm.

To prevent contamination of air, the authors use load lock
system for substrate transfer, welding piping and leak tight
fitting (VCR fitting). Gas control systems(valve or mass flow
controller) of upstream of react;; are fixed in &acuum box for
purity of gas and safety of toxic gas. As carrier gas, Hp and Ny
are used and impurity is eliminated by passing through purifier.
These purity are monitored as less than 0.01ppm for oxygen and
under -76C for dew point of water.

As sources, TEI, TEG, AsH3 and PH3 are used for III-V com-
pounds and DMZn, DEZn and HpSe are used for dopants. Metalor-
ganic sources are supplied from Sumitomo Chemical Co. Ltd. and
gas sources are supplied from Nippon Sanso Co. Ltd. .

For reproductivity, reactor wall are cleaned by baking
with flow of PCl3 etching gas after growth every day. The tem-
perature raised until 800 with resistance furnace around reac-
tor and time of baking is about 2hours.

Basic growth conditions were determined from previous our
work (114) . motal flow rate of carrier gas was 2.4-2.8 slm. The

pressure of growth was 76Torr. Crystals grew at the temperature
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in the range from 560C to 680(C . Cracking furnace of PH3 was
kept at 800¢ . Typical growth rate were 1-2, m for InP and 2-4 4
m for quaternary or ternary layer. Ratio of TEG/TEI was varied
to obtain lattice matching condition while ratio of AsH3/PH3 was

varied to obtain desirable bandgap energy.

2-3 Improvement of crystal quality of bulk growth

For the study of crystal quality, InP, GaInAsP or GalnAs
layers in thickness of 1-4, m were grown on S-doped n-type or
Fe-doped semi-insulating (100) just InP substrate. Crystal
quality of grown wafer was confirmed by.obéervation of surface
morphology and measurement of photoluminescence, X-ray diffrac-
tion and hall mobility.

At fiist, the author compared pure hydrogen and a mixture
~ of hydrogen/nitrogen as the carrier gas to obtain good crystal
quality. The use of the mixture gas(1:1 in mole ratio)(80'89)
improved X-ray diffraction characteristics of the crystal in
comparison with those grown by using pure hydrogen carrier gas
as shown in Fig.2-5(a), both sharpness and height of the dif-
fraction peak were substantially improved. of course, lattice
mismatching of quaternary layer in Fig.2-5(a) was for an obser-
vation of carrier gases effect. X-ray diffraction pattern in
lattice matching condition is shown in Fig.2-5(b). Furthermore,
the mixture carrier suppressed pressure fluctuation observed in

growth over 2 hours.
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Some reasons for the mechanism of the above improvement are
given below. First, nitrogen reduces the thermal conductivity
and the chemical activity of the carrier gas. Those change in-
troduces reductions of the high temperature region above the
susceptor. Hence, the vdeposition on the reactor wall was
suppressed. Second, due to larger molecular weight, nitrogen
effectively cleans wall surfaces of the reactor and the inside
of the piping.

Change of the carrier gas from pure hydrogen to the nixture
gas required readjustment of the flow rates. Growth rate for
same flow rate of sources was increased by factor two. Fluctua-
tion pattern of thickness after growth was changed and fluctua-
tion along flow direction Qas reduced and fluctuation perpen-
dicular to flow direction was enhanced as shown in Fig.2-6. The
fluctuation perpendicular to flow direction caused by entrance
effect while the fluctuation along flow direction caused by
change of stagnant layer thickness due to the changes of the
diffusion constant and the viscosity of the carrier gas(115).

In range of conventional growth condition, surface of grown
wafer had a mirror-like surface. Although, cross-hatching pat-
tern was observed often when large lattice mismatching was oc-—
curred.

Photoluminescence measurement is powerful tool for optical
property. Typical photoluminescence spectra are shown in Fig. 2-

7. Intensity of photoluminescence was changed by growth condi-
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(a) Uniformity of DH wafer grown by pure Hp
(b) Uniformity of DH wafer grown by Hp+No
mixed carrier gas. Uniformity were improved by mixed car-
rier gas along gas flow direction, but degraded along the

direction x lateral to the gas flow.
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tions, particularly by lattice matching and growth temperature.
the efficiency of light emission increased with raising of
growth temperature in the range from 560¢C to 680C as shown in
Fig. 2-8. However, the growth temperature was fixed at 640c¢ for
fabrication of laser diode because fluctuation of p-n junction
was observed often in grown wafer at 680+ by the dopant diffu-
-sion. |

Back ground carrier concentration and mobility were
measured by van der Pauw method in hall mobility measurement.
Conduction type of undoped crystal was n-type constantly and
back ground carrier concentrations was in the range of 8x1015-
5x1016cm~3 at InP and 1x1016-2x1017cm~3 at GaInAs. Those value
are still high from reported value (77, 116-118) | Although those
value are enough for fabrication of laser because laser is in-
jected by high carrier density and doping level for p-n junction
is higher than this background carrier concentration.

Mobility of GaInAs had same tendency as photoluminescence
intensity for growth temperature. Mobility increased with rais-—.
ing of temperatures in the range from 560¢C to 700¢ as shown in
Fig.2-9. Maximum value of mobility at room temperature are
3100cm2/Vsec for InP (n=4x101%cm=3) and 5100cm2/Vsec for GalnAs
(n=1.4x1017cm’3). Maximum values of mobility at liquid nitrogen
temperature are 13700cm2/Vsec for InP (n=1.3x1016cm‘3) and
'7ZOOcm2/Vsec for GalnAs (n=1.3x1017cm'3). Recently, PH3

pyrolysis oven was eliminated to reduce the contamination of Si.
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and mobility of InP was increased from 2500cm2 /Vsec to
31000m2/Vsec while degradation of crystal quality by parasitic
reaction was not observed. However, Maximum values of mobility
are still poor from best reported value (117, 118) and mobility
was not so increased by cooling until 77K, particularly at
GaInAs. Thus, high compensation may be occurred and ionized im-

purity may be dominant for scattering mechanism (119),

2-4 Hetero-interface

The growth of GaInAsP crystal requires precise control of
the ratios of Ga/In and As/P (114) for lattice matching with
that of the preceding layer. Depending on the procedure of gas
switching at the hetero-interface, lattice-mismatching and
degraded layers are grown due to transient changes of the Ga/In
and/or As/P ratios. Hence, it is very important to understand
and optimize gas switching.

GaInAsP/InP and InP/GaInAsP hetero-interfaces were grown
for study about the effects of gas switching. In the author’ s
apparatus, source gases were switched into either the vent line
or the reactor. |

In the formation of a GaInAsP/InP hetero-interface, after
growth of InP buffer layer by flowing TEI and PH3 to reactor,
growth was interrupted by switching only TEI flow to the vent

line for three seconds to five minutes. After the interruption,
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a quaternary layer growth was started by switching TEI, TEG, and
AsH3 flows from the vent line to the reactor.

On the other hand, the InP/GaInAsP interface was formed
without the growth interruption. That is, after the growth of
the quaternary layef, flows of TEG and AsH3 were switched from
the reactor to the vent line and growth of the InP layer was
started. The gas switching program for DH lasers is shown in
Fig.2-10 including switching of dopant gases.

The necessity of the growth interruption at the GaInAsP/InP
hetero-interface is explained below. At the switching of group
IIT source from the vent to the reactor, the pressure in the
bubbler was changed due to a slight difference in pressures of
the vent line and the reactor causing the change in mole flow
rate as shown in Fig.2-11. The transient change of the pressure
in the bubbler was detected by monitoring the sound of bubbling.
The sounds of bubbling was stopped during 2-3 seconds after
switching of valve. For the case that only Ga flow was switched
from vent to reactor, i.e.,without growth interruption, the Ga/In
ratio changed in transienﬁ, causing degradation of the interface
and subsequent growth. Hence the author could not attain lasing
from the wafers grown without the growth interruption at the
GaInAsP/InP interfaces. To solve this problem, after the growth
interruption, TEI and TEG were simultaneously switched from the
vent to the reactor. During the interruption, the surface of the

InP layer was protected by a PH3 atmosphere. Eventually, an im-
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provement in the apparatus so that the pressures are precisely
balanced between the vent line and the reactor may make the in-
terruption unnecessary.

on the other hand, growth interruption degraded severely
the InP/GaInAsP hetero-interface when the atmosphere above the
surface of the quaternary crystal was not controlled very care-
fully. That is, to prevent the sufface degradation during the
interruption, the atmosphere consisting of two group V sources
should be adjusted to equilibrium with the gquaternary crystal
surface. The following are descriptions of the results of
various manners of the crystal growth at the InP/GaInAsP inter-
face.

For the case that, during the interruption, only PH3 was
flown at 640¢C intending cleanup of the arsenic atoms in the
reactor, laser oscillation was not obtained at all. As seen from
X-ray diffraction pattern in Fig.2-12(a) corresponding to the
InP grown on the hetero-surface, the interruption reduced the
diffraction intensity and broadened the width of the peak in
comparison with the crfstal grown without interruption (Fig.2-
12(b)).

Furthermore, photoluminescence properties also indicated
the degradation of InP grown on the interface as follows.
Photoluminescence intensity from the quaternary layer was weak
by a factor of 3-10 in cémparison with that measured after

stripping off the InP layer using selective etching. The
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reduction of photoluminescence intensity may be attributed to
the absorption of the pumping light and/or photoluminescence
light due to the degraded InP layer. It was also observed that
photoluminescencé intensity from the wafer grown without inter-
ruption was three times that measured after stripping off the
InP layer. Thus, properly grown InP cladding layer enhanced the

photoluminescence intensity.

Moreover, the growth with interruption in InP/GalInAsP in-
terface was introduced rough surface at InP surface on quater-
nary layer with 1.5, m bandgap wavelength when the thickness of
InP was more than 1, m and pure Hy gas was used as carrier gas.
This phenomenon also indicated poor crystal quality grown by
this procedure.

Degradation of the crystal due to the growth interruption
wasvmade less severe by lowering temperature down to 560 . This
tendency agreed with the report by J.P.Hirtz, et al. (77).
However, photoluminescence intensity by this procedure was poor
in comparison with that by above mentioned procedure in this ex-
perimenﬁ.

In order to study the effect of the atmosphere in the reac-
tor during the interruption, AsH3 and PH3 flow were kept at the
same rates as in the growth of quaternary layer causing a fairly
good wafer. This result indicates that the surface of the
quaternary layer and subsequent growth of InP layer degraded due

to the separation of arsenic atoms in the case of pure PH3 at-
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mosphere during interruption. In conclusion, for the case that
the growth of the crystal including two group V atoms, such as
arsenic and phosphorus, was interrupted, surface protection

requires crucially precise adjustment of the atmosphere and,

therefore, is difficult.

In the case of growth of GalnAs on InP, more attention to
procedure was necessary. In the case of GaInAsP growth on InP,
PH3 flow rate is kept constant for all growth time in principle.
On the contrary, PH3 must be stopped in the growth of GalnAs to
prevent incorporation of P. To prevent degradation of surface of
InP, PH3 was switched off simultaneous wiﬁh start of GalnAs
growth. However, starting time of growth was decided by intro-
ducing of III groups sources and that had delay from switching
of valve by slight pressure difference. Hence, the author
carried out gas switching as shown in Fig.2-13 for growth of
GaInAs. Flow of PH3 was switched off with 5second delay after
introducing of III Qroups sources and AsH3. The author assumed
that switching of PH3 was occurred simultaneous with start of
growth. It was not severe when assumption of delaYed time had a
small error, because only few strained atomic layer grow with
good crystal quality, even if P was incorporated in crystal by
miss of procedure. Crystal quality was confirmed by X-ray dif-
fraction measurement, photoluminescence and hall mobility. X-ray

diffraction pattern is shown in Fig.2-14. Other programs similar
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to report from Kuo et al. (116) were also tried. At first, the
growth temperature was changed from low temperature to high
(usual) temperature and PH3 was not introduced as shown in
Fig.2-15. In this case, the author couldn’t obtain good cryétal
quality. By similar program without temperature change and with
introduction of PH3, crystal quality could not be compared with

crystal that by program of Fig.2-13, too.

2-5. Doping

Doping is important for fabrication of laser diodes.
Diethylzinc (DEZn) and dimethylzinc (DMZn) for p-type and
hydrogenselenide (HySe) for n-type were investigated as dopants.
All dopants were supplied from gas cylinders where the dopants
were diluted with hydrogen. |

Carrier concentration was measured by the Van der Pauw
method and C-V measurement(120). For the former method, doped
InP layers were grown on Fe-doped InP substrates at the thick-
ness of 1, m. For the latter measurement, wafers of DH struc-
ture for a laser diode were used where the carrier concentration
of the adjacent layer is sufficiently large(>1019cm'3) and,
hence the depletion layer extend to p—InP layer to be measured.

In case that DEZn and pure hydrogen were used as the dopant
and the carrier gas, acceptor concentrations was in the range of
0.5-1.5x1018cm~3 under conditions that DEZn / TEI mole flow

‘ratio was 10% , V/III ratio was 29, and growth temperature was
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565 . However, in case that,when V/III ratio was increased up
to 78 in order to get mirror surface, p-type InP layer could not
be obtained. As the background carrier concentration of undoped
InP was measured to be less than 1x1017cm™3, this phenomenon may
be explained not by compensation but by some parasitic reaction

between DEZn and PH3 or Zn and P. Furthermore, when DEZn /TEI

mole flow ratio was not as high as 10%, p-type InP was not

stably grown.

In order to solve the difficulties mentioned above, the
dopant source and the carrier gas were changed to DMZn and the
hydrogen-nitrogen mixture, respectively. DMZn is higher in
decomposition temperature(121) thén DEZn and, therefore, is more
stable. In this case, p-type InP layer of acceptor concentra-
tions in the range of 3x1016-7x1017cm~3 was obtained under
growth conditions that V/III ratio was 169 and growth tempera-
ture was 580 . In the above range of acceptor concentration,
surfaces of the grown layers were mirror-like.

The relation between mole flow ratio of DMZn/TEI and ac-
ceptor concentration is shown in Fig.2-16. In Fig.2-16, the
triangles were data from the C-V method while squares were from
Van der Pauw measurements. Results of the two methods agreed
well. As shown in Fig.2-16, the acceptor concentration depended
linearly on the flow rate of DMZn. Incorporation of Zn into the
crystal was almost independent of the growth temperature up to

6407 C .
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From these experimental results, the author concluded that
DMZn is a more suitable dopant than DEZn with respect to con-
trollability of the carrier concentration in case that the
dopant source is fed from gas cylinder instead of the bubbler.
Hydrogen-nitrogen mixture carrier gas. also remarkably improved
the doped InP growth.

N-type doping using HpSe was studied’ The relation between
carrier concentration and dopant flow rate was lineadr as shown
in Fig.2-17 where V/III was 169 and growth temperature was 640

Incorporation of selenium depended exponentially on the
inverse of the growth temperature as shown in Fig. 2-18. This de-
pendence is explained as follows; Incorporation efficiency of
HoSe was as high as that of TEI at lowest temperature, 560C ,
suggesting that HzSe decomposed well into a secondary form at
the substrate surface in the rahge of the growth temperature.
The incorporation of the secondary form of the selenium was
determined by its concentration at the surface of the crystal
which was decided by diffusion coefficient (80) depending on the
temperature. In addition to the above, the following mechanism
also explain the temperature dependence. That is, both selenium
and phosphorus entered to V group site in competition(122). The
pyrolysis efficiency of Pﬁ3 depended on the growth temperature
even if PH3 flow passed through the pyrolysis oven (114) and,

therefore, incorporation of selenium depended on the tempera-=
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ture.

2-6. Concluding remarks

Improvement of crystal quality grown by GaInAsP/InP OMVPE
are described. At first, growth apparatus in consideration with
growth mechanism and parasitic reaction are described. Secondly:
the author reports that crystal quality was improved by using of
nitrogen mixing carrier gas and higher growth temperature.
Thirdly, the author reports that procedure of source gas switch-
ing was important for hetero interface without degradation.
Finally, it is pointed out that DMZn and HySe were suitable for

p- and n-type doping sources, respectively.
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Chapter 3. Application of GaInAsP/InP OMVPE for lasers

3-1 Introduction

Many measurement methods were developed for evaluation of
crystal quality. However, most important and most severe evalua-
tion is practical application to devices. Of course, a part of
purpose was achieved by operation of devices and characteristics
of devices was powerful for evaluation. Particularly, the
threshold current is a figure of merit in laser devices. In this
chapter, it is reported that conventional laser was fabricated
by OMVPE and crystal quality was evaluated by laser characteris-
tics. The author achieved about 1kA/cm? for lowest threshold
current density when cavity length is from 200 to 400, m and
this value is comparable to the lowest threshold current density
reported in conventional laser (123-123),

In section 3-2, broad contact laser on n-type substrate
was evaluated. Since n-type conductivity is most popular as sub-
strate. Effect of leakage could be eliminated by evaluation of
broad contact lasers. Estimated value with change of parameter
was compared with that obtained with LPE (126)

In section 3-3, laser on p-type substrate was described.
As a merit of laser on p-substrate, ohmic contact on p-side be-
comes easy, as a results, quaternary cap layer and Zn-diffusion
process can be eliminated. Moreover, high output power was

desirable by high reverse voltage of current blocking
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layer (127),

For practical application, laser is operated by CW condi-
tion and BH structure was important for achievement of CW opera-
tion. Hence, the author tried by two approach for CW operation.
One is the hybrid method with LPE and the other is the method
entirely by OMVPE. In section 3-4 and 3-5, those research are
described. Aging test for reliability of fabricated laser by
OMVPE is also reported. '

Recently, many research groups(93‘95r128‘130) reported
buried heterostructure laser by OMVPE because OMVPE system is
very attractive from productivity, and the author’s study was
one of the first trials to obtain buried heterostructure laser

by OMVPE.

3-2. Threshold current density on n-type substrate

In order to evaluate thé quality of the crystal from lasing
characteristics, crystal wafers were grown in the following
double heterostructure (DH) form. DH structures on n-InP sub-
strates (S—-doped, N=2x10180m_3) consisted of
(1)  InP buffer layer (1, m, Se-doped Np=1-5x1018cm~3),
(2) quaternary active layer (0.1-0.45, m, undoped),
(3) InP cladding layer (1-2, m, Zn-doped, NA=5x1O16—5x1O17cm“

), and

(4) InP or quaternary cap layer (Zn-doped).

Typical growth conditions are summarized in Table. 3-1.
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Table 3-1 Typical growth condition for DH laser on n-type sub-

strate.
Layer Gas flow rate (sccm) Growth
TEX TEG | AsH; |PH; (DMZa H,Se time(min)
n-clad 0.11 19.3 1.9x1074 | 50
active 0.11 6.058 10.5 [ 19.3 5
p-clad 0,11 19.3 |4,7x1073 90
pt-cap 0.11] 0.043 2.4 [{19.3 [9.4x10"3 5
Total carrier gas (HZ:N2=1:1) 2400 sccm
1.5um OMVPE GAINASP/INP

~  LASER

;’; GROWTH TEMP,=640°C

- GROWTH PRESSURE

o =/6TORR

Z |

a ITh=0,53A (PULSED)

'g_S JTH=1,00kA/cMe

= LcaviTy=270um

o Dact, =0,13um

—

gg L

= | Room Teme,

1 1 ]
05 10 15
CURRENT (A)
Fig. 3-1 Typical I-L characteristics in broad contact laser

on n-type substrate.
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This wafer was lapped from the substrate side down to 150-
200, m thick, and then contact electrodes were formed. Au/Sn and
Au/Zn alloys were deposited on n-side and p-side, respectively
by vacuum evaporation. Annealing with 450 and 5min was per-
formed to get low contact resistance. Then the wafer was cleaved
into chips (80-200, m x 140-1000, m). Threshold current den-
sities were measured from these broad-contact laser at room tem-
perature under pulsed operation with a repetition of 3kHz and a
width on 100-200ns. Near field pé%ferns of the emission from the
broad-contact lasers were observed by using an infrared TV
camera to confirm that current fléw and lasing were homogeneous
over the whole width of the laser. Lasing wavelength was
measured in the range from 1.53,m to 1.58, m. The lowest value
of the threshold current density obtained was 0.9kA/cm2 for the
device with cavity length of 400, m. Typical I-L characteristics
. was shown in Fig.3-1. These values of the threshold current den-
sity are comparable to those of LPE (125)
| In early stage of this research (114), initiation of intro-
duction of p-type dopant had 6-8 minutes delay after start of
InP cladding layer growth to adjust the p-n junction. However,
this delay introduced shift of p-n junction to upper side and it
was not observed shift of junction by diffusion of acceptor when
initiation of introduction of p-type dopant was simultaneous
with start of InP growth. Hence, p-type dopant and TEI were in-

troduced reactor simultaneously for growth of cladding layer.

o7



The DH lasers were analyzed by means of experimental plot-
ting on y Jth vs. 1/L graph. With this experimental plotting
being fitted on the theory described below, gain and loss coef-
ficient can be determined and compared with those value obtained
by LPE.

First, theoretical dependence of the threshold current den-
sity on parameters of lasers are outlined (131). The material
gain g depends on the carrier density n linearly as

follows(132).

g = Agn~a in (3-1)

where Ag is the proportional constant and « in is the biased ab-
sorption loss coefficient due to band-to-band transition(132),

Threshold gain gih compensates the loss in the laser as follows.

§9th = ¢ act teex(l—¢ )+1n(1/R) /L , (3-2)

where ¢ gc and o ex are loss coefficients inside and outside the
active layer, respectively, ¢ is optical power confinement fac-
tor, L is cavity length and R is the reflectivity at the end
facets. The loss coefficient inside active layer, o ¢ is the
sum of the absorption Kgn due to the intervalence band
absorption(131) and absorption o 2 due to transition from the

split-off band to the acceptor level, given as
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@ ac = Konta 2 . | (3-3)

Taking into account that the carrier lifetime is inversely
proportional to the carrier density, the carrier density is re-.

lated with injection current density J as follows (131),
n = B45/d, (3-4)

where B is a proportional constant and 4 is the active layer
thickness. Combining egs. (3-1)-(3-4), threshold current density

Jth is obtained as

A/Ttn = K V& (Vad/¢ /L)H , (3-5)
where

H = In(1/R)/((Ao-Ko)B) . ) (3-6)

K= ((« inte 2)*((1=£)/€) e ex)/ ((R0~KQ)B) . (3-7)

Figures 3-2 (a) and (b) show experimental plots of the
relations between square root of Jip and 1/L for two different
active layer thicknesses, which are in agreement with the above

theory. From Fig.3-2, putting values of optical confinement fac-
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Fig. 3-2 Square root of threshold current density

versus reciprocal cavity length. (a) Active layer thick-
ness d=0.13, m. (b)d=0.20, m.

Table 3-2 Parameters obtained from the experiment.

d(pm) & R B (JkA/em ) K ([ka/em® ) (Bg-K)B ([em/A)
0.13 0.26 0.33  0.65%0.06 22010

‘ 0.055:0.006
0.20 0.45 0.36  0,63+0.03 200£10

60



tors g =0.26 for d=0.13, m and  =0.45 for d4=0.20, m(133) into
eq. (3-5), the values of K are obtained from the intersection of
fhe line with the vertical axis, while the values of H are ob-
tained from the gradient. Furthermore, the values of (Ap—Kp)B
are obtained using that R=0.33 for d4=0.13, m and 0.36 for d?O.ZO
“ m(134) yhere waveguide structure is taken into consideration.
Obtained values are summarized in Table 3-2.

From values of K for the two different active layer thick-
nesses, using eq. (3-7), loss coefficients o jpta 2 and o ex are
calculated to be 320cm~1 and 20cm~', respectively, which are
comparable to values 250cm~"' and 30cm™1 for 1.58, m-lasers grown
by LpE (126), Figure 3-3 shows experimental relation between the
threshold current density and active layer thickness which
agrees with theoretical curve given by eq. (3-5) and values in

Table 3-2.

3—3 Threshold current density on p-type substrate
The following layers were grown on Zn-doped (p=5x101scm“3)

InP-substrate.

(i) 1xm p-type (p=1-5x1017cm™3) InP buffer layer

(ii) 0.13-0.2, m undoped GaInAsP active layer

(iii) 1.5-2, m n-type (n=5-10x1018¢m~3) InP cladding
layer.

Growth rates were 1-2, m/h for InP layer and 2-4.u m/h for

GaInAsP layer, on which the threshold current density is depen-—
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dent sensitively as mentioned later. After the growth, electrode
was formed as conventional manner and broad contact laser was
made for evaluation of DH wafer.

| Fabricated laser was operéted under pulsed condition at
room temperature and threshold current density was measured.
Near fiela pattern was observed to confirm the homogeneous. The
lowest threshold current densitf was 1.2kA/cm?2 which was ob-
tained by high growth rate, Zubm/h for InP and 4, m/h for
GaInAsP, in contrast with the threshold current density of 2.1-
4kA/cm2 for low growth rate, 1,4 m/h for InP and 2, m/h for
GaInAsP. Typical growth conditions for these two kinds of
gréwths and the obtained lowest threshold current density are
listed in Table. 3-3. The relation between threshold current den-
sity and thickness of active layer with high growth rate is
shown in Fig.3-3, too.

The dependence of the threshold current on growth rate is
explained as.follows: It was reported that the threshold current
density was increased by Zn diffusion from the adjacent layer to
the active layer and was sensitive to the Zn concentration in
the adjacent layer in LPE grown wafers (133), In OMVPE, the
growth time is much longer than LPE and sn-diffusion may be more
severe. Hence, the threshold current density was sensitive to
the growth time. As an evidence of the relation between the
threshold current density and the Zn concentration, the author

experimentally compared wafers grown by OMVPE on lightly-
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doped (7x1017em=3) and heavily-doped (5x1078cm~3) sub-
strates to reveal appreciable difference, factor more than two,
in the threshold current density. The control of Zn diffusion
from p-type is an important point in OMVPE. Lightly~-doped sub-
strate cannot be used for device with CW operation due to high
resistivity of substrate. The reduction of the growth time was
effective for decreasing the threshold current density. The op-
timization of the thickness and doping concentration of the
buffer InP layer may be also effective.

The problem of growth on p-type substrate was observed in
measurement of photoluminescence. In case of DH structure on p-
type substrate, intensity of photoluminescence was weaker than
same structuré on n-type substrééé. Difference of intensity was
reduced by increasing of power dgnsity of excitation. Same ten-
dency was observed by p-doped quaternary layer. From dependence
of excitation levels, non-radiative center would be increased
growth with p-type dopant(136). Hence, room of improvement of p-

type dopant may be still remained.

3-4.BH lasers by hybrid growth

In the hybrid method, a mesa structure was formed on the
DH structure prepared by OMVPE using conventional photolithog-
raphy and etching process. Then, n- and p-blocking layer were
grown by LPE. In the fabrication of BH lasers, DH wafers grown

were etched into mesa-shape by Br-CH3O0H through SiOp stripe

64



masks. Width and direction of the stripe were 5, m and <017>,
respectively. Then n- and p-InP current-blocking layers were
successively grown by LPE method to form buried hetero-
structure. Electrodes were formed with Zn/Au and Sn/Au for p-
and n-sides, respectively. Laser facets were formed by cleav-
ing.

BH lasers were operated under room temperature CW condi-
tions. The threshold current of 62mA was obtained at the lasing
wavelength of 1.54, m. The I-L curve and lasing spectrum are
shown in Fig.3-4. The active region width and length were 7, m
and 220, m, respectively. Multiple transverse modes observed in
the spectrum can be eliminated by narrowing the stripe width.
The external differential quantum efficiency was 14% per facet.
The output power of more than 7mW was obtained.

Threshold current density of this wafer was 3.7kA/cm2 and
it was not changed much after BH growth process(4kA/cm2). Hence,
it was confirmed that the current was effectively confined by
the blocking layers.

The device had been operated at constant current mode,
I/Ith=1.25, at room temperature. No degradation was observed

after an aging test of 4000 hours.
3-5.BH lasers entirely by OMVPE

For realization of BH structure by OMVPE apparatus, the

author proposed two different methods. One was mass transport
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(b) Lasing spectrum.
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methods (137, 138) and the other was selective regrowth by

oMvpE (139) . At first, mass transport methods are described.

The mass transport process offered extremely narrow active
layer less than 1, m without such a narrow mask and one of the
attractive methods for fabrication of BH lasers. The mass

transport technique was employed in the OMVPE system with ad-

justment of PH3 flow rate.

All process of fabricatioh of mass transport laser is
shown on Fig. 3-5.

The DH wafer grown by OMVPE on n-type substrate was
processed 'into the shape illustrated in Fig.3-5(b). First, a
S$i0y stripe mask was formed with 5, m width and along <017>
direction as a mask. Then the InP cladding layer in unprotected
area was removed by 4HCL:H20 solution and a trapezoidal InP
cladding was formed. Finally, the quaternary region was etched
down to 2 or 3, m wide by 3H3S04:H202:H20 solution. The SEM
photograph in Fig. 3-6(a) is shown this cross sectional view.

By the mass transport phenomenon, undercut portion was
filled by InP in OMVPE apparatus. The total flow rate of Ho/No
was 2.4 slm. The pressure in the reactor was kept at 76Torr.
These parameter were chosen because it was benefit for following
successive InP over-growth by OMVPE. The phosphorus pressure was
important as parameter of mass-transport conditions. In case

that PH3 pressure was too low, phosphorus of InP surface was
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Fig. 3-5 All process for fabrication of mass transport laser.
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Fig. 3-6 Cross sectional view of (a) after etching and
(b) after mass transport process.
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Fig. 3-7 The I-I characteristics of mass transport laser. The
- measurement was carrier out under pulsed operation.
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evaporated and degradation was occurred. In case that PH3 pres-
sure was too high, mass transport occurred insufficiently com-
pared with process under appropriate pressure and
reproducibility was reduced by long time process under high tem-
perature. To adjust the phosphor pressure, the flow rate of PH3
was controlled by a mass flow controller in the OMVPE system.
PH3 diluted by Hz in 5% was supplied through a cracking furnace
at 800 . The threshold value not to decompose of InP surface at
700¢c was 125sccm. Good mass transport was observed with this
condition after 1hour as shown in Fig. 3-6 (b).

The sample'buried in this_manner were transferred to the
next process. Figure 3-5(d) shows the process, Zn-diffusion over
epi-side, 5, m wide electrode contact windows made by an SiOj
mask, and electrode with Zn/Au and Sn/Au for p- and n-
side, respectively after lapping. The I-L property for this laser
is shown in Fig.3-7. The lowest threshold current was 50mA in
pulsed operation at room temperature. The cavity width and
length were 3, m and 350, m, respectively. This value is not so
enough compared with expected value by the threshold current
density (1—2kA/cm2). The cause is some current leakage probably
because the process was not optimized. In this sample, CW opera-
tion was not observed by high resistance of sample caused by n-

type substrate.

As the next methods, regrowth process by OMVPE process was
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described. The flat surface after buried process has advantage
for electrode process and thermal radiation and that is obtained
by selective growth. Current blocking was made by multiple p-n
junction(14o). |

At first, conditions of selective growth are described.
When the crystal surface is covered by a SiOp mask, crystal
growth is not observed by LPE, by contrast the deposition of
poly-crystal was observed by normal OMVPE. Although, when the
stripe mask was narrow (139), crystal growth waé not observed on
the Si0Oy mask by OMVPE. When growth temperature was 6407C, poly-
crystal was deposited when stripe width was over 8, m, however
deposition was not observed under 5, m. Using this phenomenon,
the buried structure of the mesa under narrow SiOp stripe was
obtained by selective growth.

Next, the etched shape before buried growth is described.
The ordinary OMVPE growth is limited by the transport of source
gases. Growth in the portions shaded by the inclination of wall
of the reverse mesa was suppressed due to the restriction in
the flow of source gases. Hence, as the reverse mesa was buried,
caves was remained after OMVPE growth. On the other hand, when
the etched shape is an upright mesa, the stripe width of the ac-
tive layer is broader than that of the SiO3 mask and this is not
suitable for low threshold current. Hence, the rectangular shape
is suitable for the buried process.

Fabrication procedure of the buried structure is shown in
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Fig. 3-8. After the growth of a DH wafer on p-type substrate, 5
@« m Si0Op stripes were along <011> crystal axis. The InP cladding
layer was etched by HC1-Hp0(4:1) to leave a rectangular shape.
Then the quaternary active layer was etched by H2S804-HpO0-
Hp02(3:1:1) to leave the mesa structure with undercut. The
growth conditions of re-growth were V/III ratio of 170 and
growth temperature of 640 . The first blocking layer was
lightly doped p-InP (0.3, m). Then 10 pairs(140) of lightly
doped p and n layers were grown up to 1.7, m thick in total for
current blocking. Figure 3-9 shows a typical cross-section view
after re-growth.

The rectangular shape with undercut portion was perfectly
buried by re-growth. From this results, the process with high
temperature and long time for mass transport before the regrowth
can be eliminated. However, it cannot be concluded that the end
of the narrow and deep undercut was filled only by normal OMVPE
process. The filling process was started from the end of the un-
dercut channel as observed in mass traﬁsport(137r138). It was
confirmed that time for filling of undercut was reduced by stop-
ping of regrowth at early stage as shown in Fig.3-10. Hence, it
is probably becauée In atoms adsorbed on the InP surface
migrated toward the undercut channels where the shape is concave
and which hés a lower surface energy(138) as shown in Fig.3-11.

As current blocking layer, single pair of p-n junction was

also tried and CW operation was not observed in this case due to
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Fig. 3-8 Process of buried heterostructure fabrication by
OMVPE.
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A typical cross sectional view after OMVPE re-

Fig.3-9
growth.
Fig. 3-10 Cross sectional view after interruption of regrowth

at early stage. The growth time is about 5 minutes.
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Fig. 3-11 Explanation of buried re-growth. The migration was
enhanced by supply of metalorganic source.

101 BH LD
; | by OMVPE
£ d=013 pm
e w=2um
S [ =200 pum
o
o
50.5
Q
S Ith:los mA
© 300K
S CwW
2

0 —
0 50 100

Injection Current(mA)

Fig. 3-12 CW I-L characteristics of BH laser by entirely with
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the increase of leakage.

After the re-growth, electrode contact windows were formed
and lasing characteristics was tested. The I-L curve is shown in
Fig. 3-12. The lowest threshold current was 48mA under CW condi-
tions at room temperature. The maximum output power was 2mW. The
cavity width and length were 2, m and 200, m, respectively.
"However, there is room for improvement for current blocking and
high power operation from its I-L characteristic. This device
has also been operated at constant current mode, I/Ith=1.25, at
room temperature. No degradation was observed after an aging

test of 5500 hours.

3-6. Conclﬁsion remarks

In this chapter, evaluatioﬁ of crystal quality was. con-
firmed by characteristics of fabricated lasers. Threshold cur-
rent density by broad contact laser was pointed out. that crystal
quality was compared with that grown by LPE.YBH laser was also
fabricated by hybrid methods and entirely by OMVPE. CW operation
was confirmed by both of them. Reliability of laser was con-

firmed by a several thousands hour’'s aging test of CW laser.
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Chapter 4. Ultra fine structure and quantum well lasers by

OMVPE

4-1. Introduction

To improve device characteristics, quantum well structure
is very attractive. In GaAlAs/GaAs systems, very excellent
results were obtained as described in section 1-2. However, it
is not reported advantage in low threshold current of
~GaInAsP/InP quantum well laser, that is very important for opti-
cal communicatiohs, and more research for quantum well structure
of this material is indispensable for improvement of devices.

To apply quantum well structure to devices, very thin
double heterostructure with the thickness of the order of
electron wavelength must be fabricated with good crystal quality
and reproductivity. Hence, the author had to develop crystal
growth method suitable for fabrication of those structure. OMVPE
method is one of the suitable methods for fabrication of ultra
fine structure and the author obtained good crystal gquality
about conventional DH structure mentioned above. However, more
development of apparatus and procedure were indispensable for
fine structure fabrication.

To develop growth method for fine structure, evaluation of
those fine structure must be also developed. Bulk crystal was
established by liquid phase epitaxy and evaluation of bulk crys-

tal can be used established methods. Particularly, fabrication
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of laser is practical evaluation of crystal quality. However,
quantum well structure on GaInAsP/InP is not established for
practical use and evaluation of quantum well structure is very
difficult. |

In this chapter, development of growth method and measure-
ment of quantum well structure are discussed. Fabrication of
single quantum well lasers based on those developmént is also

reported.

4-2. Fabrication of quantum well structure by improved apparatus

For evaluation of quantum well structure, multi quantum
well structure was grown on n-type InP substrate. The selection
of n-type as conductive type of substrate was caused by weak
photoluminescence intensity in grown crystal on p-type substrate
as described in section 3-3. Switching of valves for growth of
quantum well layers and barrier layers were controlled by a com-
puter for uniform thickness of each layer.

As the first, multi quantum well structure was fabricated
with same growth procedure reported in section 2-4. Growth
sequence is shown in Fig.4-1. A 150nm InP buffer layer, fifteen
12nm quaternary quantum well layers separated by fourteen 12nm
InP barrier layers, and a 15nm InP cladding layer were succes-
sively grown on n-type InP substrate. Growth conditions of the
quaternary layer were the same as conditions obtained for the

1.55, m bandgap wavelength in conventional growth. Evaluation of
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this crystal is described in next section.

However, the switching of group III source had a delay of
initiation for introduction of source after switching by a
slight differénce in pressures between the vent line and the
reactor described in section 2-4. Hence, the author couldn’t
fabricate multi layer structure with very short periods of
switching time and growth rate in very thin layer was reduced in
comparison with growth of conventional thickness (> 0.174 m) .
Thus, - the author improved the apparatus for the precise pres-
sures balance between the vent line and the reactor for control-
lability of ultra thin layer.

As improvement of apparatus, the author set a pressure
control of vent line. Exhaust system was changed for pressure
control of vent iine as shown in Fig.4-2. Vent line was con-
nected to dummy reactor. This dummy chamber had a pressure gauge
and a nitrogen flow line for set of chamber pressure. The dummy
chamber was exhausted by rotary pump with auto pressure control-
ler or by main pump with connection of valve. Another auto pres-
sure controller was added to main exhaust line at the same time.
Using two auto pressure controller was not stable for short
period switching because those short period is too severe for
the time constant in auto-pressure controller. Hence, vent line
is connected to main pump, while total flow rate for auto pres-
sure controller of main exhaust line is maintained at constant.

Pressure of dummy chamber was valanced with needle valve (Vo in
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Fig. 4-2 Improvement of exhaust line for abrupt interface.
(a) Schematic view of improved exhaust line. (b)Photograph
of new exhaust system.
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Fig.4-2) and flow rate of nitrogen introduced to dummy chamber.
By this improvement, stopping period of bubbling was reduced in
switching of the valve and controllability was improved. Results
after this improvement is also described in next section.
However, fluctuation of bubbling sound couldn’t be eliminated
completely by this improvement and the reproductivity is also
poor as mentioned later.

For design of apparatus with constant flow of metal or-
ganic sources, fluctuation of metal organic source bubbler was
simulated. It was very difficult that adjustment of pressure
difference between reactor line and vent line keep under 0.1~
1Torr due to the accuracy of pressure sensor and controllability
of pressure. Hence, flow rate fluctuation of sources must be
suppressed by apparatus design even under a residual pressure
difference. Supplying source quantity was decided by following

equation:

Real flow rate of metalorganic source =
(Flow rate from bubbler) X (Vapor pressure of sources)

/ (Pressure of Bubbler) (4-1)

Thus, those two values, i.e., flow rate from bubbler and pres-
sure of bubbler, must be calculated from simulation. Flow rate,
pressure, volume and resistance of gas flow ¢an be replaced to

current, voltage, capacitance and resistance in electric cir-



cuits, respectively when dropped pressure is linearly with flow
rate. Equivalent electric circuits is shown in Fig. 4-3. For
simulation, switching to vent line in stable conditions was as-
sumed at first. As the next, left circuits in Fig.4-3 was
switched to reactor line and response by slight difference of
each lines was occurred.

Typical calculated result by assumed parameter from the
author’ s apparatus is shown in Fig.4-4. In author’s apparatus,
resistance from bubbler to switching point is too small and
pressure consumed by this resistance is also small. When pres-
sure fluctuation by sﬁitching was larger than pressure consumed
by this resistance, large back current flow was occurred. As the
results of back current flow, large volume of gas was trans-
ferred to bubbler and time until stable flow was changed to very
long. From the simulation, it is pointed out that fluctuation by
switching is proportional to ratio of pressure difference be-
tween bubbler and switching point to fluctuation pressure by
switching. Hence, larger resistance (141) between bubbler and
switching point is desirable. Recovery time is decided by fluc-
tuation quantity and time constant that was similar to CR con-
stant of electric circuits. If this CR time constant is longer
than time constant of automatic pressure controller, fluctuation
could be suppressed by electrical control. Larger resistance be-
tween bubbler and switching point is also desirable from this

point.
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Fig.4-3 Simulation model of fluctuation of source supply by
gas switching. (a)Actual piping around TEI bubbler.
(b) Electric circuits equivalent to actual piping. Resis-
tance is equivalent from orifice of pipe and valve.
Capacitance is equivalent for volume of pipe and bubbler.
Current source is equivalent flow meter or mass flow con-
troller. Pressure difference was set by value of switching
point. We add dilution of source flow by back current in
upper stream of switching point in actual simulation.
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Fig.4-4 Calculated result by simulation of fluctuation. The

parameter was supposed from our apparatus. The capacitance
" was supposed from volume of bubbler. Effect to lattice
mismatching of this fluctuation would be suppressed by
switching procedure in practical experiment. The gas
switching procedure contains growth interruption as men-
- tioned in section 2-4 before quaternary layer growth and
simultaneous opening of two valves that are connected to
reactor line and to vent line with 1 seconds periods.
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For more accurate analysis, relation of consumed pressure
by resistance and flow rate must be studied (142)., although
dropped pressure is linearly with flow rate in small dropped
pressure, this linearlity was broken if consumed pressure was
large. In this case, flow rate Q in straight pipe was repre-

sented by following equation:

Q = d4/(128 5 1)x (P1+P2) (P1-P2) /2 (4-2)

Where, Pq is pressure of upstream, Py is pressure of downstream,
d is diameter of pipe, » is viscosity and 1 is length of pipe.
Resistance of flow is changed by shape of piping. Equation
for pressure dropping by narrow hole is represented by other
equations. When the velocity of flow is lower than the speed of
sound, flow rate is changed by more complicate equation.
However, when the velocity of flow rate is equal to the speed of
sound, only pressure of upstream determined flow rate and down
stream pressure is. not influenced by pressure of upstream. This
situation is occurred when pressure relation is in following

equation.

Py/Pq = 0.52 | (4-3)

Hence, pressure difference on switching point have no relation

to fluctuation of supplied sources when concentrated resistance,
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i.e. needle valve, is consumed sufficient pressure for saving
eq. (4-3) between bubbler and switching point. Of course small
effect of switching is still remained for volume between needle
valve and switching point.

After switching point, flow from bubbler is diluted by
main flow and introduced into reactor. Introduction of source
gas to reactor introduce additional pressure difference between
the switching point and reactor. Hence, this effects is also in
consideration with switching of sources. This pressure fluctua-
tion is increased with increasing of the ratio of bubbler flow
rate to diluted flow rate. Of course reducing of resistance be-
tween switching»point and reactor is also important. For reduc-
tion of fluctuation, reducing of ratio of bubbler flow rate to
diluted flow rate is important. Hence, the author considers it
can be reduced or not. Mole flow ratio of metalorganic sources
in reactor atmosphere determines growth rate, while total flow
rate is determined by reactor design and necessary flow speed
for abrupt interface. Thus, real flow rate of metal organic
sources is determined by those parameter. Hence, variable
parameters are pressure of bubbler and vapor pressure of
sources in eq. (4-1) for reductiOn of flow rate of bubbler. Vapor
pressure of metalorganic sources is increased by rising of tem-
perature. However, when flow is passed colder point after bub-
bler at high temperature, sources is adsorbed in the wall of

piping and lattice matching condition have difficulty by this
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adsorption and re-vaporization of wall. Reproductivity of lat-
tice matching was not obtained at 40 as bubbler temperature
with keeping warmth of piping at 60 experimentally. More heat-
ing of pipe has technical difficulty and introduce possibility
of contamination. Hence, capable temperature of bubbler is also
limited lower than 40¢( .

Remained parameter is only pressure of bubbler. Pressure
of bubbler must be decreased for reducing of bubbler flow rate.

As a result, best condition for switching is lowest resis-
tance obeyed eq. (4-3) between bubbler and switching point and
minimum resistance between switchihg point and reactor.

Of course, fluctuation by introduction of source gas can
be reduced by dummy line with same flow rate that is switching
at same time.

A

From consideration based on discussion above, new machine

was fabricated. Design of piping is shown in Fig.4-5. Photograph

of new machine is shown in Fig. 4-6. Main improvement is having
needle valve between bubbler and switching point. Pressure gauge
for each bubbler is necessary to confirm a stable set pressure.
Vent line was fabricated as similar conditions to diluted flow
for reactor.
Other improvement points from old machine are follows:
(1) Full automatic system with computer control: opening of
valve, loading of substrate, etc..

(2) High vacuum system with turbo molecular pump for reduction
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Fig. 4-5 Schematic gas line of new apparatus.
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(b)

Fig.4-6 .Photographs of new apparatus. (a)Whole view of ap-—
paratus. This apparatus is also placed in a small room for
safety with air-duct. (b)Reactor tube, carbon susceptor and

RF coil.
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of contamination.
(3) Taper shaped introducing tube after mixing of III groups
and V groups sources for uniformity.
(4) Exchange of etching gas from PCl3 to HCl to eliminate
leaky teflon piping.
(5) Two AsH3 lines for abrupt change between different
composition’ s quaternary layers. '
(6) Five metalorganic bubbler lines for future extension.
As actual use, flow rate for bubbling is fixed at 500sccm be-
cause setting of stable pressure is very difficult when flow
rate is less than 500sccm. This situation will be changed by
automatic control of needle valve. Adjustment of lattice match-
ing was done by change of set pressure in bubbler as shown in
Fig. 4-7. Photoluminescence intensity and diffraction signal of
X-ray in bulk crystal are comparable to measurement result grown
by old machine.
Results of multi quantum well structure grown by this

machine is reported in next section.

4-3. Measurement of quantum well structure

At first, results with apparatus before exhaust improve-
ment is reported..

Esiimation of thickness of guantum well is a important
technique because confined electron level is determined by

thickness of well. Most reliable estimation of well thickness is
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observation of lattice image by transparent electron microscope
(TEM)(541144'145) with high resolution. However, treatment of
TEM with high resolution and making of sample for TEM are very
difficult. Hence, the author gave up observation of lattice
image by TEM. Reflection electron microscope (REM)(146I147) is
more convenience by easy samplevfabricatiqn. However, this .
method requires also difficult skillfulness for treatment of
electron microscope and it is also difficult to apply conven-
tional evaluation. Cross sectional view by REM is shown in
Fig. 4-8.

Scanning electron microscope (SEM) was used for conven-
tional observation of well thickness. Cross section view by SEM
is shown in Fig.4-9. Contrast for observation by SEM was ob-
tained by KOH-K3Fe (CN)g-H20 etchant. Observed thickness of well
was changed by etching time and result with minimum etching time
for contrast is fit to the result of photoluminescence and
reflection electron microscope. The problem of this etching is
that enough depth of contrast is larger than well thickness and
barrier fell sometime as shown in Fig. 4-10. Same phenomenon was
observed in structure fabricated by high aspect ratio
etching(148).

In photoluminescence measurement, shift of peak wavelength
was observed. Photoluminescence spectrum of multiple quantum
well structure is shown in Fig.4-11 and shifted by 70nm to

shorter side from peak wavelength of photoluminescence from bulk
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Fig. 4-8 Cross sectional view of multi quantum well structure
1g. &4 -
7 by reflection electron microscope.

Fig. 4-9 Cross sectional view of multi quantum'well structure
by scanning electron microscope.
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Fig. 4-10 Failed cross sectional view of multi quantum well
structure by scanning electron microscope. Some wells fell
by wet etching.

"Quantum
-well
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Fig. 4-11 Photoluminescence spectrum of multi quantum well
structure at room temperature. Photoluminescence from bulk
‘with same composition is also indicated.
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crystal. This shift agreed with the result of calculation with
observed well thickness(149), Photoluminescence intensity from
multi quantum well structure was weaker than conventional DH
structure that had almost the same thickness about total quater-
nary layers. The multi quantum well structure should be sensi-
tive about slight damage at hetero-interface because that has
many interface and consisted by ultra thin layer, and it is’
pointed out that fabrication of hetero-interface left a room for
improvement. When the number of well layers was changed from 15
to 3, intensity was changed almost linearly by the number of
wells. Thus the author believes.that damage of«interfaces was
remained in one well layer and was not accumulated to the next
layer.

The change of peak shift quantity'was not observed by the
existence of growth interruption at InP/GaInAéP interface and
change in time. length of growth interruption. Hence, in the
author’ s apparatus, the time for exchange of reactor atmosphere
and dead space of piping did not affect the abruptness of
hetero-interface.

Half width of photoluminescence was equal or larger than
those of conventional bulk crystal. This phenomenon indicated
fluctuation of thickness by pressure difference between reactor
and vent line. In this case, half width of photoluminescence was
not so reduced by low temperature measurement.

In multi quantum well structure after improvement for
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pressure control of bubbler, reducing of half width was ob-
served: Photoluminescence of GalnAs/InP multi gquantum well
structure is shown in Fig.4-12(a). Half width of signal was
reduced until 36meV. Measurement result at liquid nitrogen tem-
perature was also indicated narrow linewidth (18meV) as shown in
Fig.4-12 (b). However, productivity of multi quantum well struc-
ture with narrow linewidth by this apparatus was very low be-
cause required control of pressure was more severe than preci-
sion of pressure gauge.

For measurement of fluctuation in composition, Auger
electron spectroscopy measurement (AES)(15O 151) was used con-
ventionally. In early stage of thls research, comp051t10n change
of DH structure was measured by AES as shown in Fig.4-13 with Ar
sputtering. However, this methods was difficult for application
to quantum well structure due to the large sputtering
roughness(198) as shéwn in hetero interface of Fig.4-13. For
reduction of roughness effect, electron beam diametér was
reduced with decreasing of beam current until that only
strongest signal, i.e., signal of P, was reméined in detection
level of system. By this improvement, existence Qf quantum well
structure was confirmed. Result by multi quantum well structure
is shown in Fig.4-14. Howe§er, abruptness was estimated larger
than 15nm and abruptness from other measurement was lower than
this measurement, For reduction of roughness, sputtering at low

temperature was reported(152). Others report used etched surface
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Fig.4-12 Photoluminescence spectrum of multi quantum well
structure grown by improved apparatus about exhaust line.
(a) Spectrum at room temperature. (b)Spectrum at T7K.
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with very shallow angle(153). Development of those methods is
desirable for estimation of composition abruptness.

Excellent result was obtained by new machine with large
resistance between bubbler and switching point. Multi quantum
well structure was fabricated by switching of TEG and V groups
sources. Flow of TEI was constant and growth interruption before
growth of ternary layer was eliminated to confirm elimination of
fluctuation. At first, ten pairs of 12nm GaInAs quantum well
layer and 10nm InP barrier layers were grown. Halg\;idth of
photoluminescence measurement at 77K was reduced until 12meV as
shown in Fig. 4-15. The accuracy of periods in multi gquantum
well structure was confirmed by X-ray satellite peak measure-
ment. Measured sample have 50 periods of multi gquantum well
structure. Results with 22nm and 12nm periods are shown in
Fig. 4-16 (a) and (b). respectively. Satellite peaks were con-
firmed in both sample. This measurements indicates improvement
of reproductivity of multi layer. Change of state density by
guantum size effect was confirmed by absorption measurement in
same sample. Absorption loss have a step—-like change as shown in
Fig. 4-17.

However, fluctuation of éomposition was still observed in
multi quantum well structure. When thickness was changed, lat-
tice mismatching was changed as shown in Fig.4-18. Relation be-
tween peak of photoluminescence and well width was also not al-

low to calculated value as shown in Fig. 4-19. These phenomenon
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Fig. 4-16 X-ray satellite peak of multiquantum well. The num-
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18 X-ray diffraction measurement in multi-layer struc-
ture with different thickness. The growth of this struc-
ture have no growth interruption. The thickness of each
layers is 2nm, 12nm, 716nm and 24nm, respectively. Each X-
ray diffraction peak for each layer is confirmed. Hence,
lattice constant was changed by each layer.
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phenomenon indicates lattice mismatching in thin layer.
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indicated delay of introduction about TEG after switching. It is
very difficult to explain this phenomenon, because supplying
rate of metalorganic sources is constant theoretically when
resistance between bubbler and switching point is sufficient
large. One of the possibility was volume between needle valve
and switching valve was effective for fluctuation of switching.
Simulation results in consideration with volume between needle
valve and switching point is shown on Fig. 4-20. Slow change of
source flow rate is shown in simulation results. Eventually
those problem will be reduced by interruption before growth of

GaInAs as described in section 2-4.

4-4. Single quantum well laser

Evaluation of crystal quality in quantum well was es-
timated by laser fabrication. The gquantum box structure is very
attractive from expected characteristics as described in chapter
5. Quantum box structure was fabricated by a two dimensional
patterning and embedding process based on a one-dimensional
quantum-well structure as mentioned later. Hence, the study of
one-dimensional quantum well laser is essential to confirm crys-
tal quality until fabrication of quantum box structure. Single
quantum well layef was used for the based structure of quantum
box structure as described in chapter 6. Thus, single quantum.
well lasérs are fabricated to confirm crystal quality.

Oon the other hands, single quantum well lasers with
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Fig. 4-20 Calculated fluctuation results. The simulation model

is same as Fig.4-3. Each parameter is set from new ap-
paratus. The capacitance and resistance was decided from
piping between needle valve and switching point.
(a) Pressure fluctuation was suppressed under 0. 03 seconds
after switching and (b)dilution of sources is effective
for fluctuation between 10-60 seconds.
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separate—-confinement heterostructure(SCH)(154) are also promis-
ing with respect to the low threshold current density(12"15).
However, in the GaInAsP/InP single-quantum-well laser, alfhough
lasing in the optical confinement layer of the SCH structure was
reported(155), lasing in the quantum-well layer has not yet been
attained, possibly because of difficulty in the carrier confine-
ment within the quantum-well layer.
In this section, lasing in the guantum-well layer of
GaInAsP/InP SCH single quantum-well laser is reported.
SCH single-quantum-well structures shown in Fig.4-21 were
grown on n-type substrates by the following sequence:
1) n-InP layer 1, m thick,
2) - n-GaInAsP optical confinement layer with bandgap
wavelength 2 g of 1.26, m and thickness of 150nm,
3) InP barrier layer 2nm thick,
4) GaInAsP quantum—wellAlayer with 2 g of 1.66, m and thick-
ness of 15nm,
5) InP barrier layer 2nm thick,
6) p-GaInAsP optical confinement layer with 2 g of 1.26, m
and thickness of 150nm,
7) p-InP clad layer 1, m thick, and
8) p-GaInAsP contact layer
In designing the above SCH single-quantum-well structure,
the following points were considered. In order to confine car-

riers sufficiently within the quantum-well layer and avoid light
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absorption due to the optical confinement layers, bandgap
energies of the optical confinement layer and the quantum-well
layer selected were 0.98eV(1.26, m) and 0.75eV(1.66 4 m), respec-
tively in consideration with source gas flow rates. It was im-
portant to make the bandgap energy difference between optical
confinement layer and quantum-well layer sufficiently large.

When the bandgap energy difference was as small as 0.1eV, .
ji.e.,0.7eV(1.38, m) and 0.8eV(1.55, m), luminescence from the
optical confinement layer waé stronger than that from the
quantum-well layer under high excitation as shown in Fig. 4-22.
In the laser without sufficient bandgap difference, lasing of
quantum well was observed in only at low temperature (148K) and
optical confinement layer lased after lasing of quantum well as
shown in Fig. 4-23. Those results indicated that carriers were
not confined sufficiently within the quantum-well layers.
Energy difference of 0.17eV was tested and that difference was
not sufficient also for lasing at room temperature.

Thickness of the optical confinement 1aye£ was theoreti-
cally designed so as to obtain maximum optical confinement
within the quantum-well layer. When the thickness and bandgap
energy of the quantum-well layer are 15nm and 0.75eV, respec-—
tively, and the bandgap energy of the optical confinement layer
is 0.98eV, the ratio of the optical power in the quantum-well
layer to the total optical powér is maximized to 3% for the

range of optical confinement layer thickness from 100nm to 200nm
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Fig. 4-22 The change of dominant peak by change of excitation
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Fig. 4-23 Spectrum of lasing at low temperature (148K) without

sufficient energy separation between quantum well layer
and optical confinement layer. Measurement was carried out
by pulsed operation. Lasing of optical confinement layer

was occurred after lasing of quantum well layer.
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as shown in Fig. 4-24.

The necessity of the InP barrier layer between the
quantum-well layer and the optical confinement layer came from a
functional limitation in the apparatus. As described in section
2-4, grown surface must be maintained same atmosphere with
growth conditions about V groups in the intetruption of growth.
The old apparatus have only one line for each V groups gas and
abrupt change of flow rate was limited by ability of mass flow
controller, Hence, quaternary layer of difference composition
could not grow after growth of quaternary layer continuously. Of
course, reduction of the barrier thickness was very important
for the carrier injection into the guantum-well layer. At
first, this thickness was 12nm and interrupted smooth carrier
injection. It was confirmed by photoluminescence with high ex-
citation. As the next, the thickness of the barrier layer was
reduced until 2nm, while the carrier can pass through the bar-
riers via tunneling. This thin thickness was achieved by im-
provement for pressure control of vent line as described in sec-
tion 4-2.

The formation of the quaﬁiﬁm—well was confirmed by the
photoluminescence measurement. Samples with a quantum-well
thickness from 10nm to 50nm were prepared. Peak of photolumines-
cence was shifted by reduction of well thickness as shown in
Fig. 4-25. Theoretical value is also indicated in Fig.4-25 where

broken lines (a) and (b) correspond to quantum-wells with bar-
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riers of InP and GaInAsP (i g=1.264 m), respectively. Measured
value was fitted to calculated value by InP barrier.

The stripe-contact lasers was fabricated with 15, m-width
window in SiO5 mask. CW operation at 77K was obtained as shown
in Fig.4-26. Threshold current was 29.3mA and lasing wavelength
was 1.411, m. From the lasing wavelength, assuming the bandgap
wavelength at 77K, it was confirmed that the lasing occurred in
the quantum-well layer. Threshold current density was calcu-
lated as 230A/cm2.

Pulsed operation at room temperature was obtained in the
above device as shown in Fig.4-27. Threshold current was 1.38A
and lasing wavelength was 1.345;.m. Threshold current density
was 11kA/cm2. Lasing was obtained up to 325K of temperature and
the maximum output power was 9.2mW.

The lasing wavelength at room temperature was longer than
the bandgap wavelength of the optical confinement layer by 80nm,
and therefore was not explained by lasing in the optical con-
finement layer. Oon the other hand, the wavelength coincided
with theoretical value corresponding to the transition between
the second levels of the quantum-well as shown in Fig.4-28.
Hence, the lasing was occurred by the transition between second
levels in the quantum;well layerAat room temperature since the
optical gain between seconds levels is higher than that between
the ground quantum levels by high carrier injection.

Theoretical threshold current density at room temperature
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in the GaInAsP/InP SCH single-quantum-well lasers is
estimated (149) as about 3kA/cm2 and, therefore, the above ex-
perimental result has a great deal of room for improvement. The
main causes of the difference between the theoretical and ex-
perimental results are still the problem of carrier injection
into the quantum~-well-layer and its accompanying optical loss
due to the excess nqmber of carriers in the optical confinement
layer. ;t was also pointed out that temperature dependence of
threshold current density is poor than conventional laser from
difference of threshold current density between 77K and room
temperature. For more optimization of the SCH structure, graded-
index structure(11) or some barrier structure for carrier

confinement(156) is needed.

4-5. Concluding Remarks

In this chapter, technique for fabrication of multi quan-
tum well structure and single gquantum well lasers are reported.
Abruptness and controllability of thin film thickness were
sfrongly coupled characteristics of apparatus. Improvement for
constant supply of metalorganic sources are reported. By these
improvement, good quantum well structure was fabricated. Narrow
linewidth of photoluminescence, step-like shape in absorption
characteristics and X-ray satellite peak were observed. Based on
these structure, operétion of GaInAsP/InP single quantum well

lasers was obtained for the first time. However, the low
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threshold current was not observed. GaInAsP/InP system have ten-
dency of severe for high carrier injection due to the non-
radiative recombination. The estimation of non-radiative recom-

bination is more important in next chapter.
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Chapter 5 Theory of quantum box laser

5-1. Introduction

Considerable attention has been paid to the quantum—well
lasers with ultra-thin active layers, since there have superior
characteristics described in section 1-2(8-20), These merits are
expected to become more remarkable as the dimension of the quan-
tization is increased. However, géih and the laser threshold in
three-dimensional quantum-box structures (24:25), where electrons
are three-dimensionally confined, has not yet been discussed
theoretically before this research. Optimization of laser struc-
ture for quantum box laser is also not reported.

In this chapter, the author indicated the low threshoid
current property of quantum box laser, based on the density-
matrix fheory of semiconductor lasers with relaxation
broadening (25, 132, 158) | At first, gain and the laser threshold
are analyzed. Next, the structure is optimized from calculation
of threshold current density. Finally, ideal structure of quan-

tum box laser is also discussed.

5-2 Threshold current of GaInAsP/InP quantum Box lasers

It is expected that drastic change in state density by
quantum box structure will be provide more superior lasing
characteristics. In quantum box structure, state density is

simply composed by s —function at each quantized levels as shown
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in Fig.5-1 and injected carriers are concentrated only in these
levels. Hence, injected carriers are used effectively for lasing
action compared to other structures with distribution of state
density. Figure 5-2 shows the gain spectra calculated for 10nm x
10nm x 10nm cubic Gag, 47Ing, 53As/InP guantum box (25) compared
with 10nm x 10nm quantum wire(767), 10nm thick quantum
£i1m(149), and bulk crystal (158),

At first, the éuthor explain the merit of guantum box
laser by simple model. For simple modeling, the author assumed
only one quantized level in each band. The optical gain q is

given by following equation, generally:

« =A (fc-1fy) g (5-1)

where, A is.avfunction for gaiﬁwand includes diéble moment and
intraband relaxation effect (132,158), . £, are Fermi function
in econduction band and valence band, respectively and g is den-
sity of state. From electrical neutral condition and the assump—
£ion about only one quantized level, function of f¢ is equal to

function of 1-fy and a new function f is defined as follows:
f = fo = 1-fy (5-2)

The state density g is simply composed by 6 -function, hence,

the density state have infinite value at quantized levels.
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However, the optical gain have no infinite value from Lorentz
function in function A by intraband relaxation. And the state
density is inversely proportional to the volume of quantum box

and represented as follows:

g(E) = s (E)/V - (5-3)

where, V is the volume of quantum box.

The carrier density N in quantum box is given by a product
between the maximum number of carrier in the quantized state and
fermi function and represented as follows from the Pauli

theorem:

N = 2f/V < 2/V (5-4)

From above equations, eq. (5-1) can be rewritten as follows to

indicate the relation between carrier density and optical gain.

A(26-1) s (B) /V

®
1

A (N-1/V) 5 (E) (N < 2/V) (5-5)

Hence, the relation between carrier density and optical
gain is'changed by volume of quantum box. As shown in Fig. 5-3,
when the volume of quantum box is increased, maximum optical

gain is decreased although injection carrier concentration for

125



Gain

1/ 2/V
2 2\
/

2/V1 Carrier
Conc.

Loss
Fig. 5-3 Optical gain as a function of injected carrier with
a simple assumption that each band has only one level. The

um point is in-

change point from loss to gain and maxim
Permitted

versely proportional to each quantum box volume.
carrier density is limited by Pauli theorem.




elimination of loss is decreased. The other hand, when the
volume of quantum box is decreased, maximum optical gain is in-

creased although injection carrier concentration for elimination

of loss is increased.

As the next step, threshold current density is calculated.
For realization of quantum box structure, the author assumes the
structure with opticﬁl waveguide and p-n junction as shown in
Fig.5-4. For simple calculation, dependency in carrier lifetime
}.S by carrier lifetime is neglected at first. For optical
waveguide, separate optical confinement structure (SCH) is used
and the total optical confinement factor of quantum box ¢ is
increased linearly with by total volume of quéntum box as

follows:

g = anV (5-6)
where, a is constant coefficient and n is number of quantum box
per area in the plane perpendicular to the injection current as
shown in Fig. 5-4.

From above equations, threshold gain ggp is expressed as

follows:

gth = ¢ a = anVA ( Ngp - 1/V ) 6 (E) (Ngp < 2/V) (5-7)
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And threshold current density J¢p is obtained by following equa-

tion.

Jth

Nth enV/z g

e (gth/a/A/s (E) + n)/< g (5-8)

where, e is the electron chérge and ¢ g is the cafrier lifetime
in quantum box. At first, ¢ g is assumed as constant.

Threshold current density is decided by density of quantum
box n, only. Term of n is corresponding to carrier injection for
elimination of loss in quantum box and'threshoid current density
is decreased with decreasing of density of quantum box. However,
excessive decreasing of n interrupt lasing by limitation of max-
imum gain in quantum box by the Pauli theorem as shown in eq. (5-
7). From eq. (5-8), volume of quaﬁtum box V has no relation with
threshold curréﬁt density Jgh. Héhce( this simp1e>assumption is
too simple to explain the merit of quantum box laser. As the
next step, the motive force of advantageous of quantum box is
revealed by change of assumption.v

At first, calculated relation (25) between carrier density
and optical gain as shown ih Fig.5-5 have different tendency in
gradient from Fig.5-3. Gradient is increased with decreasing of
box size. This phenomenon can be explained by consideration of
other levels. Actual carrier density on quantum box Ngp is rep-

resented by the summation of carrier in each levels as follows:
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Nop = = 2fp /V ‘ (5-9)
n

where, subscript n is indicated each level and f; is indicated
Fermi function in each level determined by energy separation and
temperature. By reduction of size, energy separation between ob-
served basic level and the other level is increased until cut
off condition and, therefore, confinement ratio in observed
basic level for whole carrier density, gradient between whole
carrier density and optical gain are increased with reduction of
size. Threshold current density can be reduced by reduction of
quantum box volume and this phenomenon is motive force of reduc-
tion of threshold current density.

Actually, other structure, i.e., bulk or quantum well is
correspond to quantum box with very large size. In that case,
basic parameter is not changed as principle although function A
in eq. (5-1) have a possibility of increasing by factor 1.5 due
to the isotropic effect by directional bias of wave
vector (149, 160, 161)

However, when additional consideration is only that of
other levels, exéessive reduction of size is introduced. As the
next step, assumption 6f constant carrier life time is changed.
Carrier life time is ihverse proportional to carrier density in
the range of conventional carrier density(131). Hence, threshold

current density is increased by excessive reduction of volume of
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guantum box.

Another demérit of excessive reduction of quantum box
structure is carrier overflow in optical confinement layer. The
conventional analysis was neglected carrier lifetime in optical
confinement layer and leakage current (166) from active layer is
in account of non—radiaﬁive recombination time with dependence
of carrier density. However, consideration of carrier lifetime
in optical confinemen£ layer is very important because large
quantity of carrier was flow from active region to optical con-
finement layer by small carrier density and high carrier injec-
tion in quantum box structure. Moreover, leakage current from
active layer of GaInAsP/InP system is larger than that of
GaAlAs/GaAs systems. Hence, carrier lifetime in optical confine-
ment léyer must be in consideration.

The carrier density in optical confinement layer is calcu-
lated from quasi-Fermi level. Carrier overflow from quantum well
to optical confinement layer is determined by barrier height for
each band and state density. Hence, electron and hole have dif-
ferent overflow rates and electron has larger overflow by small
state density due to the small effective mass of carrier. Hence,
bending of band structure is occurred by the condition for
charge neutrality. Figure 5-6 shows calculated result of this
band bending in conventional gquantum Qell laser structure
reported by Yamada et al. (167) and this calculation needs self-

consistent method with Poison’s equation. To eliminate those
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complicate method, the author use approximate method with some
assumption. Assumption are as follows. The charge neutrality is
saved in quantum box region. Because carrier density of quantum
box is higher than carrier density in optical confinement layer
and Coulomb force must be strong in quantum box. The carrier
density in optical confihement layer is assumed as average value
of overflow between electron and hole. Because charge neutrality
in whole system must be saved by loose band bending and carrier
“density in homogeneous optical cagfinement layer is almost equal
to average of overflow of electron and hole around quantum box
strudture, which are most off from charge neutrality.

By consideration until now, the threshold current Jth in

eq. (5-8) is rewritten as follows:

Jth = Ngp enV /< g0B

+ ( Noverflow * Poverflow )eVocL /27 socL (5-10)

where Noverflow 2nd Poverflow eXpress carrier density in optical
confinement layer around quantum box determined by barrie;
height and quasi-Fermi level of quantum box, respectively. VocL
is volume of optical confinemeht layer per area and ¢ gop and «
socL are carrier lifetime in quantum box region and optical con-

finement layer, respectively.

5-3 Calculation result of threshold current
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By equations above mentioned, the author can obtain the
threshold current density of quantum box lasers. Hence, lowest
threshold current density value and structure is determined by
computer calculation. The author assumed SCH structure laser as
shown in Fig.5-4 and active material is limited to GalnAs. For
simplicity of calculation, refractive index and loss in active
region are neglected. The parameter for calculation is assumed
as follows.

The loss in cavity is 40cm~1, from sum of conventional
waveguide loss(10cm‘1) and mirror loss in conventional
cavity(30cm’1). The conventional carrier lifetime T‘S included
term of.carrier leakage in non radiative time and this term in
© soB Must be eliminated when ca:rier leakage to optical con-
finement layer is considered. More detailed formula of ¢ g is

as follows (166)

/1 =12r*+ 1/ <nr (5-11a)
1/zy =BpN | ~ (5-11b)

where : y and z pr are radiative and non-radiative recombination
times, respectively. By is coefficient of radiative recombina-

tion and value is 3.5x10°11 em3/s. A is coefficient for non-
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radiative recombination by defect and this coefficient is
neglected. Bp, is coefficient for carrier -leakage and the value
is 9.5x10"11em3/s. Chr is coefficient for Auger effect and the
value is 4x107292 cmb/s. By account in leakage to optical con-
finement layer in eq. (5-10), Bnr in eq. (5-11c) must be neglected
for ¢ ggp. On the other hand, dependence of carrier lifetime in
optical confinement layer is expressed as 1/t g~ BeffN? ~1 with
Baff~ 1. 5% 10~ 10cm3/s and ~ 2(164-166) | Effective mass and
band discontinuity are determined from reports of R.J.Nicholas,
et al., (159), Dputta(162) and Harrison(163),

In £his calculation, density of quantum box is very impor-
tant paraméter. The author expressed density of quantum box by
parameter ; , that is a product of the number of layers of quan-
tum boxes array and the rate of the surface area of quantum
boxes includea.in the whole area. For calculation, ; is assumed
as 0.25 and 0.5 because increasing of this parameter introduces
difficulty of fabrication and bregks a assumption of fine volume
of total quantum box area. When each quantum box is separated by
same length of a side of cubic box, 0.25 of g is equivalent to
single layer and 0.5 is equivalent to double layers. Of course,
value of 0.5 can be obtained by single layer when density of
quantum box is twice.

From calculation, threshold current density in quantum box
with InP barrier is lower that that with quaternary barrier be-

cause of larger energy separation between each levels. The



lowest threshold current in quantum box with InP barrier is
60A/cm?2, although that with quaternary barrier is about
100A/cm2,

The threshold current density has large dependence with
thickness and composition of optical confinement layer due to
effects of optical confinement and carrier leakage. Dependence
of thickness is shown in Fig.5-7 and 5-8. When bandgap
wavelength in optical confinement layer ) ocp is 1.24 m, carrier
leakage was not suppressed sufficiently. Hence, lowest point of
threshold current density Jip is not fit to the maximum point of
optical confinement factor ¢ as shown in Fig.5-7, although
lowest point of consumed current in quantum box region Jgy is
fit to the maximum point of & . On the other hand, when 2 ocr is
1. 14 m, carrier leakage was suppressed and lowest point of Jih
is fit to the maximum point of ¢ as shown in Fig.5-8. Moreover,
lowest Jih when 1 ocp is 1.1, m is ~ lower than that when 1 ocL
is 1.2, m, although, relation of Jgy is inverse due to larger
optical confinement factor. Figure 5-9 shows-dependence of 2
ocLe By the effect of optical confinement and carrier leakage,
best value is obtained at 1.1, m. Moreover, the author neglects
change of optical loss by 2 ocr in this calculation and longer
1 oc, may have more disadvantageous in consideration of optical
loss change.

Figure 5-10 shows dependence of size of quantum box. The

pest value is obtained by 10nm as a side of cubic box. Figure 5-
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11 shows dependence of , . Selected values, 0.25 and 0.5 are in
the range of lowest region for Jij. Consequently, lowest
threshold current density is 60A/cm? when size of quantum box,
thickness of optical confinement layer, 1 ocr and 5 are 10nm,
0.35,m, 1.1xm and 0.5, respectively.

On the other hand, quantum box lasers consisting to multi-
layers of quantum box as shown in Fig.5-12 is one of the ex-
pected structure fof realization of quantum box laser and the
author calculates threshold current in this structure. In this
case, decreasing of total volume of quantum box in this struc-
ture introduces more severe decreasing of optical confinement
factor than that in SCH structure because total optical confine-
ment becomes also weak when total volume of quantum box is
decreased. For calculation of optical confinement factor in
quantum box, refractive index of quantum box region is neces-
sary. The calculation is as follows. At first,. the author as-
sumes 10nm cubic quantum box in 3-dimensional 20nm period and
InP as barrier material. In ihis case, refractive index of quan-
tum box and InP are 3.52 and 3.21, respectively. Hence, average
refractive index is 3.25 from summation of products between each
volume and each refractive index(23), oOptical confinement factor
can be solved‘with 3—layers slab waveguide model with this
average refractive index, while real 6pti¢al confinement factor
of quantum box is decreased by ratio of volume.from calculated

value. Optical loss in quantum box structure is also into con-
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sideration and expressed by KoN with Ko~ 4x 10~ 17em2 (131), cal-
culated threshold current is shown in Table 5-1. Lowest
threshold current is 310A/cm2. In this structure, large size of
quanfum box has advantageous due to large optical confinement
factor. The calculation result when the size of quantum box is
12nm is also indicated in Table 5-1. The lowést value is
265A/cm2. As a result, this structure is not superior to SCH

structure from aspects of threshold current density.

As the next step, fluctuation of size is considered. The
spectrum of gain of quantum box have a distribution due to the
intraband relaxation time : jn while linewidth of spectrum is
about h/: jp although state density of quantum box is repre-
sented by s —function. If fluctuation of energy levels by fluc-
tuation of size is much smaller than h/: jn, gain is not so
changed. For calculation of fluctuation effecf, the author as-
sumed fluctuation of size has Lorentz disﬁribution. In this
case, fluctuation of size works as decreasing of <t jp. Energy
shift by change of size is 9meV per 1nm for one direction around
10nm cubic. When 1nm fluctuation is occurred in two directions
by patterning fluctuation and remained direction have no fluc-
tuation because abruptness of grown hetero interface can be
reduced smaller than one monolayer as described in section 1-4,
energy fluctuation is about 18meV and maximum gain is reduced by

factor 4 (6meV/(6meV+18meV)). This reduction of gain is severe
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Table 5-1 Calculation of optical confinement factor, threshold
carrier density and threshold current density. The
waveguide consists of multi quantum box layers. The den-
sity of quantum box per volume is factor 0.125. (The
separation length of each cubic quantum box is equal to a
side of quantum box.)

Quantum box size = 100x

Number ¢ of QB Jth
of layers v (a/cm?)
1 0. 0002 -
2 0. 0003 -
3 0. 0007 -
4 0. 0012 -
5 © 0.0021 -
6 0. 0027 -
7 0. 0037 1145
8 0. 0050 535
9 0. 0060 415
10 0. 0074 376
11 0. 0088 332
12 0.0106 322
13 0.0121 310
14 0.0139 : 334
15 0. 0157 315
Quantum box size = 120x
Number ¢t of QB Jth
of layers . (A/cmz)
1 0. 0002 -
2 0. 0003 -
3 0. 0012 -
4 0. 0017 -
5 0. 0027 -
6 0. 0037 -
7 0. 0051 1976
8 0. 0065 892
9 0, 0084 498
10 0.0102 363
11 0.0121 . 277
12 0.0143 265
13 0. 0162 287
14 0.0184 310
15 0. 0206 332




for lasing. Hence, the author assumes reducing of cavity loss
until 20cm~! and this value is not so sever to obtain by long
cavity length or high reflective mirror. In this case, threshold
current density of best SCH structure is increased until
190A/cm2, although threshold density can be reduced until
40A/cm?2 with reduction of cavity loss if gain reduction is not
occurred. However, calculated value with fluctuation is suffi-
cient lower than lowest value of conventional quantum well
laser (29),

In the present estimation, important parameters are car-
rier lifetime and intraband relaxation time and those values are
determined from bulk value. However, these values have pos-
sibility of change by quantization and hence, estimation of
change is important.

- At first, change of carrier lifetime by quantization was
expected. Firstly, the probability of Auger effect may be
decreased by eliminating of distributed neighbor levels concern-
ing collision by three dimensional quantized level. Secondly,
probability of radiative recombination may be decreased also be-
cause probability is decided by integral of state density(ZS)
and state density is decreased by quantization. Consequently,
those estimation introduce longer lifetime and lower threshold
current density.

As the next, change of intraband relaxation time by quan-

tization is expected. The relaxation time is decided by colli-
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sion between carriers mainly. This collision process is similar
to Auger process(172) and carrier can transit to other level by
transferring of excess energylto other carrier while this car-
rier transits also another level. Hence, scattering probability
is decreased by eliminating of neighbor distributed levels con-
cerning collision by three dimensional guantization and the gain

may become larger.

5-4 Ideal structure of quantum box laser

Ideal low threshold current deﬁsity of quantum box laser
is prevented by overflow of optical confinement layer. To
eliminate of consumed current in optical confinement layer, new
structure must be designed.

Why quantum box require the large injection carrier until
large carrier leakage to optical confinement layer is
introduced? The problem occur by the number of level. The opti-
cal gain is proportional to sum of both occupation as shown in
eq. (5-1) and following calculated result indicates that optical
gain is determined by occupation ratio of valence band level
after almost complete occupation of conduction band level. The
author calculated optical gain in 10nm cubic quantum box at
31018 cm~3 for carrier density as shown in Fig.5-2. In this
case, numbers of carrier in quantum box in each band is three
from volume of gquantum box and injected carrier density. Hence,

it is enough for occupation of basic level if occupation ratio
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of basic level is high. Actually, basic level in conduction band
is occupied until 97% and the number of carrier in basic level
is about two. Remained one carrier exists in other level.
However, basic level in conduction band is occupied until 32%
and the number of carrier in basic level is about 0.6. Remained
2.4 hole exists in other levels. This phenomenon is occurred by
difference of effective mass and that is indicated in the nﬁmber
of levels. The number of levels in conduction band and valence
band are 5 and 106, respectively. 1f carrier can occupy the
both levels completely, optical gain is increased by factor
three as éhown in Fig.5-13 because ratio of obtained gain in
this calculation to maximum gain is about 303 (97%-(100-32) %).

Hence, if the author increase occupation ratio in valence
“bpand, injection carrier density to obtain same optical gain can
be reduced and overflow from coﬁduction band level of quantum
box can be also reduced. For these improvement, the author
propose following two ideas.

The first propose is extending the area for charge
neutrality by modulation doping(168). Modulation doping for
quantum well laser is proposed by M.Yamada, et al. (169), and
K. Uomi, et al. (170), independently. Doping in barrier around
gquantum box provides carrier to quantum box, while absorption
loss and recombination probability by doping are small by wide
bandgap. Self-consisted calculation is necessary for estimation

of threshold current density of this structure. Hence, the
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10nm cubic quantum box with assumption that each basic
levels were occupied by carriers completely.
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author gives up this calculation. However, calculation by
Yamada, et al. (171), was pointed out that threshold current
density can be reduced until almost zero by application of this
structure to one-dimensional quantum well laser. Hence, drastic
reduction of threshold current is also expected in quantum box
structure because modulation doping is more effective for fine
volume of quantum bog.

The other propose is changing of hole mass. The increasing
of hole mass introduce large energy separation between each
level and decreasing of number of levels.

From design of structure, strained layer super-lattice
(SLS)(102'1O3) has possibility of change of hole mass. In SLS,
degeneration of heavy hole and light hole (173) is solved and top
of light hole band is higher than top of heavy hole band by com-
pression. However, quantum well introduce energy shift from base
level and that quantity is increased with decreaéing of effec-
tive mass. Hence, quantized level of light hole is lower than
basic level of heavy hole after fabrication of quantum well even
if SLS is used.

To achieve change of hole mass, the remained methods is
change of materials. It is better that ratio between mass of
hole and mass of electron ( mp/mg )is close to unity. The author
assumes GalnAs/InP systems as a materials until now and mp/mg
of this systems is about 9. The value of III-V compounds

materials with direct transition is not so changed from this
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value (174), Hence, the author must find in others materials.
Material that have around unity wvalue about this ratio is IV-VI
compounds materials (173). as example, mp/mc of PbTe is in thé
range from 0.92 to 1.3. This range is occurred by anisotropy of
band structure. Of course, many subject must be developed for
those laser structure.

The change of material can solve another problem of
GaInAs/InP quantum box structure, that is offset wavelength from
lowest loss region of silica fiber (69-71), The wavelength of
basic level of quantum box fabricated by 10nm cubic GalnAs is
1.32, m and lowest region of loss in silica fiber is 1.5, m.
Hence, longer wavelength materials is required from this point.
Most easy method is increasing of In in composition of GalnAs,
while strained energy by lattice mismatching can be absorbed by
fine structure. However, strained structure has a limit of
shift (199) and the peak of gain center cannot shift until 1.5, m
. by strained structure. Hence, material must be changed. From
this view point, selection principle of materials is wide
bandgap difference by composition change with lattice matching.

GaInAlAsSb(176,177) is one of the suitable systems from Fig. 1-1.

5-5 Conclusion remarks
In this chapter, the author analyzes the laser threshold
of the three-dimensional quantum-box lasers. At first the author

explains that the motive force of reduction of threshold current



density is carrier confinement in basic level by energy separa-
tion to neighbor level. Secondly, the threshold current density
of quantum box laser is estimated in consideration with effect
of fluctuation and carrier leakage. Lowest threshold current
density at room temperature is 60 A/cm2 when the structure is
optimized, while that is 190 A/cm? with consideration of 10%
fluctuation in quantum box size. Those values have advantageous
to reported threshola in other structure. Finally, ideal struc-
ture of quantum box laser is discussed. Modulation doped
structure (169-171) is most attractive for suppression of carrier
leakage and material change is necessary for adjusting of

wavelength to lowest loss region of optical fiber.
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Chapter 6 Fabrication of quantum box laser

6-1. Introduction

It is reported that quantum-box lasers is expected to be
greatly enhanced the superior characteristics obtained by con-
ventional quantum well laser by increasing the dimension of the
quantization in chapter 5.

Multidimensiénal quantum well structure was proposed for
elimination of electron scattering by the quantum wire
structure (178), Hence, quantum wire strucﬁure are studied mainly
from a electron properties(179‘131). The first multidimensional
quantum well structure for optical properties was fabricated as
a quantum wire by Petroff, et al, (182), The realization of quan-
tum box structure was studied by etching or disordering applied
to one dimensional quantum well structure and quantized levels
were shown by photoluminescence or cathode-luminescence (183~

. However, in order to realize the quantum-box laser, a
carrier injection mechanism as well as an optical waveguiding
mechanism must be incorporated into the structure. As far as the
author know, a fabrication of the quantum box laser structure
with optical guide structure and p-n junction was not reported
before this research.

In this chapter, the author reports the fabrication of
GaInAsP/InP quantum-box structure with p-n junction and optical

guide structure. Designs of structure and process for less
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damaging of quantum box surface are described. It is reported
that interference exposure and wet chemical etching can be ap-
plied to precise processes for higher dimensional quantum size
effect. The wet chemical etching process for quantum box in con-
sideration with anisotropy was developed. The light emission
from the quantum-box structure by current injection is observed.
Finally, design to reduce the threshold current density is also

discussed from experimental result.

6-2. Designs of structure and process

The size of quantum box is requested under electron mean
free path (around 30nm). Thus, fabrication process of quantum
box has many difficulties. The first difficulty of the fabrica-
tion is the patterning of very fine structure. The second dif-
ficulty of fabrication is that the quantum box structure would
be highly sensitive to the defect around the surface because of
small volume of quantum box. Third difficulty is that the size
deviation of the structure is limited because each energy levels
have distribution by fluctuation of the size. Thus, the author
paid special attention to designs of structure and process.

For operation of semiconductor lasers, a carrier injection
mechanism as well as an optical waveguiding mechanism must be
incorporated into the designed structure. Figure 6-1 shows the
structure of fabricated quantum box laser. For optical

waveguide, separate confinement heterostructure(154) was applied
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and the quantum box array was located in center of the optical
confinement layers which were sandwiched by cladding layer. A p-
n junction located just above the quantum-box layer provides
carrier injection mechanism.

To realize the quantum box structure, the etching process
was applied to one dimensional quantum well. To prevent the ex-
pose of etching surface, regrowth process was carried out after
the etching to form the hetero interface. Moreover, sufficient
thickness for optical waveguide was obtained by the regrowth
when the thickness of the layers covering the quantum well in
the first growth were thin for easiness of patterning.

Single layer was used for based structure of quantum box.
If multi quantum well was used, same size patterning on each
layers was necessary to prevent large deviation of quantum box
sizé between each layers: Thus, required characteristics of
etching are very severe, that is, precisely vertical etching
facet with high aspect ratio. Hence, single guantum well would
be preferred over than multi quantum well to avoid this d;f—
ficulty.

GaInAsP/InP system was applied as a material which has
good interface property after.efching(186) and embedding
process. Less damage is expected after the expose of etching
surface on the process by this material. The other advantageous
of GaInAsP/InP system is that the’ mass-transport

process(137'138) can be applied to obtain good regrowth inter-
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face because binary can be used as cladding layer. Of course
GaInAsP/InP has suitable emission wavelength for optical fiber
communications.

For patterning of micro structure comparable to size of
gquantum box, the electron beam (EB) lithography is used
conventionally(179r1801183’189). However, EB lithography have a
disadvantage of uniform pattern in large area due to fluctuation
of beam current in long time exposure. Moreover, fine electron
beam lithography technique has difficulties and more research is
required. Reported periods of micro-fabrication by EB was about
200nm, usually and this periodvéan be achieved by the inter-
ference exposure of laser. This technique have advantageous for
uniformity of pattern in large area for laser cavity (around 400
« m) because large area is exposed simultaneously. Hence, inter-
ference exposure(190;191) was used for patterning of the quantum
box.

As the etching process, dry etching has also advantageous
from problem of anisotropy and ability of pattern copy to
sample. However, dry etching has possibility to.introduce damage
by collision of particle. The author used wet chemical etching
as a etching process, because wet chemical etching is easier
than dry etching to obtain etched surface without damage. Im-
provement of etching process to solve the problem of anisotropy

is described in next section.
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Following experiment was carried out to confirm that pat-
terning by interference exposure and wet chemical etching can be
applied to precise process for a fabrication of guantum box.
After each etching, photoluminescence measurement at room tem-—
perature was done to confirm the crystal quality. Grating'with
80nm depth and 204nm period was fabricated élong <0171> on the
quantum well wafer as the same manner as mentioned later. The
thickness of quantum well layer and InP top layer were 15 and
20nm, respectively. After this process, intensity of
photoluminescence was decreased by factor 3-10. As the next
process, the width of quantum well was reduced by undercut
etching with selective etchént for quaternary described in next
section. The quantum size effect of quantum wire was expected by
reducing of width. Figure 6-2 shows change of photoluminescence
spectra béfore and after undercut etching. Peak intensity was
nearly the same before and after etching. This phenomenon is ex-—
plained as follows. Number of generated carrier was not so
changed by this etching because dominant volume for absorption
of excited light was optical confinement layer in this sﬁruc—
ture. Generated carrier was collected in quantum wire region by
energy gap difference. Hence, photoluminescence intensity was
not reduced with reduction of volume if non-radiative center was
not increased in etching surface.

After 10 second etching, peak of photoluminescence was

shifted toward shorter wavelength by about 30nm as shown in
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Fig. 6-2 (a) The peak shift in photoluminescence measurement
by undercut etching to form the quantum wire structure.

The measurement temperature was 77K. (b)Schematic view of
etched structure.
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Fig. 6-2. The shift of photoluminescence peak would occur by the
following two possibilities. One is the quantum size effect and
the other is band filling effect (186), To confirm the contribu-
tion of band filling effect, intensity of the excitation of
photoluminescence was reduced by factor 10 and peak shift after
this reduction was still remained over 20nm. Hence, the peak
shift occurred by quantum size effect mainly. The diameter of
laser beam for sample excitation was about 1mm. Thus, numbers
of quantum wire excited simultaneously were of the order of 103,
As a results, size of quantum wire was almost uniform. The width
of quantum wire was estimated to be around 30nm from the peak
wavelength shift of 30nm, theoretically. It is difficult that
etching accuracy is in this jevel. Hence, this uniformity indi-
cated some etching stop mechanism and this mechanism was also
indicated from additional etching after first shift. As shown in
Fig. 6-2, Additional 10-20 second etching was not introduced peak
shift and intensity of photoluminescence is decreased drasti-
cally after 30 second etching; To explain these phenomenon, the
author assumed following model. The etching was stopped after
undercutting of quaternary layer by hanging down of upper layer
and etching cannot do in very narrow concave. Hence, etching was
stopped. After additional etching, carrier supplement from opti-
cal confinement layer was stopped and intensity was decreased
pecause remained region of optical confinement layer changed to

very narrow and effective carrier injection was stopped by sur-



face defect and depletion layer. Shift quantity had slightly
difference in each sample experimentally and those difference
would be occurred by width of pattern and thickness of upper
layer. Similar experiment in quantum box structure had very
strange action. Sometime, peak was returned longer wavelength
side again and intensity of peak was not decreased by very long
time etching ( about 180 sec. ) often.

In conclusion of this section, the author believes that
the crystal quality of quantum well structure was not degraded
by wet chemical etching process and therefore interference ex-
posure and wet chemical'etching can be applied as a process to
obtain higher dimensional quantum size effect. Recently, ap-
plication of wet chemical etching of GaAs/GaAlAs for fabrication
of quantum wire structure was reported(192) after the author’s

report..

6-3. Etching Process

To fabricate precise pattern by holographic patterning and
wet chemical etching processes, fabrication of fine pattern and
improvement of etching technique had to be developed. For
fabrication of quantum box, making of the mesa stripes along two
directions, <011> and <017> were necessary and those etching
process had to develop in consideration with problem of
anisotropy. Moreover, selective etchant had to develop for un-

dercut etching to reduce the quantum size as described in
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fabrication of quantum wire. Etchant must have chéracteristics
of slow etching rate and weak attack of mask for precise etch-
ing.

Interference of He-Cd laser beams were used for
holographic grating(191) with the pefiod of 204nm. This methods
is used for fabrication of grating of brag reflector for dis-
tributed feedback laser and distributed bragbreflector laser.
For patterning of small structure, miss of resist pattern was
degraded the fabricated pattern. Particularly miss was observed
as small bridges between stripes in fabrication of stripes along
<011> direction on InP due to anisotropy as mentioned later.
Figure 6-3 is shown pattern after etching between stripes <011>.
Many bridges was observed in Fig.6—3. Hence, plasma ashing was
dispensable before etching to eliminate this bridge. Figure 6-4
are shown after plasma ashing of 15, 30, 45 seconds with condi-
tions of O.5mbar air for atmosphere of chamber and 30W for out-
put power of asher. 30 seconds was selected as ashing time from
Fig. 6—-4.

For fabrication of stripes, the bromic acid solution,
HBr:HNO3:10 H0 (0 ) is one of the suitable etchant for precise
process. Because etching rate are not much changed between InP
and GaInAsP while attack to resist is weak, although anisotropy
was occurred. This etchant is also used for fabrication of brag
reflector, conventionally. Thus, the bromic acid solution was

applied fabrication of grooves along <017T> as shown in Fig. 6-5.
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Fig. 6-3 The SEM photogra
cated stripe patterns
formed without ashing.

ph of many bridges between fabri-
along <011>, This patterns was
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8 (c) 30sec.

Fig. 6-4 Elimination of an excessive patterns by increasing
of ashing time. Ashing times are (a) 0 second, (b) 15
seconds, (c) 30 seconds, and (d) 45 seconds, respectively.
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Fig. 6-5 Cross sectional view of fabricated grooves along

<017T>.
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However, it was difficult to apply the grooves etching along
<011> direction from the problem of anisotropy. Fig.6-6 shows
the etching facet by bromic acid solution with resist pattern
along <011> direction on InP substrate. Large penetration of the
- etching under photo resist mask was occurred and resist mask was
removed before etching depth was less than 40nm. This etching
depth was not enough for fabrication of quantum box.

To sqlve the problem of anisotropy, new etching method was
developed for fabrication of grooves along <011> direction in
consideration with anisotropy. To etch the groove along <011>
direction,.hydrochloric acid solution is suitable due to verti-
cal etching facet for mesa along this direction. Although, this
etchant have tendency to attack AZ1350 and cannot use with thin
resist mask. Hence, the author used thin quaternary layer as an
etching mask of hydrochloric etchant. At first, mesa stripes of
the quaternary layer were formed using AZ1350 resist mask and
bromic acid solution as an etchant. This etching was stopped
before large penetration of etching under photo resist mask.
Then, using the stripes of the quaternary layer as a mask, the
InP layer was etched by selectivity of hydrochloric acid. 3
HC1:HPO3:H20 at 0C was used as this etchant. More dilution of
this etchant by water for slower etching speed was lost etching
property. HPO3 was added to eliminate bubble of hydrogen for
smooth etching in precise etched structure. Well-shaped rectan-

gular mesa was demonstrated using quaternary mask with InP dummy
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Fig. 6-6 Large penetration under photo-resist mask for
fabrication of grooves along <011> by bromic acid solu-
tion. The etching times are (a)4 seconds, (b) 8 seconds
and (c) 15 seconds, respectively.
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substrate as shown in Fig.6-7. Penetration under mask was not
observed completely. It was pointed out that the mask by epitaxy
was the very good characteristics for contact between etched
sample and mask from this etching.

As the final etching process, undercut etching was carried
out to obtain quantum size. Using the array of the InP squares
as a mask, the quaternary quantum-well layer was etched with a
selective etchant fof quaternary layer. HpSO4:H202:20 H20 at O¢T
was used as this selective etchant. The diluted ratio by water
of this etchant was selected for slow etching rate and this
solution did not lost the etching characteristics by high
diluted ratio. The controllébility of this etchant waé confirmed
by experiment of fabrication of quantum wire as mentioned above.
shift of photoluminescence had reproductivity and etching time

was in range of suitable time for controllability.

6—4.Fabriéation process

To fabricate structure of quantum box laser, processes as
shown in Fig.6-8 were carried out. Each process was decided by
discussion in section 6-2 and 6-3.

First, GaInAsP/InP wafers with single quantum well struc-
ture were grown by organo-metallic vapor phase epitaxy (OMVPE).
Growth condition was same to condition for fabrication of single
quantum well laser as described in section 4-4. The following

layers were grown on n-InP substrate successively.
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e   Fig. 6-7 ' (a) Cross sectional view by SEM of well shaped rec-
tangular mesa fabricated by quaternary mask. (b)Schematic
view of etched structure. 4 -.
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Fig. 6-8 Flow of fabrication process of quantum box.



1) n-InP buffer layer, 200nm thick,

2) n-GaInAsP optical confinement layer with band-gap
wavelength 1 g of 1.26, m and thickness of 150nm,

3) undoped InP barrier layer of 2nm,

4) undoped GaInAsP quantum-well layer with A g of 1.664 m and

thickness of 15nm,

5) undoped InP barrier layer 10nm thick,
6) p-InP barrier layer 10nm thick,
7) p-GaInAsP layer with 2 g of 1.66, m and thickness of 15nm.

Thickness, composition and doping of each layer were determined
from éxperiment of single quantum well laser. Final layer was
used as etching mask as mentioned section 6-3.

Secondly, three dimensional structure was fabricated. The
etching process is summarized in Fig. 6-9. Fabrication of groove
along <011> direction is the first etching. Thin quaternary
layer as an etching mask and selective etchant were used as
described in sectipn 6-3. Along <011> direction, mesa stripes of
the quaternary layers were formed as mentioned above. Then,
using the stripes of the quaternary layer as a mask, the InP
overlayers above the quantum-well layer were etcﬁed by HC1l
selective etchant. The etching stopped at the surface of the
quantum-well layer due to the material selectivity of the et-
chant as seen in Fig.6-9(a).

As the next etching, grooves along <01T> direction was

fabricated. The author used simply the bromic acid solution with
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Fig.6-9 Summary of etching process. (a)lst patterning and
etching for <011> groove. (b)2nd patterning and etching
<01T> groove. (c) 3rd undercutting for quantum size.
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photo resist mask to form the grooVes (Fig. 6-9 (b)). Figure 6-10
is a SEM picture of the top view of the sample after the
fabrication of cross grating. Etching along the two directions
was confirmed. Turn of etching from <011> to <017> was important
for remaining of quantum box region. Signal of photoluminescence
was lost by the etching with the reverse of turn from <017T> to
<011>.

As the final etching process, separation of each box and
undercut etching were carried out. Using the array of the InP
squares as a mask, the quaternary quantum-well layer was etched
with a selective etchant. During the etching} undercutting took
place, which reduced the width and depth of the box in com-
parison with those of the InP square mask (Fig.6-9(c)) to obtain
quantum boxes. |

As the next step, quantum-box layer'was buried by LPE
regrowth(193) to form thé optical waveguide. Prior to the
regrowth, mass—trénsport process(137'138'193) was carried out in
the LPE furnace~and the surface of quantum box was covered by
thin InP layer before the regrowth. Time and temperature for
mass transport were 640c and 10 minute, respectively. In early
stage, the author expected that soak of LPE growth was suffi-
cient for mass transport of this very fine structure. However,
peak of photoluminescence was not observed after regrowth
without mass transport process. The other hand, sample after

regrowth with mass-transport process had a photoluminescence
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Fig.6-10  The top -view of the sample after fabrication of
cross grating.
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peak.
After mass transport process, the following layers were
regrown by continuous LPE regrowth.
1) p-GalInAsP optical confinement layer with band-gap
wavelength 3 g of 1.24, m and thickness of 150nm,
2) p-InP cladding layer of 1, m.
3) pt-GaInAsP cap layer(a g = 1.244 m).
Finally, wafer was polished and electrodes were formed as
the same manner as conventional laser diodes with silicon-

dioxide defined stripe geometry. The stripe width was 15, m.

6-5, Measurement Results

The procéssed wafers weréwéleaved to make‘a cavity. The
length and width of cavity were 380, m and 16, m, respectively.
V-I characteristic has a information of p-n junctioﬁ. Forward
voltage was 0.3-0.5V and this value was too small for voltage of
p-n junction in‘GaInAsP/InP diode characteristics. Reverse volt-
age was 1.4-4V and larger reverse voltage was observed the
sample with larger forward voltage. These results indicated leak
point in laser. It was difficuléwwhere was the p-n junction in
structure from this result. However, possibility that p-n junc-
tion was located in quantum box structure was suggested from
these low forward voltage.

The fabricated devices were operated by current injection

at 77K under pulsed condition with a repetition of 3kHz and a



width on 100ns. Outlines of measurement systems is shown in
Fig.6—11.\The sample was sink in the liquid nitrogen dewer.
Light output by carrier injection was intioduced to optical
fiber (200, m diameter) faced to cavity facet in liquid nitrogen
atmosphere. The spectrum with carrier injection was observed by
optical spectrum analyzer, ANRITSU MS96A, as shown in Fig.6-12.
Three different peaks at 1.18, 1.37 and 1.42, m, were observed,
as shown in Fig.6—1é(a). The peak at 1.18, m corresponds to the
luminescence from the optical confinement layet. The other two
peaks at 1.37 and 1.42, m‘were to correspond to the quantum-box
structure. |

Fine structure around 1.37, m peak is shown in Fig. 6-
12 (b). The spectrum had many peaks like resonant modes. The‘
spacing of those peaks, about 1.1nm, coincided with the calcu-
lated mode spacing in the cavity structure when the author as-
sumed effective refractive index is equal 3.5. This phenomenon
suggested stimulated emission. Peaks at 1.37 and 1.42, m were
obéerved only when cavity length was in the range of 200, m-500
» m. The emission from quantum box may be decreased by gain
saturation in short cavity(194) and fluctuations in size of
quantum box in long cavity.

I-L characteristics at 1.18 and 1.37, m peaks are shown in
Fig. 6-13. Light intensity from optical confinement layer was
much stronger than that from quantum box by factor 103. Lasing

of optical confinement layer was occurred at 3.1 kA/cmz.
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Fig. 6-12 Spectrum from guantum box structure with carrier in-

jection. The measurement condition was pulsed operation at
77K. (a)Spectrum in the wide range. (b)Fine spectrum

around 1.37 4, m peak.
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Resonant modes around 1.37, m peak was observed when carrier in-
jection level was at 22 kA/cm2, Figure 6-13 suggested-that the
light emission from quantum box structure was assisted by light
emission from the optical confinement layer as optical pumping
and it was very diffidult to estimate the threshold point of
stimulated emission by pure carrier injection of quantum box
structure from present results.

CW operation ét 77K was tried by same sample. Figure 6-14
shows spectrum by CW operatioh. The range of injection current
is from 100mA to 500mA. Emission from optical confinement layer
was observed and emission from quantum box region was not con;
firmed. This phenomenon suggested the interruption of smooth
carrier injection. Spectrum from optical confinement layer had
wide half width. Peak of spectrum was shifted to longer
wavelength by increasing of injection current. This results was
suggested rising of temperature of laser by carrier injection.

For suppression of light emission of optical confinement
layer, different structure was tried. Optical confinement layer
grown by OMVPE was eliminated and bandgap wavelength of optical
confinement layer was changed from .26, m to 1.1, m. Spectrum
under pulsed operatioﬁ at 77K by this sample is shown in Fig. 6-
15. Three different peaks at 1.05, 1.23 and 1.31, m, were ob-
served. The peak at 1.18, m corresponds to the luminescence from
the optical confinement layer and intensity of this peak was

still strongest. The other two peaks at 1.23 and 1.31, m were
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shifted to shorter wavelength. This shift would be occurred by

reduction of size by change of etching condition.

6-6, Discussion of quantum box laser

To characterize each quantum box peak, the size of gquantum
box was estimated and optical gain by estimated size was calcu-
lated. The height of quantum box wag 15nm estimated from the
growth conditions of OMVPE, and the width along <011> direction
was estimated to be about 30nm from the shift of photolumines-—
cence. The width along <017> direction would be almost same as
that along <011>, because the lithography techniques weie same
and undercut etching was done simultaneously. It was also con-
firmed that widths of two directions were almost same by SEM ob-
servation as shown in Fig. 6-10. Assuming the size of quantum box
to be 15nm x 30nm x 30nm, spectrum of theoretical optical gain
at 77K was calculated, as shown in Fig.6-16. It was explained
that 1.42, m and 1.37, m peaks were corresponding to the transi-
tion between the basic levels and second levels, respectively.
and optical gain of 1.37, m was higher than that of 1.42, m.

From this calculation, the optical gain in cavity can be
estimated. The net optical gain of the quantum box is in the or-
der of 103cm~1. As the next, optical confinement factor in quan-
tum box should be estimated. The occﬁpation ratio of quantum box
per plain was only 2% because 30nm X 30nm square was in 200nm x

200nm area. For the direction along perpendicular to plain,
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thickness of 15nm was correspond to about 3% of optical confine-
ment factor. As a result, total optical confinement factor of
guantum box was small as order of 10”4, Thus, optidal gain in
cavity was less than 1cm~1. On the other hand, mirror loss was
about 40cm~! from the cavity length. Hence, resonant mode
should not be observed from this calculation. The possibility to
explain stimulated emission was concerning of exiciton for opti-
cal gain that were ﬁeglected in the calculation described sec-
tion 5-2.

Fluctuation of size could be estimated from spectrum of
quantum box with some assumption. As the first, the author as-
sumed the spectrum of 1.42, m peak in Fig. 6-12(a) was formed by
spontaneous emission without gain and rélaxation time could be
neglected because of exiciton effect. If fluctuation was oOC-
curred in only-patterning of plain and‘was not occurred in grown
thickness, fluctuation of size was estimated from spectrum.
Width of 3dB down points was about 16nm. This value was cor-
respond to 9. 8meV in energy. Relation between size of plane and
energy is 1.2meV/nm when size of guantum be is around 15nm X
30nm x 30nm. Hence, this energy fluctuation corresponds to =+ 4nm)
as size fluctuation. Of course, this calculation was broken if
shape of spectrum changed by stimulated emission.

Expected merits of quantﬁa box, i.e., low threshold cur-
rent density, were not yet observed at present measurement. To

realize the merits of quantum box laser, the following four
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points is important. At first, the present size of quantum box
was too large and separation between energies of each quantized
level was not sufficient. Hence, electron was not confined into
one state effectively as shown in Fig.6-16. For sufficient
separation of energies of each level, required volume of quantum
box is around 10nm x 10nm x 10nm. Secondly, fluctuation of quan-
tum box size disturbed the effective emission by distribution of
energy levels and optical gain was decreased as shown in experi-
ment of long cavity. To prevent the effect of size deviation,
distribution of energy levels by size deviation must be less
than distribution of emission energy by carrier relaxation time
described in section 5-3. Thirdly, optical confinement factor of
guantum box was too small in present structure as mentioned
above. For increasing of the optical confinement factor, the
separation length around 10nm between boxes or multi layer of
quantum boxes would be required. As the fourth problem, the
majority of injected carrier was consumed in the optical con-
finement layer in the present experiment and light emission from
optical confinement layer was very strong. Moreover, the ratio
of consumed carrier in optical confinement layer would increase
by rising of temperature to room temperature. This carrier
leakage to optical confinement layer must be prevented.

Hence, design of structure and process should be refined
in consideration with these problems. To achieve small size and

high density of quantum box without size deviation, development
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of techniques for fine lithography and etching would be neces-
sary. Multi layer structure of quantum boxes has possibility té
get large optical confinement factor and to prevent emission of
optical confinement layer, although requirement for etching
would be more Severe by multi layer. Increasing of carrier con-
finement in quantum box by the structure, such as MoB (156), has
also possibility to improve the characteristics.

To achieve those structure, improvement of process tech-
nique is desired. For lithography, 10nm order pattern is
required and that is difficult by conventional laser inter-
ference lithography. Hence, stable operation of X-ray laser or
deep ultra-violet laser is required. EB lithography (187-189,195)
is also attractive from that sharp beam spot and copy with
sor (196, 197) of fabricated pattern with EB can be suppressed by
fluctuation of beam spot. As etching, wet chemical etching is
difficult for etching of multi-layer structure required for low
threshold current density as described in section 5-3 due to the
anisotropy. Hence, development of dry-etching without damage is
required. For elimination of damage, it is one of the hopeful
methods that hybrid methods that rough shape is fabricated by
dry-etching and surface is etched by wet-chemical etching
slightly for elimination of damage.

Anxiety for Qperation of guantum box is carrier relaxation
mechanism. Although the carrier relaxation time was assumed the

same value with bulk in previous calculation, the quantum box
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structure has a possibility of increasing of carrier relaxation
time introduced interruption of carrier injection. Usual energy'
relaxation from injected carrier to radiative level is occurred
by collision between carrier and carrier. This collision
process(172) is similar to Auger process and energy separation
between each levels of quantum box introduces decreasing of
relaxation probability. In this experiment, separation of energy
is not so large ( around 30meV) and scattering of polar optical
phonon (32—42meV)(143) can be concerned as relaxation from in-
jected carrier to radiat%ve level. However, the possibility of
interruptioh of smooth carrier injection was observed from
spectrum. Moreover, energy separation between each level in
ideal quantum box laser is larger than energy of phonon. Hence,
transition probability will decrease drastically and limitation
. of carrier supply will be occurred in radiative levels. This
situation is very similar to levels of solids state laser (157),
Hence, other considerable relaxation mechanism, i.e., Auger
effect (135) or recombination between each levels by ultra violet
radiation is introduced. Carrier is injected in quantum box
le&els with competition between transition to guantum box levels
and transition of others, as an example, band to band transition
of barrier region or non-radiative recombination by defect. Of
course, Auger effect introduces other electron jumping to high
energy levels and carrier consumes by factor two. From those

aspect, this phenomenon is very severe for lasing.



To prevent this low transition probability, hybrid of
quantum box and quantum wire structure is desirable. Schematic
view of this structure is indicated in Fig. 6-17. By adjustment
of width of gqguantum wire, both basic level can be just fit.
Ratio of each structure area would be decided by competition of
other transition mechanism in barrier region. When probability
of other transition is low, large area of quantum box is better
from carrier confineﬁent effect to desirable levels. When prob-
ability of other transition is high, large quantum wire area is
required because main recombination must be desirable transition
and carrier must be introduced to desired state by continuous

state of quantum wire.

6-7 Conclusion remarks

In this chapter, the author reports the fabrication(7) of
GaInAsP/InP gquantum-box structure with p-n junction and optical
guide structure. Designs of structure and process for less
damage of quantum box surface are described. It is reported that
interference exposure and wet chemical etching for precise
processes'for higher dimensional quantum size effect. The wet
chemical etching process for quantum box in consideration with
anisotropy was developed. Observation of light emission from
the quantum-box structure by current injection are reported.
Finally, discussion for design to reduce the threshold current

density are also described from experimental result.
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Quantum Box
Quantum WYire

Fig. 6-17 Schematic view of the combination of quantum box and
quantum wire for smooth carrier injection to quantum box
levels. The state density is continued by adjustment of
the each levels by change of width of quantum wire.

190



Chapter 7. Conclusion

The purpose of this thesis is to improve of GaInAsP/InP

crystal quality grown by OMVPE so that those can be applied for

the laser devices, especially of three dimensional quantum well

(guantum box) structure.

1-2.

1-3.

1—5.

Results obtained by this work are summarized as follows.

The author attained good enough crystal quality of
GaInAsP/InP by OMVPE by improving apparatus and obtaining
growth conditions, The quality was confirmed by laser
fabrication as follows.

The crystal gquality was improved by using of
nitrogen mixing carrier gas instead pure hydrogen and in-
creasing growth temperature to 640C .

The procedure of source gas switching was developed
to obtain hetero interface without degradation.

By usihg DMZn and HpSe as p- and n-—type doping
sources, respectively, p-n Jjunctions for laser devices
were formed stable and good enough.

Lasing threshold current density of ‘lkA/cm2 was at-
tained which was compared with that grown by LPE.

By fabricating BH laser by hybrid methods, CW opera-

tions were attained. Long life time more than 4000 hours
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1-6

2-2.

3.

were confirmed for these lasers.
Buried heterostructure process by OMVPE was
developed to also attain CW laser operation. Reliability

of laser by this process was confirmed by a several

thousands hour’ s aging test.

Good characteristics of multi quantum well structure and
single quantum well lasers were obtained.

By improvement of the apparatus, abrupt interface
and narrow linewidth of photoluminescence, step-like shape
in absorption characteristics and X-ray satellite peak
were observed. |

Single quantum well laser was fabricated to obtain
lasing operation of single quantum well laser in

GaInAsP/InP crystal system for the first time.

The gain and the laser threshold of the three-dimensional
quantum-box lasers were analyzed to make clear the follow-
ing.

Lowest threshold current density at room temperature
is 60 A/cm? with estimation of carrier leakage, while that
is 190A/cm2 with consideration of 10% fluctuation in quan-
tum box size.

Ideal structure of quantum box laser is discussed.

It is pointed out that suppression of carrier leakage is



4-1

4-3.

4—40

very important for advantageous of quantum box laser.
Modulation doped structure is most attractive methods to
overcome the problem. It is also pointed out that the
material change is necessar§ for adjusting of wavelength

to lowest loss region of optical fiber.

GaInAsP/InP quantum-box structure with p-n junction and
optical guide étructure was fabricated for the first time.

Structure and process for less damaging of quantum
box surface are developed.

By using interference exposure and wet chemical
etching for precise processes for higher dimensional quan-
tum size effect, the quantum box structure were fabri-
cated.

The wet chemical etching process taking into account
anisotropy is applicable for very small size structure.

Light emission from the quantum-box structure by
current injection were observed for the first time. That
emission have resonant peak and suggest a stimulated emis—

sion.
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