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1.1 Introduction )
N OW, in the last few years of the 20th century, technology has made rapid
progress, and international cooperation and international standards are necessary
for global improvement, not selfish innovation. Under this situation, what should one
do in the university? One should have .a basis to go out into the world, and a
disposition to contribute to sound development. First, one should do one thing
thoroughly. Fortunately, a student has a good opportunity to deal with anything
positively and optimistically, fearless of failure. Then he will become a professional.
If one can understand a narrow but deep field, that is, one can have a root, his views

will spread globally. We should become specialists before generalists.



Chapter 1 Introduction

Now the world is changing from a material culture to an information society.
Businesses work in networks, as the networks become global. The amount of
information in Japan this year is about 200,000 Tbytes, and data communication
occupies 30% of telecommunication. A few years later, the amount of information will
be twice what it is now and that of data communication will be more than 5 times the
present amount. For such a huge amount of information to come and go around the
world, an optical communication network system will be indispensable.

In this chapter, the importance of optical fiber communication system for
intelligent communication society is discussed in §1.2 and the progresses in the
development of quantum-wire and quantum-box lasers are reviewed in §1.3. Finally

the purpose and outline of this thesis are given.

1.2 Semiconductor Laser for Optical Communication

The semiconductor laser is a i(ey device for the optical fiber communication
system. The semiconductor laser is used as a transmitter in the present optical fiber
communication system. First lasing operation of GaAs semiconductor lasers was
obtained in 1962[1-1]-[1-4], and continuous wave (CW) operation at room temperature
(RT) was achieved in 1970 using GaAs/AlGaAs double heterostructure[1-5]. At the
same time, a very low loss, 20dB/km, optical fiber was also fabricated. Since then,
the optical fiber communication system made rapid progress. At first, 0.8um
wavelength optical fiber communication system, which is lasing wavelength of GaAs
semiconductor laser, was made for practical use, as decreasing the loss of optical fiber,
GalnAsP semiconductor iaser emitting at 1.3 and 1.55um was studied because fiber
dispersion is minimum at a wavelength of 1.3um and fiber loss is minimum at 1.55 pm.
In 1979, an extremely low loss optical fiber was achieved i.e., 0.2dB/km at 1.55um,
which is almost theoretical limit (0.16dB/km)[1-6), and the GaInAsP semiconductor
laser emitting 1.3um(1-7]-[1-9], and 1.55um([1-10]-[1-13] was also fabricated.

Until now, optical technology have been introduced to trunk-line communication

-2-



Chapter 1 Introduction

in need of large transmission capacity and/or long transmission distance. Recently
this technology will be more familiar due to the use of the access network system. In
such a huge and high-grade information society, all kinds of information are digitalized
and independent of the original sources (such as voice/sound, image, data, character,
etc.). For an intelligent communications network in 2015, a communication capacity
of 5Tb/s for the trunk network systems will be necessary to satisfy the demand of
100Mb/s for homes[1-14]. Optical fiber will be utilized for most of the network and
a high-performance semiconductor laser will be required as a transmitter. Almost all
Japanese companies make many low-cost and practical systems toward the project
FTTH (Fiber To The Home). The priority seems to have moved from research and
development (R & D) to the pursuit of the ultimately highest performance to R & D for
how to use this technology easily. However the present technology is not sufficient
and the fundamental study is essential to obtain even higher performance. As
universities are academic, it is important to pursue extremely high performance in any
study, considering the contribution to the future. Concemning optoelectronic
technology, we, companies and universities, should pursue both technological

diffusion and technological innovation at the end of the 20th century.

1.3 Low-Dimensional Quantum-Well Lasers
1.3.1 Low-Dimensional Quantum-Well

The semiconductor laser is one of most successful photonic devices benefited by
the quantum-size effect, since their operation characteristics have been drastically
improved by introducihg lattice-matched (LM)[1-15] and strained[1-16]-[1-20]
quantum-well (QW) structure, due to developments in epitaxial growth technology to
realize high quality QW structures of precisely controlled thickness and compositions.
Introducing low-dimensional QW structures, such as quantum-wire (Q-Wire) and
quantum-box (Q-Box or Q-Dot) structures, carriers are confined into them stronger
than into QW in order to further modified band structure and density of states (DOS)
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distribution[1-21].  Figure 1.1 shows a schematic diagram of DOS of (a) Q-Wire and
(b) Q-Box structures. The DOS distributions of them are sharper than that of QW,
step-like function. However it should be noted that these sharp features can be

Q-Wire Q-Box

Density of State
Density of State

Energy

Energy

(a) (b)

Fig. 1.1 Density of states of low dimensional quantum-well
(a) Q-Wire and (b) Q-Box structure

inferior because of size fluctuation of Q-Wire or Q-Box structures, leading to
inhomogeneous broadening of the energy spectrum[1-22],[1-23]. The broadening
effects sigﬁjﬁcantly reduce the impact of the modified DOS on the optical gain and
lasing properties, which is discussed in the next chapter.

Due to strong confinement of carriers into low-dimensional QW structures
because of a narrower DOS profile, higher optical gain and narrow gain spectrum
features are obtained at the same injection current density, although the same intraband
relaxation time (0.1ps) is assumed for Q-Wire and Q-Box structures. In other words,
a higher differential gain property can be obtained. Figure 1.2 shows, for example,
the calculated gain spectra for different quantized dimension in case of LM
GalnAs/InP material under the same injection carrier density[1-24]. The size of
quantum structures is 10nm for quantum-film (Q-Film) , 10 X 10nm’ for Q-Wire, and
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10X 10 X 10nm’ for Q-Box, respectively. As a.result, the threshold current of the Q-
Wire laser is lower than that of the Q-Film laser, since the Q-Wire laser can obtain
necessary gain for lasing i.e., threshold gain, by a lesser injection carrier density.
Furthermore higher efficiency properties of the Q-Wire laser are also obtained due to

the smaller size of the active region.

| Ga, 47Ny 55AS/INP
1x104 T=300K
N=3 x 108cm3

L
—

3
5x10 Box :10xX 10 X 10nm3

/

Wire :10 X 10nm?2

2x103

1 %103 Film :10nm

Gain g [em]

5 %102

Bulk

2x 102 | '
1.3 1.4 1.5 1.6 1.7

Wavelength A [um]

Fig. 1.2 Calculated optical gain spectra of quantum structures.
(After M. Asada et al. [1-24].)

1.3.2 Strained Quantum-Wire Lasers

Semiconductor lasers can be operated at a high level of performance due to the
narrow gain spectrum feature by introducing the Q-Wire/Q-Box structures as an active
region, such as high characteristic temperature 7j of threshold current{1-21], higher
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modulation bandwidth[1-25], and lower threshold current[1-24]-[1-26]. Narrower
linewidth operation as well as small wavelength chirping under a direct modulation
due to a lower linewidth enhancement factor is also expected[1-27],[1-28]. Further
improvements by a combination of strain effect and low-dimensional quantum-well
structures are also expected[1-29]-[1-32]. In addition, the wire width of a strained Q-
Wire laser is estimated to be 2.5 times wider than that of an unstrained one to obtain a
sufficient separation of 30meV between quantized energy levels, and the broadening of
energy levels due to wire width fluctuation can be reduced by half that of an
unstrained one[1-30].

Because drive current of a laser for a certain required power level is given by the
threshold current I, and the differential quantum efficiency 7, it is very important to
design a proper laser cavity. An introduction of a high gain medium leads to a
reduction of the threshold and an increase in the efficiency. Figure 1.3 shows
calculated relation between them for an almost optimum condition of the volume of the
active medium, where n is the number of stacked layers of Q-Wires or Q-Boxes and p
is the in-plane space filling factor of them[1-33]. As can be seen in Fig.1.3, an
introduction of both compressive- and tensile-strained (CS- and TS-) QW structures
will lead to much lower threshold current operation as well as high efficiency.
Relatively larger size of the Q-Wire and Q-Box can be adopted compared with
unstrained one because the effective mass of holes can be reduced[1-30]. However
these properties are attributed to the sharp gain spectrum of Q-Wire and Q-Box
structures, their size fluctuation affects much[1-22],[1-23], it should be less than 10%
to 20%.

1.3.3 Fabrication Technique
Semiconductor Q-Wire and Q-Box structures are very attractive for application to
optoelectronic devices because of their inherent advantages of high differential

quantum gain under carrier injection and large refractive index variation induced by
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9 Q-Box Lasers
tlo 1 ] i 1 1 I 1 T 1
)
A S |
= 0.8} :: . . 7
Eosb i Tetkani

1 ]

H i C i * pe=l.1
Sosk [T EmBENSES

: i in n- =06
205 i i _I/an gﬁligamso.ghaum)
= ; i
&;5 04F P
'5 03 | I I T N | Lyl 11

0 20 40 60 80 100

Threshold Current Density J, [A/cm?]

S Q-Wire Lasers
LOTT T T 7T T 7T 711
8\ ---------- T
gooF
o Cd
EE 0 8 - 4 Compressive ne p”=2'0
m - ," 10X20nm? (=1.73m) /.,
5 O 7 = .:eTensile ne W=2-4 .,./
| ¢ 14X21am*(A=1.50pm) /
o . .: U>l<18tr§in :l - =14 9[
'g 0.5F :5 9X9am* (1=1.48,,m) i,"
= i |
2 04T =~ |
=] 1 | 1 1 1 1 i : |

‘Threshold Current Density J,, [A/cm?]

Fig. 1.3 Relation between differential quintum efficiency and threshdld current
density for the optimal Q-Box and Q-Wire lasers.
(After H. Hirayama, [1-33].)



Chapter 1 Introduction

electric field. As for semiconductor lasers, expected high-performance properties are
discussed in the previous section. Concerning other optical devices, reduction of the
noise figure in semiconductor laser amplifiers is also expected[1-34]-[1-36]. Large
electric-field-induced refractive index variation was theoretically predicted[1-37],[1-
38], and was experimentally observed to be approximately 4%[1-39] and 7%[ 1-40] for
GalnAs/InP Q-Wire and Q-Box structures, respectively. The possibility of high-
performance operations of intersection waveguide type was theoretically given, while a
much larger optical confinement factor of Q-Wire or Q-Boxes is required for these
devices[1-41]. Fundamental physics of Q-Wire and Q-Box structures were also
analyzéd, such as excitons and biexcitons in Q-Wires[1-42], nonlinear effects in Q-
Wire structure[1-43], optical absorption of Q-Wires by multiband effective mass
theory[1-44], spectral hole burning in Q-Wire lasers[1-45], many-body effect[1-46],
cross-sectional shape dependence of band structure[1-47] and electronic states[1-48] in
Q-Wire, and so on.

In order to realize high performance operation of low dimensional quantum
structures as optical and/or electrical devices, very low-damage fabrication technology
of ultra-fine structures with high accuracy is required, and various fabrication methods
using various materials have been investigated. The first attempt was done in 1982,
using an orthodox method to fabricate GaAs Q-Wire structures— i.e., a growth of QW
structure followed by conventional lithography and a burying growth on it[1-49]
Similar technology was employed, that is, using electron beam (EB) direct drawing
and wet chemical etching for the Q-Wire[1-50] and Q-Box[1-51], or dry etching[1-
52],[1-53] followed by embedding growth[1-54]-[1-56] for the GalnAsP/InP system,
AlGaAs/GaAs[1-57], InGaAs/GaAs[1-58]-[l-60], and Si/S1;,Ge, system[1-61]. On
another similar technique, electrochemical anodization[1-62] and impact
lithography[1-63] was also attempted. | |

For GaAs/Al(In)GaAs systems, fractional layer growth on tilted substrate[1-64] or
on multi atomic steps on vicinal substrate[1-65]-[1-69] for Q-Wire, and growth of QW
structure on patterned substrate[1-70]-[1-74] or on very fine V-grooves for Q-Wire[1-
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75]-[1-78] and for Q-Box structures[1-79],[1-80] are used because oxidation of
AlGaAs/GaAs is much severer and the surface recombination velocity of this system is
much faster than GalnAsP/InP systems[1-81]. Recently, for GalnAsP/InP system,
selective growth on a patterned substrate for Q-Wire[1-82],[1-83] and Q-Box
structures[1-84],[1-85] or on V-grooves for Q-Wire structures[1-86]-[1-90] or
fractional layer growth on vicinal InP substrate for Q-Wire and Q-Box structures[1-91]
was also carried out for application to single electron devices or optical devices.
Concerning other selective growth methods, the Q-Wires fabricated on grooved side
walls[1-92], on cleaved edge[1-93], at giant step edges on vicinal (110) surfaces[1-94],
and onu (111)B facet by glancing-angle molecular beam epitaxy[1-95] were attempted.
These fabrication techniques of Q-Wire and Q-Box structures mentioned above
are much more difficult compared with the case of QW, which is due to developments
in epitaxial growth technology to realize high quality QW structures of precisely
controlled thickness and compositions. However recently, simple technology to
fabricate Q-Wire or Q-Box structures in direct has been investigated only using the
growth technique, i.e., these structures can be self-organized by adjusting the growth
condition. So a great number of researchers have studied actively. Strain-induced
lateral-layer ordering (SI-LO) method of binary superlattices was used for Q-Wire[1-
96]-[1-98], and for Q-Box structures[1-99]. Stranski-Krastanow (SK) epitaxial
growth mode was done for Q-Wire[1-100] and for Q-Box[1-101]}-[1-104], or by strain-
induced self-organized (SI-SO) growth on (311) oriented substrate was done for Q-
Wire[1-105] and Q-Box structures[1-106]-[1-109]. SI-LO method is similar to SI-SO
growth method except for the substrate orientation used. SI-SO growth on patterned
substrate for the position control of Q-Box structures[1-110] and SK-mode Q-Box on
InP substrate for approaching long-wavelength emission[1-111] were attempt lately.
Besides III-V materials, self-organization methods of Q-Wire and Q-Box structures
were investigated, such as Si Q-Wire[1-112], GeSi Q-Wire[1-113], Si Q-Box[1-114],
ZeSe Q-Box[1-115], and so on. Recently electroluminescence from Si Q-Box

structures was observed[1-116].
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A fabrication technology to produce high density and uniformly sized low
dimensional structures became very important in order to reveal the lateral
confinement effect for high performance semiconductor lasers. Here, recent progress
in the development of Q-Wire and Q-box lasers is reviewed with an emphasis on the
fabrication technology, though the stimulated emission properties of Q-Wire or Q-Box
structures were ever reported[1-117]-[1-121]. Several fabrication methods of Q-Wire
and Q-Box lasers have been reported up to now as illustrated in Fig. 1.4; (1) a
fractional (sub-monoatomic) layer growth on the step edge of a vicinal substrate[1-49],
[1-122]-[1-125], (2) a combination of lithography and embedding growth[1-117],[1-
126]-[1;128], (3) selective growth on a patterned substrate[1-129], (4) strain-induced
lateral-layer ordering (SI-LO) of binary superlattices[1-97], (5) strain-induced self-
organized (SI-SO) growth[1-101], and (6) cleaved edge overgrowth[1-130].

GalnAsP/InP long wavelength Q-Wire lasers were fabricated by a combination of
lithography, chemical etching, and embedding growth[1-131]-[1-137],[1-138]. A
relatively low threshold current density J4;=816A/cm? under room temperature CW
conditions was achieved[1-133],[1-134], but was still twice higher than that of the
original quantum-film laser made on the same wafer. Recently, a lower threshold
current as well as a higher differential quantum efficiency was observed at low
temperatures (J;=34A/cm’ at T=90K)[1-138]. Five layered Ga,In;,As quantum-
wires (15nm wide, 10nm thick) laser, fabricated by SI-LO method, showed a relatively
better threshold current (J=1kA/cm’ at T=300K, and J,=200A/cm? at T=77K)[1-139].
Very clear polarization dependence particularly for quantum-wire structure, i. e. higher
gain hence lower threshold current for the electric field of the propagating light
parallel to the quantum-wire, was reported[1-139]. In this year, InAs Q-Box lasers
fabricated by SI-SO method on InP substrate emitting at 1.9um|[ 1-140] and 1.4pm[1-
141] were achieved at T=77K, which veryvlow threshold current density of 11.4cm™
was obtained with four-cleaved facets[1-140].

As for GaAs/AlGaAs Q-Wire lasers, low threshold current operation due to a
narrow striped active region[1-129],[1-142] and a CW operation of Q-Wire lasers

-10-
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(1) Tilted Superlattices (2) Lithography and Etching

Q-Wires SiO, Mask  q.wires or Q-Boxes

[UCSB] T
(3) Selective Growth (4) Binary Superlattices
on V-shaped Sub. Growth

V-shaped Mesa  Q-Wires Binary Superlattices
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Fig. 1.4 Fabrication methods of Q-Wire and Q-Box Lasers
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grown on Si substrate was achieved[1-143]. A combination of GalnAs/GaAs CS-Qw
material and selective growth on a patterned substrate demonstrated an extremely low
threshold current operation(/,=188uA)[1-144] as well as improved direct modulation
speed[1-145].  Polarization dependence of threshold current was also observed for
TS-GaAsP/AlGaAs Q-Wire laser fabricated on V-grooved substrate.[1-146].

Q-Wire lasers by SI-LO method[1-139],[1-147]-[1-150], and Q-Box lasers by SI-
SO method[l-lSl]-[1-160] have been reported. A room temperature CW operation
with low threshold current density (J;=294A/cm®) was achieved, which was
comparable to the best GaInP/GaAs CS-QW lasers[1-149]. GalnAs/AlGaAs Q-Disk
lasers gro§vn on (311)B GaAs substrate showed a slightly lower threshold current than
that of a double QW laser grown on (100) substrate[1-151]. Even though the
diameter of the disk 60nm was not small enough.to cause the lateral confinement effect,
a sharp PL spectrum (FWHM=18meV at T=300K) was considered to be attributed to
some gain enhancement effect since the space filling factor of the disk area was only
6%. High characteristic temperature T,=330K (from 70K to 135K) was reported for a
quantum-box laser with the size of 12nm and size fluctuation of 10%({1-152]. By an
increase in the number of stacked Q-Box layers[1-154],[1-155] or by reducing the
cavity loss[1-156], threshold current density was fairly reduced. Record low
threshold current density at room temperature was achieved to be 62A/cm® for
GalnAs/AlGaAs 3-layer-vertical-coupled Q-Dot (3VCQD) laser with 4-cleaved
facets[1-157]. Low threshold current operation was also demonstrated by an
adoption of a vertical cavity surface emitting laser (VCSEL) structure[1-158].
Recently, a room temperature' CW operation with low threshold current (In=5.4mA)
and high power (1 10mW)[1-159], and with low threshold current density (270A/cm?)
emitting at 1.31um[1-160] were reported.  Structure and threshold current of
quantum-wire and quantum-box lasers reported up to now are summarized in Table
1.1(1) to (3).

-12-
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Table 1.1 Summary of the structure and threshold current of Q-Wire and Q-Box lasers

(1) GaInAsP/InP System
Year  Method QWR/QB Barrier Organi-  Threshold] Wavelength . Ref,
Growth Size|Period Sub. zation _ Tempemre __ Cavity

1987 (2)WetEtch  GalnAs ~ GalnAsP TLT. ELTIK 137um  (1-117]
OMVPE  100nm [204nm  InP
1989 (DEBX+WE. LM-GalnAsSQWR GalnAsP TLT. 39.7kA/em 77K 1226pm  [1-128]

. OMVPE  30nm |70nm InP
1992 (2)EBX+W.E. LM-GalnAs3QWR GalnAsP TIT. 5.86kA/cm ? 1.522pm  [1-161]
OMVPE 10-30nm|70nm InP [RT-CW L=700 um
(2EBX+W.E. CS-GalnAs 5QWR  GalnAsP TIT. 2.9kA/cm? 1.531um [1-132]
OMVPE  30-60nm|100nm InP , [RT-CW L=910pum
1993 (DEBX+W.E. TS-GalnAs SQWR  GalnAsP TIT. 816A/cm }(16mA) 1.4635pm  [1-133]
OMVPE  30-40nm|70nm InP RT-CW L=920um [1-134]
1994 (2)EBX+W.E. TS-GalnAs SQB GalnAsP  TIT. 7.6kA/cm 277K 1.26pum [1-135]
OMVPE  30nm |70nm InP L=2080 um
1995 (2)EB+Dry.E. GalnAs 4QWR GalnAsP  U- 5.12kA/em 3RT  1.55um [1-136]
MOVPE 100-140nm InP Stuttgart L=950um
(4)SI-LO GalnAs SQWR GalnAs  U- lkA/em? [300K . 1.69pm|77K [1-139]
MBE 15nm  [30nm InP Illinors  200A/cm 277K L=500pm
1996 (2)EBX+W.E. CS-GalnAsP SQWR GalnAs TLT.  10kA/cm2RT 1.58umRT [1-137)
OMVPE +SQF 23nm(70nm  InP 43A/cm? |98K L=860 um
(2)EBX+D.E. GalnAs 4QB GalnAsP  U- 1.1-2.6kA/cm 2RT 1.533um [1-162]
MOVPE 85nm [235nm InP Stuttgart
(2EBX+W.E. CS-GalnAsP SQB  GalnAs TLIT. 603A/cm? 1.4552pm
OMVPE  +SQF 22nm|70nm  InP [T7IK-CW L=1500 um
1997 (DEBX+W.E. CS-GalnAsP SQWR GalnAs TLT. 24kA/em? RT  1.601pmRT [1-138]
OMVPE +SQF 25nm(70nm  InP 34A/cm? 90K L=1050pm .
(2)EBX+W.E. CS-GalnAsP SQWR GalnAs 2.65kA/cm JRT  1.60pmRT [1-163]
OMVPE  +SQF 20nm{50nm InP 32A/cm? 80K L=1000um
1998 (5)SI-SO InAs 3QB GalnAs AFloffe 114A/cm? [77K  1.894pm [1-140]
MBE 50nm InP 4-Cleaved
(5)SI-SO InAs 7QB InP NEC 540A/cm? [77K  l4pm [1-141)
MBE 43nm (311)B L=2800um
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(2) GaAs(P)/AlGaAs System
Year  Method QWR/QB Barrier  Organi- Threshold| Wavelength Ref.
Growth Size|Period Sub. zation Temperature  Cavi
1989 (DTilted SL GaAs SQWR AlGaAs UCSB  460A/cm?*RT 0.827um  [1-123]
MBE 4nm [8nm GaAs L=1120pm
(3)V-groove  GaAs SQWR AlGaAs Bellcore 3.5SmART 0.84um [1-129]
OMCVD  90nm GaAs L=350um
1991 (3)V-groove GaAs3QWR AlGaAs Bellcore 0.6mAHR)RT  0.86um [1-142]
OMCVD  90nm GaAs L=135um
1994 (3)V-groove GaAs3QWR AlGaAs Nagoya 9.8mART-Pulse 0.859um  [1-143]
MOCVD  100nm Si LT. 16mA RT-CW  L=135um
(6)T-shaped GaAs SQWR AlGaAs AT &T 04mAM2K-CW 0.78um  [1-164]
MBE Tom GaAs Bell L=400um
1995 (3)V-groove GaAs 4QWR AlGaAs Chinese 0.7ART 0.755um  [1-165]
MOCVD 60nm GaAs  ASience L=200um
1997 (3)V-groove GaAs 3QWR AlGaAs KIST  0.14kA/cm? 0.825um  [1-166]
MOCVD 40nm [700nm GaAs 143mART L=200pum
1998 (3)V-groove TS-GaAsP2QWR AlGaAs U-Toyko S500A/cm? 0.78um [1-146]
MOVPE  80nm GaAs 125mART L=500pm
(1DAtom.Step GaAs SQWR AlGaAs U-Osaka 1.5kA/cm?RT 0.761um  [1-124]
MBE j12nm (775)B -L=500um [1-167]
(3)V-groove GaAs3QWR AlGaAs KIST 40mARRT-CW  0.8185um [1-168]
MOCVD _ 80nm GaAs _ L=200um
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(3) GalnAs/GaAs & GaInP/GaAs System
(Strain-Induced Lateral-Layer Ordering: SI-LO,
Strian-Induced Self-Organization: SI-SO)

Year Method QWR/QB Barrier Organi- ﬁnshold| Wavelength Ref.
Growth Size|Period Sub. Zation Temperature Cavity
1993 (3)V-groove  GalnAs 3QWR GaAs IBM 188u ART-CW 0.98um [1-144)
MBE 100nm GaAs L-980pum [1-145])
@SI-LO GalnP SQWR AlGalnP  U- 2.5kA/cm }RT 0.702um [1-147]
MBE S5om  |10nm GaAs Illinois L=500 um
(3)V-groove  GalnAs SQWR GaAs Bellcore  66A/cm?* |80K  0.99um[RT [1-169]
OMCVD  70-80nm|250nm GaAs 1.9kA/em 3RT L=360pm
1994 (4)SI-LO GalnP SQWR AlGalnP U- 250A/cm 277K 0.729pm [1-145]
MBE Snm  |10nm GaAs llinois 1kA/cm 2 |RT L=600pm  [1-148]
(@SI-LO GalnP 6QWR AlGalnP U- 294A/cm 3RT-CW 0.746pm [1-149]
MBE 9nm  |18am GaAs Sophia L=570 um
(5)SI-SO GalnAs SQB GaAs T.U- 120A/cm 377K 094um (1-152]
MBE 12-17am GaAs Berlin 950A/cm 3RT L=1000um [1-170]
(5)SI-sO GalnAs 2QB AlGaAs NTT 23mA 0.94pm [1-151]
MOCVD  60nm @318 [RT-CW L=900um [1-171}
1995 (5)SI-SO GalnAs SQB InGaAs Fujitsu 815A/cm 280K 091lpm [1-153]
ALE 20nm GaAs L=900 um
1996 (5)SI-SO InAs SQB GaAs T.U- 80A/cm 377K 0961 pm [1-172]
MBE 7.4nm GaAs Berlin 3kA/cm 3RT L=2000um [1-173)
(5)SI-SO GalnAs 3QB GaAs Fujitsu 550mA RT 1.02pm [1-174]
MBE 20nm GaAs L=900pum
(5)sI-SO GalnAs SQB GaAs ucsB 525A/cm 3293K  1.02um [1-175]
MBE 42nm GaAs L=800pum
(5)SI-SO GalnAs 10QB GaAs AF. 97A/cm 2300K 1.045um [1-157]
MBE GaAs Ioffe 4-Cleaved [1-176]
(5)SI-SO GalnAs3VCQD  AlGaAs T.U- 62A/cm 3300K 0.99um [1-157]
MBE GaAs Berlin 4-Cleaved [1-176]
(5)SI-sO GalnAs 10QB AlGaAs NEC 32mA RT-CW 0.96pum [1-155]
MBE 28nm GaAs VCSEL
(5)SI-SO GalnAs 3QB GaAs Fujitsu 3.1A/cm ¥HR) 1.105um [1-154]
MBE 20nm GaAs [RT-CW L=900um [1-177]
1997 (5)SI-SO GalnAs SQB GaAs U- 1.67kA/cm 2RT  1.0pm [1-178]
MBE 20nm GaAs Michigan L=600pm .
(5)SI-SO InAs 5QB GaAs T.U- 100A/cm 2 {77K 1.088um [1-179]
MOCVD  15-18nm GaAs Berlin 1.3kA/cm 3RT [1-180]
(5)SI-SO GalnAs SQB GaAs AirForce  200uART-CW 1.0pm [1-181]
MBE GaAs LTech. VCSEL
(5)SI-SO GaAllnAs SQB GaAs U-Texas  235pA|RT-CW 0.95um [1-182]
MBE 220m GaAs VCSEL
(5)SI-SO InAs SQB GalnAs T.U- 127A/cm {77k 1.088um [1-156]
MOCVD  9-12nm GaAs ‘Berlin 181A/cm * [RT L=2000um [1-183]
1998 (5)SI-SO GalnAs VCQD GaAs AF. 170p A[RT-CW 1.0pm {1-158]
MBE GaAs loffe VCSEL
(5)SI-SO InAs SQB GaAs U-Texas  502p A[RT-CW L15pm [1-184]
MBE GaAs VCSEL
(4)Atom.Step  GalnAs SQWR GaAs U- 58A/cm 377K 0.864um [1-125]
MOVPE {70nm GaAs Hokkaido L=600um
(5)SI-sO InAs 2QB GaAs Fujitsu S.4mA(HR) 1.15pm [1-159]
MBE 15nm GaAs [RT-CW L=300pm  [1-185]
(5)SI-SO GalnAs 10VCQD  AlGaAs AF. 290A/cm ? 0.94um [1-186]
MBE 2nm GaAs Toffe [RT-CW L=1100pum
(5)SI-SO InAs SQB GaAs U-Texas  270A/cm ¥(HR) 1.31pm [1-160]
MBE 50nm GaAs [RT-CW L=2100 pm

]
[u—
W
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1.3.4 Long Wavelength Quantum Wire Lasers

For optical fiber communication system, semiconductor lasers emitting at 1.3 and
1.55um, so-called “long-wavelength,” are necessary, because fiber dispersion is
minimum at a wavelength of 1.3um and fiber loss is minimum at 1.55mm. As
mentioned in the previous section, various fabrication technologies for low-
dimensional quantum structures, i.e. Q-Wire and Q-Box structures have been
attempted to realize high-performance semiconductor lasers. In this section, long-
wavelength Q-Wire and Q-Box lasers from the last ten years are reviewed with an
emphasis on the fabrication technology, and their future prospect is also discussed.
Figure 1.5 shows the development of the lasing wavelength of Q-Wire and Q-Box
lasers, which are summarized in Table 1.1. Three kinds of methods, ie. a
combination of lithography and embedding growth, strain-induced lateral-layer
ordering (SI-LO) of binary superlattices, and strain-induced self-organized (SI-SO)
growth were obtained to emit at a wavelength above 13um. In 1987,
electroluminescence (EL) (and possibly amplified spontaneous emission) from
GalnAsP Q-Box structures fabricated by etching and regrowth was observed at 77K
under pulsed conditions[1-117], but lasing was not achieved. This technology is the
most direct approach for fabrication of Q-Wire and Q-Box structures, and is easy to
control the size, density, and position of them. Especially this method can control the
lasing wavelength to design the initial QW and the size of Q-Wire or Q-Box structures.
Relatively low threshold current density J#=816A/cm® under room temperature CW
condition of TS GalnAs Q-Wire laser was achieved[1-133],[1-134], but was still twice
higher than that of the original QW laser made on the same wafer. (GaAs)y(InAs)y,
Q-Wire laser, fabricated By SI-LO method, showed relatively better threshold current
(Ju=1kA/cm® at T=300K, and J,=200A/cm’ at T=77K) with emitting at 1.69um at
T=77K[1-139]. Recently (GaP),/(InAs), short period superlattices by SI-LO were
fabricated on InP and clear polarization dependence of photoluminescence (PL)
particular for quantum-wire structure, i.e. higher PL intensity for the electric field of
the propagating light parallel to the quantum-wire, was reported, which the PL peak
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temperatures. Better lasing properties, i.e. a low threshold current and a high
differential quantum efficiency of GalnAsP compressively-strained Q-Wire lasers at
T<200K, were obtained[1-137],[1-138]. Very low threshold current density, 11.4 cm’
! of InAs/InP Q-Dot laser was obtained with four-cleaved facets at T=77K[1-140].
At room temperature, the threshold current density of GaAs-based Q-Box lasers was
405A/cm’ (cavity length L=5.1mm, stripe width Ws=40um) with cleaved facets and
270A/cm? (L=2. 1mm, Ws=100pm) with HR coatings[1-160]. The lines in Fig.1.6 are
fitted by least squares; a solid line shows the fitting line at low temperature and a
dashed line does the one at room temperature. From this tendency in the
development, the threshold current density less than 100A/cm’ will be expected in
2001, and that of about 10A/cm? in 2006 with operation at room temperature.
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1.4 Objective and Outline of This Thesis .

Low-dimensional quantum structures, i.e. quantum-wire and quantum-box
structures, attempted to realize high-performance semiconductor lasers are reviewed in
the previous section. The fabrication technology using electron beam (EB)
lithography and etching followed by an embedded growth with organometallic vapor
phase epitaxy (OMVPE) is one of most effective methods for 1.55um-wavelength Q-
Wire or Q-Box lasers, which is a better technique for the position and size
controllability of Q-Wire and Q-Box structures[1-132]-[1-134].  Furthermore, this
fabrication technique is suitable for use in production of distributed feedback (DFB)
lasers consisting of a Q-Wire or Q-Box active region[1-162],[1-192],[1-193].
However, due to a low optical confinement factor, &, of the active region and poor size
uniformity of these Q-Wire structures, an impréved performance over quantum-film
(Q-Film) lasers fabricated from the initial quantum-well structures was not obtained
within the investigated temperature range, T, between 150 K and 300 K[1-132]-[1-
134]. Figure 1.7 shows the wire- or box-size dependence of the threshold current
density of long-wavelength Q-Wire and Q-Box lasers as mentioned before. The size
of Q-Wire was also considered to be insufficient to obtain clear lateral quantum
confinement effect in case of GaInAs/GalnAsP/InP Q-Wire lasers[1-132]-[1-134].

The objective of this thesis is to realize high performance operation, i.e. lower
threshold and higher efficiency of 1.55 pm-wavelength Q-Wire laser compared with Q-
Film laser using GaInAsP/InP system. The outline of this thesis is shown in Fig. 1.8.

In Chapter 2, the most effective size of Q-Wire is estimated from the point of
material gain and threshold current density, considering the size fluctuation of Q-Wire
structure and an optical confinement factor. In Chapter 3, the fabrication process of
Q-Wire structure and the regrowth process are explained. A size fluctuation of 50nm
periodic wire pattern of GalnAsP/InP structure was investigated. The size fluctuation
was reduced taking the proximity effect of electron beam into account. In Chapter 4,
the polarization dependence and temperature dependence of photoluminescence

properties of the Q-Wire structure was measured and compared with the Q-Film
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structure fabricated on the same wafer. In Chapter 5, lasing properties, especially
temperature dependence of threshold current, differential quantum efficiency,
spontaneous emission efficiency, and internal quantum efficiency of Q-Wire lasers are
compared with those of Q-Film lasers prepared on the same wafer. Fundamental
lasing properties of Q-Wire DFB lasers are also shown in this chapter. In Chapter 6,
the gain spectral characteristics of the Q-Wire lasers were measured and were
compared with those of Q-Film laser fabricated on the same wafer. It was found that
the material gain spectrum of Q-Wire lasers was narrower than that of the Q-Film laser.
In Chapter 7, the improvement of temperature characteristics of the Q-Wire lasers are
described in order to realize high performance operation of long-wavelength quantum-

wire lasers at room temperature. Finally, this thesis is summarized in Chapter 8.
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2.1 Introduction
L OW threshold current as well as high quantum efficiency operation is one of the
most attractive improvements expected in quantum-wire (Q-Wire) lasers, but it
strongly depends on the cavity structure, namely the optical confinement factor of the
Q-Wire active region, due to the extremely small volume of the Q-Wire potential
well[2-1],[2-2]. In addition, size fluctuation, particularly of the quantum-wire cross
section, can significantly broaden the gain spectra and reduce the attainable peak
gain[2-3]. The technology used to fabricate quantum wells relies on growth
techniques capable of atomic layer tolerances, leading to actual quantum-well (QW)
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devices, which exhibit nearly ideal properties. Confinement in directions other than

the growth direction requires lithographic patterning and the best lithographic
techniques have resolutions on the order of 10nm. To obtain lateral quantum
confinement effect is sufficiently, it is important to consider the effects of fabricational
inhomogeneities on quantum wire structures. Variations in the size of quantum wires
will smear some of the sharpness out of the density of the states of these structures,
reducing some of the benefits of lower dimensionality.

Therefore in this chapter, the most effective size of Q-Wire is estimated from the
point of material gain and threshold current density, considering the size fluctuation of

Q-Wire structure and the optical confinement factor.

2.2 Requirement for optical gain

The very small volume of inverted materials, higher optical gain and reduced
cavity losses in QW lasers result in very low threshold currents[2-4]-[2-6]. In
addition, QW lasers exhibit reduced temperature sensitivity and potential for higher
modulation bandwidths and narrower spectral linewidths. Further improvement in
semiconductor laser performance is expected with the introduction of quantum
confinement in more than one dimension. The resulting Q-Wire laser structures
employ quasi-1-dimensional carriers which are quantum confined to wire-like potential
wells of sufficiently small lateral dimensions (less than a few tens of nm).

The linear gain coefficient is given by[2-7]

A/,

(E, - ho) +(#/z, )

where the subscripts ¢ and & denote the conduction and valence band, respectively, E.y

g(a)) = -'al_) %I:g <R3h> ' gch(Ech) ' {.fc_.fv}. dEch’ (21)

r

is the transition energy between conduction and valence band, # is the Plank’s constant,
o is the angular frequency of input light, & and o are permittivity and permeability in

the vacuum, 7, is the intraband relaxation time[2-8], 7, is the refractive index without
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dispersion, and <th> is the matrix element of transition dipole moment{2-9],[2-10].
- The Fermi functions in the conduction and the valence band are f; and f,, respectively,

which are

— 1 -
Je= 1+exp{E, —E,. )/ksT§ (2-2)

1

v = o @5

where E;. and Ej, are quasi-Fermi energies in conduction band and valence band. g,

which is a density of state for electron, can be given by,

(m’-m, 1
E, )=|——"=2 uE,~-E_,-E,  —E for Q-Film, (2-4
gch( ch) ch +mh)7fh2Wy ( ch eyl hyl g) Q ( )

12

( » * 1/2
2m,-m 1
gch(Ech)= \m: +m£J MWXW}, /(Ech _E“,VJ.M —Ehxyj,m —Eg)

for Q-Wire, (2-5)
where m’ and m, are the effective mass of electron and hole, respectively, E; is the
bandgap energy, Es Ent, Ecyim and Epg,i, is the quantized energy level of

- quantum-film (Q-Film) and Q-Wire in the conduction band and the valence band,
respectively. W, and W, is the thickness of Q-Wire or Q-Film, and the width of Q-
Wire, respectively. Ez and Ej, can be obtained from the density of electron N, and
hole P(~ N) in the Q-Wire or Q-Film as[2-11]

dE

N=[ g.(E)- v 2-6)
, 1+ exp( ﬁ)
KT
P=N
£, dE
=[ 5.(E)- - 27)
1+ exp(— i J
k,T

The size fluctuation of Q-Wires used in this analysis is shown in Fig. 2.1. In the
case of Q-Wire structures fabricated by carving the Q-Film layer, the size fluctuation
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Fig. 2.1 Model of size-fluctuation distribution of Q-Wire structures
used in this analysis

in the later thickness can be neglected because a flat heterointerface with less than one
atomic layer can be grown by molecular beam epitaxy (MBE) or organometallic vapor
phase epitaxy (OMVPE). In this analysis, strained Q-Wire structures are introduced
because the merit of Q-Wire effect is more improved, that is, to obtain high gain and
differential gain[2-12], by means of spreading the quantized energy levels in the
valence band due to the small effective mass of the hole[2-13],[2-14]. Figure 2.2
shows the injection carrier density N dependence of maximum gain g, for Q-Film at
T=300K. The material of active region is compressively strained (1%-CS) GalnAsP,
whose composition is ‘Gag 15Ing gyAsg 73Pg 27 in this case. The thickness W,is 8, 10, 12,
and 15nm, respectively. The intraband relaxation time of all cases is assumed to be
0.1ps. In case of W,=8nm, the size fluctuation of thickness is considered: which is
assumed to be +0.6nm (2 mono layer (ML)). As can be seen, the influence of size
fluctuation is negligibly small. So the fluctuation of the thickness is not considered in
this analysis after this. The peak gain shifts to higher subbands with increase in
injected carrier density for W,>10nm. The thicker the Q-Film becomes, the smaller
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the carrier density shifting to high subbands due to the small quantum confinement

effect, i.e., the small separation of the density of states for thick Q-Film; therefore, the
saturation of the maximum gain of ground level becomes small. In case of the
injected carrier density of 1-3 X 10"%cm>, the largest maximum gain and differential
gain is obtained at W,=8nm. In this analysis, a thinner Q-Film less than 8nm is not
calculated because the thin Q-Film is severe for lasing of single-layer QW lasers due to

a low optical confinement factor in the active region.
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Fig. 2.2 the injection carrier density N dependence of maximum gain gy,
for Q-Film; #,=8nm, 10nm, 12nm, and 15nm.

Therefore, it is assumed that the thickness of Q-Wires is constant and that only the
width of Q-Wire is fluctuating. The Gaussian distribution is assumed for the size
along x-direction[2-15]. The optical gain is obtained by simply adding each spectra
of different-size Q-Wires with the same injection carrier density. Figure 2.3 shows,
for example, the material gain spectra of Q-Wire structures at T=300K as a parameter
of the size fluctuation AW from AW=0nm to 3nm. The calculations for strained Q-
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Wire are done similar to ref.[2-12], that is, the barrier layers at the upper and lower

sides of the wire are assumed to lattice-match one to the substrate, and those of the left
and right sides are assumed to mismatch with the same amount as the active layer, i.e.,
lattice-match to the strained active layer, to apply the biaxial strain effect. The
parameters which are used in the calculation (Luttinger parameters[2-16]) are
evaluated by linear interpolation between the related binaries[2-17]. The thickness
and width of Q-Wire are 8nm and 10nm, respectively. When the size fluctuation AW
is large, the gain peak is reduced and the spectral width broadens. In case of
AW=3nm, the gain peak is reduced to 68% of that with AW=0nm and the full
maximum half width (FWHM) above Ocm™ broadens to about 1.7 times wider than
that with AW=0nm. Therefore, high uniformity of Q-Wire structures are necessary to
realize high performance of Q-Wire lasers. The size fluctuation should be reduced
within 1nm, which the peak gain is down to 91% and FWHM is spread of 13%, when

the wire size is 10nm.

L ] ' L l L] l 1) l L]
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2 13 14 15 1.6 1.7
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Fig. 2.3 Gain spectra of Q-Wire structures (W,=10nm and W,=8nm).
The size fluctuation is AW=0nm to 3nm.
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Figure 2.4 shows the injection carrier density N dependence of maximum gain

gmax (g-n curve, in short) for Q-Wire at T=300K, which the thickness is (a) 8nm and
© (b) 10nm. The width of Q-Wire is 10nm and 20nm in both Figs. The other
parameters are the same as in Fig. 2.2. In Fig. 2.4(a), the g-n curves of Q-Film with
the size fluctuation of Onm and 0.6nm(2ML), which are negligibly small fluctuations,
are shown. The gain peak of both kinds of Q-wires are not shifted to higher subbands.
In this case, the maximum gain of the Q-Wire with W,=10nm is larger than that of the
one with W,=20nm. However the influence of size fluctuation is also larger in the
case of #,=10nm because of larger emission energy broadening with the narrower Q-
Wire. The maximum gain and differential gain are drastically reduced in the case of
W,=10nm. On the other hand, those of #,=20nm are slightly under the influence of
the size fluctuation. The differential gain of 10nm-wide Q-Wire with AW=2nm is
similar to that of 20nm-wide Q-Wire below gne of 1500cm™. When the size
fluctuation is AW=3nm these are almost same at g,y < 2500cm™.

In case of W,=10nm in Fig. 2.4(b), the peak gain of Q-Wires shift to higher
subbands with an increase in injected carrier density due to the influence of the
quantized energy levels of Q-Film. As can be seen, the maximum gain and
differential gain are also much more reduced in the case of W,=10nm than those of
W,=20nm, but the reduction of the ratio is small compared with #,=10nm. When the
injected carrier density is less than 3 X 10'®cm™, the maximum gain at groumi level of
10-nm-wide Q-Wire is larger than that of 20-nm-wide Q-Wire with AW =0-1nm.
However, the differential gain of both Q-Wires are almost same as that in AW=2nm,
and furthermore, that of the 10-nm-wide Q-Wire becomes a little smaller than that of
20-nm-wide Q-Wire.

Then the wire width dependence of maximum gain is calculated considering the
size fluctuation effect and is shown in Fig. 2.5 (a) at T=300K and (b) at T=90K. The
injected carrier density is 3 X 10'%cm™ at T=300K and 1X10"%cm™ at T=90K. The
intraband relaxation time is assumed to be 0.1ps at both temperatures. At T=300K,

the width to obtain maximum gain is about 8nm (7-10nm) with no size fluctuation.
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However the width to obtain maximum gain becomes larger and the maximum gain is

reduced with an increase in the size fluctuation. With AW=Inm, the maximum gain

Zmax 18 reduced to 92% compared with no fluctuation and the width to obtain maximum

gain Wgpa is about 10nm (8-12nm). In case of AW=2nm, g, is reduced to 80% and
Wemax is about 12nm (10-16nm), and in case of AW=3nm, gy, is reduced to 73% and

Womar is about 14nm (12-18nm). It is noted that the size fluctuation effect is
negligible if the wire width is larger than 22nm. The tendency of size fluctuation
effect is similar at T=90K. However the influence of size fluctuation is smaller
compared with that at T=300K. This is because energy broadening due to thermal

energy becomes small at low temperatures.
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2.3 Requirement to optical confinement factor and size fluctuation

Wet chemical etching is a low damage process because it uses chemical reactions.
However, the shape of an etched material strongly depends on crystal orientations,
which are usually mesa-shaped. As a result, the optical gain of multi-stacked Q-Wire
lasers decreases and broadens due to the large size fluctuation of Q-wires in the
vertical direction. Therefore, single-layer Q-Wire structures are required to reduce
the size of fluctuation. In this case, the Q-Wire laser is strongly dependent on the in-
plane space filling factor, i.e., the optical confinement factor of active region. So it is
important to estimate the optical confinement factor in order to realize high-
performance operation of Q-Wire lasers, that is, to overcome Q-Film lasers,
considering the size fluctuation of the Q-Wires. At low temperatures, because the
energy broadening due to thermal excitation and optical losses due to nonradiative
recombination are reduced, it is relatively easier to obtain high performance of single-
layer Q-Wire lasers. It is possible to realize high performance of single-layer Q-Wire
lasers at room temperature under the condition of low cavity loss structures, such as
long-cavity structure or high reflective (HR) coating of facets. Firstly, the
requirement to the optical confinement factor for single-quantum-well (SQW or Q-
Film, in short) laser is estimated, then that for the Q-Wire laser is calculated
considering the size fluctuation of the width of Q-Wire structures.

2.3.1 Threshold Current of Single Quantum Well laser
The optical conﬁnement factor of the active region &g, for Q-Film laser and &prpe

for Q-Wire laser can be expressed as

SFitm =SWy, > | | (2.8)

Swire = (1 pJSWy, (2.9)
W,

p=—r (2.10)

where W, or W, is the size of the quantum-wire along the x- or y-direction as shown in

-47 -



Chapter 2 Theoretical Characteristics—Requirements to
Density and Size Fluctuation of Quantum-Wire Structure
Fig. 2.1, A is the period of the quantum-wire along the x-direction, pis the in-plane

space filling factor of Q-Wire, & is the optical confinement factor of single quantum-
well (film) in unit thickness, and » is the number of the Q-Film sheets along the
vertical direction[2-18].
The threshold condition can be given by
& 8n=a (s = Film or Wire) (2.1

1, 1
= g +—In—, 2.12
we +7In— 2.12)

where gy, @, ayg, L, and R are the threshold gain in Q-Film or Q-Wire, the total cavity
loss, the waveguide loss, cavity length, and facet reflectivity, respectively. Threshold
current density Jy, can be given by
Jin = €W,B,z N5, (2.13)

where e, B, and Ny, are the electron charge, the effective spontaneous recombination
coefficient, threshold carrier density in the well, respectively. In this calculation,
the value of By is used to be 1.5X10"%cm?/s[2-19]. Figuré 2.6 shows threshold
current density Jy of Q-Film laser as a function of total loss @ at T=300K. The
material of active region is compressively-strained (1%-CS) Gag 13lng s;As0.73Pg27.
The thickness W, is 8, 10, 12, and 15nm, respectively and three kinds of optical
confinement factor & is used, i.e., (a) &=0.1%/nm, (b) 0.15%/nm, and (c) 0.2%/nm in
Fig. 2.6. The intraband relaxation time of all cases is assumed to be 0. 1ps in the
calculation of threshold carrier density N In the case of W,=8nm, the size
fluctuation of thickness is considered, which is assumed to be +0.6nm (2 mono layer
(ML)), but the increase in Jy, is enough small to ignore the influence of size fluctuation.
Therefore the size fluctuation of thickness is not considered in this analysis. At the
total loss a below 20cm™, for instance, when we assume the waveguide loss awg to be
10cm™, the cavity length L is about 1mm, J, of thinner QW laser is lower than that of
the thicker one due to the small active region, that is, volume effect. However a

becomes larger, the J, of the thicker one becomes lower due to larger optical
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confinement factor Empm, i.€., Optical confinement effect. In the case of W,=8nm, Jy

rapidly increases above 20cm™ with &=0.1%/nm and above 30cm™ with £=0.15%/nm
due to gain saturation as a result of the low optical confinement factor. When the
optical confinement factor becomes larger in unit thickness, that is, £~=0.2%/nm, the
gain saturation can be suppressed. The volume effect is stronger to reduce Jy at @
<40cm™. The J,, of all kinds of lasers are almost the same at the total loss below
30cm’’, which are independent of the thickness, i.e. the optical confinement factor.
Thus, in case of low optical confinement factor, the total loss should be reduced under
the condition of low cavity-loss structures, such as long-cavity structures or high
reflective (HR) coating of facets.

The optical confinement factor dependencies of threshold current density are
shown in Fig. 2.7, as a parameter of total loss a; (a) 10cm™, (b) 20cm™, (c) 30cm™, (d)
40cm™, and (¢) 50cm™. In the case of £&=0.15%/nm and &=0.2%/nm, the Jj, of all
kinds of lasers are constant at @<20cm™. That is almost proportional to the optical
confinement factor with &=0.1%/nm at a<20cm’, in which the volume effect is
dominant compared with the optical confinement effect. However Ju of the thicker
Q-Film laser becomes lower than that of thinner one, that is, the optical confinement
effect becomes dominant compared with the volume effect at a=30cm™ due to gain
saturation. Above 40cm™ the optical confinement effect is much stronger. At
a=50cm’, there is no volume effect and a rapid increase in Jy can be suppressed by
the optical confinement effect in case of £=0.2%/nm. All the calculation results
mentioned above are summarized in Fig. 2-8 (closed marks). ~Another compressively
strained material, Gag 36Ing74Asog7Po,13 indicates the similar tendency (open marks).
Although there has to be trade-off between the volume effect and the optical
confinement effect, broadly speaking, the larger optical confinement reduces the
threshold current density, which is independent of the thickness of the quantum well.
Ju is strongly dependent on the optical confinement factor of a single quantum well in
unit thickness &. In the case of &=0.1%/nm, Jy increases rapidly with increase in

the total loss. Especially, Jy, increases rapidly at a < 30cm™ in case of &=0.1%/nm
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(see a solid line in Fig. 2-8), and at @ < 50cm™ in case of £=0.15%/nm (dashed line).
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Fig. 2.6 Threshold current density of Q-Film laser as a function of total loss « at
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of optical confinement factor &, is used, i.e., (a) £=0.1%/nm,

(b) 0.15%/nm, and (c) 0.2%/nm.

-50-



Threshold Current Density J,, [A/cm?]

Chapter 2 Theoretical Characteristics—Requirements to
Density and Size Fluctuation of Quantum-Wire Structure

30 1 T v T v
1%CS-SQ
L a=10cm"
—O0—8nm
-A-:10nm
20F a0 q\ ~O-:12nm -]
RS -v=15nm
. ~y
10 =
o s 1 M 1 N 1 N
0 1 2 3 4

Optical Confine(rr;ent Factor &[%]
a

=100 T T

§ | 1%CS-SQW -
< a=20cm-
= 80 —O0—8nm
> L -A-10nm
: -0--:12nm
2 60r -v—15nm -
g A

5 :
5 : .,

g 20+ am Vv .
[=]

ﬁ -

@ 0 1 L | 1 M

= 0 1 2 3 4

Optical Confine(nt\)?nt Factor £[%]

& 3m 1 1 M L v "‘-‘E-‘ 5m A T v T v

g 1%CS-SQW 3] \ 1%CS-SQW -

E, L a=30cm" E a=40cm"!

5 7N —O0—:8nm £ ~ —0—8nm

' -A-:10nm - -a-:10nm |

2200 o) -O--:112nm ] £ --0--:12nm

2 ~v—15nm 2 - —v—:15nm ]

] \ ]

Q VX <

5 \“ °.."‘\‘\ 5 2 m N _

£ 100- Vi 1 5

O LGN o \ }7\.

T i S ~ T 1m - M -

S U T S I a g v

g 0 N 1 i 1 L | A g 0 A L M 1 L i A

£ 0 1 2 3 4 £ 0 1 2 3 4
Optical Confinement Factor £[%] Optical Confinement Factor £[%]

© @

= e

§ I | 1%Cs-sQ

=400} | o=S0em?

- | !

£ Pt

2 300+ a4 i .

/] .l H

a r a9 !

§ 2001 e .

8 [ 0 8nm ° D\'\ -

- 100F -4-:10nm v .

E -0--:12nm

D [ —v—:15nm

9 0 N TS | R L.

= 0 1 2 3 4

Optical Confinement Factor £ [%]
(e)

Fig.2.7 Optical confinement factor dependencies of threshold current density as

a parameter of total loss «;
(a) 10cm™, (b) 20cm™, (c) 30cm™, (d) 40cm™, and (e) 50cm™.

-51-



Chapter 2 Theoretical Characteristics—Requirements to
Density and Size Fluctuation of Quantum-Wire Structure

&’ ' | % ' | ! T T

g 8 1%CS-SQW

< 2000 oo ~
= 4 wo a=20cm’
= 5* s s :a=30cm’
:.(% i g ¥ v v a=40cm -
g : & +o 1a=50cm
g < #O

§ 1000 % " 1
- L
S - Vet :
£ _. S

$ AR i .

Optical Confinement Factor & [%]

Fig. 2.8 Optical confinement factor dependencies of threshold current density as
a parameter of total loss a from 10-50 cm’!. Closed marks show J,, of
Gay 15Ing 27A50.73P0 27 and open marks shows Jy, of Gag 26Ing 74As0.87P0.13,
respectively. Both materials indicate similar tendency.

-52-



Chapter 2 Theoretical Characteristics—Requirements to
Density and Size Fluctuation of Quantum-Wire Structure
2.3.2 Threshold Current of Quantum-Wire laser

In the case of Q-Wire lasers, the arrays of potential wells should be uniform in
size and shape so that inhomogeneous broadening effects would not degrade the
effects of quantum confinement. Since the volume of the Q-Wire structure is smaller
than that of Q-Film, i.e. smaller optical high optical confinement factor, the reduction
of optical gain and differential gain due to size fluctuation should be avoided in order
to obtain lower threshold current operation. Therefore, it is important to estimate the
effective size of the Q-Wire, considering the size fluctuation of the Q-Wire structure
and the optical confinement factor. Figure 2.9 shows the threshold current density Jy,
dependent on the in-plane space filling factor p for a parameter of the size fluctuation
of Q-Wire structure AW. The thickness of all of the Q-Wires calculated here is
constant of 8nm and the size fluctuation of thickness is neglected because the optical
gain peak of 8nm-thick Q-Film does not shift from ground level to higher subband and
the calculation is simplified. The width of Q-Wire # is 10nm and 20nm, respectively,
and various conditions are assumed, that is, (a) #=10nm, &=0.1%/nm, and « =10cm’,
(b) W=10nm, £=0.1%/nm, and a =20cm’, (c) W=20nm, &=0.1%/nm, and a =10cm",
(d) W=20nm, &=0.1%/nm, and @ =20cm, (¢) W=10nm, &=0.15%/nm, and & =10cm™,
and (f) W=10nm, &=0.15%/nm, and « =20cm’’, respectively. As can be seen, Jy
becomes minimal at a certain value of p, and this increases with an increase of AW and
also with the increase of a. Very low-threshold current density operaﬁon with
W=10nm can be attained when the total cavity loss is small, but it increases with
increase in total loss and the influence of size fluctuation is enhanced. When the size
fluctuation is small, J, of 10nm-wide Q-Wire is lower than that of 20nm-wide Q-Wire
at @ =20cm™. If the optical confinement factor of a single quantum well in unit
thickness becomes larger, Jy; is reduced and the size fluctuation effect is also reduced
(see Fig. 2.9 (e) and (f)).

Figures 2.10-2.13 show the wire width dependence of threshold current density at
T=300K as a parameter of size fluctuation; for @ =10cm™ in Fig. 2.10, =20cm” in

Fig. 2.11, @=30cm” in Fig. 2.12, and =40-50cm™ in Fig. 2.13. The space filling
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for a parameter of the size fluctuation of Q-Wire structure AW.

-54 -



Chapter 2 Theoretical Characteristics—Requirements to
Density and Size Fluctuation of Quantum-Wire Structure
factor p and the optical confinement factor of unit thickness are assumed to be p=0.3,

0.5, 0.7 and 1.0, and &=0.1%/nm and 0.15%/nm, respectively. In Fig.2.10 (a), in
case of low &y, the wire width to obtain minimum threshold current density is about
10nm due to a strong lateral confinement effect. However when the in-plane filling
factor becomes larger, Jy, is constant and independent of wire width. At low total
loss, the volume effect is more dominant than the quantum effect. At o=10cm™, pof
0.5 is better to obtain low J, The wire width dependence of Jy is similar under
~ similar optical confinement factors, such as &ie=0.36% (b) and 0.4% (c), 0.6% @
and 0.56% (e), and 0.84% (f) and 0.8% (g). The increase in Jy, due to size fluctuation
is negligibly small at W>25nm. When the &y is larger than 0.36%, the wire width
to obtain low threshold current density is estimated to be 20nm considering the size
fluctuation. When the total loss is 20cm’!, which corresponds to the cavity length of
about 1mm, J,;, seems to decrease with an increase in the optical confinement factor.
The minimal threshold current density can be obtained with W=10-20nm. Jy 1is
minimum with W=20nm for &#i=>0.8% and with W=10nm for £<0.8%. However
when the size fluctuation is large, 20nm-wide Q-Wire is better even if p=0.5. The
wire width dependence of Jy, is also similar under similar optical confinement factors.
In case of ¢=30cm’, minimal J, is obtained with W=10nm for £pire<0.8% and with
W=20nm for &;,->0.8% due to small size fluctuation. When the total loss is 40-
50cm™, the lasing operation cannot be obtained with Emire<0.8%. A relatively low
threshold current operation will be obtained for 10-20nm wide Q-Wire, even though
the loss is as large as 50cm’, only the multi-stacked Q-Wire is necessary for p=1. It
should be noted that the threshold current density of 8nm-thick Q-Film laser rapidly
increased at @>30cm™ for & =0.1%/nm, and at o>40cm™ for & =0.15%/nm.

At low temperatures, as the total cavity loss becomes small, it will be relatively
easier to obtain high performance of single-layer Q-Wire lasers. Figure 2.14 shows
the wire width dependence of threshold current density at T=90K as a parameter of
size fluctuation with various conditions; (a) a=10cm™ and p=0.3, (b) a=10cm™ and

0.5, (c) a=10cm™ and p=0.7, (d) a=10cm™ and p=1.0, (e) o=20cm™ and p=0.5,
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Fig. 2.10 Wire width dependence of threshold current density at T=300K at @ =10cm™.
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Fig. 2.11 Wire width dependence of threshold current density at T=3 00K at @ =20cm’.
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Fig. 2.12 Wire width dependence of threshold current density at T=300K at a =30cm”.
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Fig. 2.13 Wire width dependence of threshold current density at T=300K
at @ =40-50cm’™. ' '
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Fig. 2.14 Wire width dependence of threshold current density at T=90K
at @=10-30cm™.

-60 -



Chapter 2 Theoretical Characteristics—Requirements to

Density and Size Fluctuation of Quantum-Wire Structure

) a=20cm™ and 0.7, (g) a=20cm™ and p=1.0, and ) a=30cm™ and p=1.0. The
/~ g /~

& of all cases is 0.1%/nm. As can be seen, the tendency is similar to that at T=300K,
but the wire size obtaining the minimum J,, is a little wider, i.e. 15-20nm, and the
increase in J,, seems to be suppressed. In summary, high performance of single-layer
Q-Wire laser can be operated at the total cavity loss of less than 30cm™.

Then the threshold current of Q-Wire lasers is compared with that of Q-Film

lasers. Normalized threshold current L, wirel I Fitm can be given by

2
Ith,Wire - eVa,WireBeﬁ'Nth,Wire (2 14)
. .
Iih.Fitm €V piimBeg Nih, Fitm
=Jth,Wire (np) (2 15)
I th, Fitm

where V, wire OF V,, it is the volume of active region of Q-Wire or Q-Film, respectively.
In this analysis, it is assumed that all carriers inject in the active region. Figure 2.15
shows the optical confinement factor dependence of a normalized threshold current
Ly, wire/In.Fum considering the size fluctuation of Q-Wire width. The wire width of
- 20nm is assumed and the periods of Q-Wire A are assumed to be 70nm, 50nm, 40nm,
and 30nm, respectively. The optical confinement factors of SQW in unit thickness
: are &=0.1%/nm, £=0.15%/nm, and &;=0.2%/nm, respectively. The influence of size
fluctuation is small and the in-plane space filling factor obtaining minimum normalized
threshold current is estimated to be 0.4-0.5 in the case of £=0.1%/nm. In ref. [2-20],
the optimal space filling factor to obtain a minimum threshold current was reported to
be 0.8 i.e., &#ine=0.8%, for Gay 47Iny s3As/InP Q-Wire laser at a=10cm™. Our results
seem to be about half that in ref. [2-20]. This is attributed to a higher differential
gain of compressively-strained material than that of lattice-matched one. In case of
W=10nm, the optical confinement factor dependence of normalized threshold current
is shown in Fig. 2.16. The periods of Q-Wire A are assumed to be 70nm, 50nm,
40nm, 30nm, and 20nm, respectively. The increasing ratio of normalized threshold

current due to size fluctuation is larger than that in case of W=20nm. However when
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the total cavity loss is smaller than 20cm™, lower Iy wire can be obtained with AW=3nm.

The larger total loss a becomes, the larger in-plane space-filling factor is, i.e. a larger
optical confinement factor should be necessary. The minimal in-plane space filling
factor of Q-Wire lasers to obtain lower Jy than that of Q-Film laser are listed in Tal?le
21 for W=20nm and Table 2.2 for W=10nm, respectively. Figure 2.17 shows the
optical confinement factor dependence of normalized threshold currents of a 20nm-
wide Q-Wire as a parameter of o, which are plotted for £=0.1%/nm, 0.15%/nm, and
0.2%/mm. The tendency is similar to that of SQW as shown in Fig. 2.7, ie.,
normalized threshold current density is constant and independent of the optical
confinement factor at low loss conditions. In Fig. 2.17(d), the data for W=10nm are
also plotted as a comparison. In case of a=50cm’’, I, of the 20nm-wide Q-Wire
cannot be lower than that of Q-Film, but it will be expected I, of 10nm-wide Q-Wire
laser is half that of Q-Film by means of suppressing the size fluctuation within 2nm.
At low temperatures, as the total cavity loss becomes small, it will be relatively easier
to obtain high performance of single-layer Q-Wire lasers. Figure 2.18 shows the
optical confinement factor dependence of normalized threshold currents at T=90K for
(a) W=20nm and (b) W=10nm, respectively. There are assumed to be a=10cm™ and
20cm’, and &=0.1%/nm. The tendency is similar to that at room temperature. At
low temperatures, better lasing properties do not seem to be expected in the case of
W=10nm. However in the case of W=20nm, it can be obtained half that of Q-Film

laser when the in-plane space filing factor is 0.4 to 0.5.
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Fig. 2.15 The optical confinement factor dependence of a normalized threshold current
with W=20nm considering the size fluctuation.

-63-



Chapter 2 Theoretical Characteristics—Requirements to
Density and Size Fluctuation of Quantum-Wire Structure

In-plane Space Filling Factor p
0.5 1.0
———pr—r
W=10nm
&=0.1%/nm
—:4W=0nm |
---:4W=1nm

N

T

—-—:AW=3nm
O:a=10cm™'
A :a=20cm!

—t
I

Normalized Threshold Current |y, w/lin ram

2 L n 2 1 1 L " n 1
0 0.5 1.0
Optical Confinement Factor £[%)]
(@
In-plane Space Filling Factor p
0.5

o

N

———
W=10nm

£=0.15%/nm
0 :a=10cm™* _
A :a=20cm!
— AW=0nm
--=:MN=1nm

—
i

Normalized Threshold Current Livwire! !t Faem

n " n ] " 1 " 1 1
0 0.5 1.0
Optical Confinement Factor £[%]
®)

In-plane Space Filling Factor p
0.5

N
o

r i Y
W=10nm
£=0.2%/nm
0:a=10cm
: A:a=20cm 1
: —:AW=0nm
R ---:AW=1nm

-k
i

Normalized Threshold Current 1y, /s, Fn

O n " " i 1 " ’ " 1 |
0] 0.5 1.0
Optical Confinement Factor £[%]
(©)

Fig. 2.16 The optical confinement factor dependence of a normalized threshold current
with W=10nm considering the size fluctuation.
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Table 2.1 Minimal in-plane space filling factor of Q-Wire lasers to obtain lower Jy,
than that of Q-Film laser for W=20nm.

g a=10cm-! a=20cm! a=30cm-! a=40cm! a=50cm-!
P A S| P A S| P A ngn P A (S| P A Ewrn
0.1%/nm | 0.5 | 40 | 0.4 |0.67| 30 053 —|—|—|—|—|— _

0.15%/nm|0.29| 70 |0.34| 0.5 | 40 | 0.6 |0.67 30108 —|—|—
0.2%/nm |0.29| 70 |0.46| 0.4 | 50 |0.64/0.67 30 [1.07/0.67| 30 (1.07|— | —[—

—— ] —— ] —

Table 2.2 Minimal in-plane space filling factor of Q-Wire lasers to obtain lower Jy,
than that of Q-Film laser for W=10nm.

g a=10cm! a=20cm! a=30cm-! a=40cm! a=50cm-!

pA§m~pA§w:..pA§w».pA§m..pA§wn.
0.1%/nm |0.33] 30 |0.27{ 05| 20 |04 |—|—|— | — _——
0.15%/nm| 0.2 | 50 {0.24/0.33| 30 |04 05|20 |0.6 | — | — | —
0.2%/nm | 0.2 | 50 [0.32]0.33| 30 |0.53{ 0.5 | 20 |0.8| 05| 20 08|05 20 | 0.8
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Fig. 2.17 The optical confinement factor dependence of a normalized threshold current
with W=20nm as a parameter of the total cavity loss.
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2.4 Conclusion
The most effective size of the Q-Wire was estimated from the point of material
gain and threshold current density, considering the size fluctuation of Q-Wire structure
and the optical confinement factor. At T=300K, the width to obtain maximum gain is
about 8nm (7-10nm) with no size fluctuation. However the width to obtain maximum
gain becomes larger and the maximum gain is reduced with an increase in the size
fluctuation, and the size fluctuation effect is negligible if the wire width is larger than
22nm. The tendency of the size fluctuation effect is similar at T=90K but the
influence of size fluctuation is smaller compared with that at T=300K. This is
because energy broadening due to thermal energy becomes small at low temperature.
From the point of threshold current, the minimum threshold current density can be
obtained with the wire width of 10-20nm. It is possible to realize high performance
of single-layer Q-Wire lasers at room temperature under the condition of low cavity
loss structures, such as a long-cavity structure or a high reflective (HR) coating of
facets. At low temperatures, as the energy broadening due to thermal excitation and
optical losses due to nonradiative recombination is reduced, it is relatively easier to
obtain high performance of single-layer Q-Wire lasers. In the case of W=20nm, the
threshold current of Q-Wire laser is estimated to be half that of Q-Film laser when the
~ in-plane space filing factor of Q-Wire is 0.4 to 0.5.
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3.1 Introduction

FABRICATION technique using electron beam (EB) lithography and etching
followed by an embedded growth with organometallic vapor phase epitaxy
(OMVPE) is an effective one to fabricate the quantum-wire (Q-Wire) or quantum-box
(Q-Box) lasers for long-wavelength emission as mentioned in chapter 1[3-1]-[3-3],
though numerous works have been reported on the fabrication of such devices with
low-dimensional quantum structures[3-1]-[3-9].
the position and size controllability of Q-Wire and Q-Box structures, it is suitable for
use in production of distributed feedback (DFB) lasers consisting of a Q-Wire or
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Q-Box active region[3-10]-[3-12]. In order to realize high performance operation of
Q-Wire (-Box) lasers, it is important to control size fluctuation within 10% (20%)[3-
13)-[3-15]. In this chapter, the fabrication process of Q-Wire lasers is described,
including the crystal growth technique using OMVPE. The size uniformity of a Q-
Wire pattern formed by EB lithography was also investigated.

3.2 Crystal Growth Technique
3.2.1 Organometallic Vapor Phase Epitaxy

In this study, the OMVPE system with a horizontal reactor (HR3246, Nippon
Sanso) was used for the growth of initial wafers, whose photograph is shown in Fig.
3.1. The reactor never exposed to the air in case of loading wafers because this had a
preparation chamber. The epitaxial growth was done on a carbon susceptor coated
with SiC under the condition of the growth temperature Tg=600C heated by RF coil
and the low pressure of 76Torr with the substrate rotation (12rpm). Trimethyl Indium
(TMI), two lines of Triethyl Gallium (TEG), and Trimehtyl Aluminum (TMA) can be
used as the group-III sources. By the use of a gas concentration monitoring system
(Epison IIT) for TMI, the reproduction of the growth condition can be much improved.
The super PH; (100%), and two kinds of AsH;; one is the super AsHj (100%) and the
other is the diluted AsH; (1%) in Hy, can be used as the group-V sources. Therefore
the GalnAs(P) layers at thé bandgap wavelength between 1.0um and 1.65um can be
grown.  Tertiarybutylphosphine (TBP) can be also used as the group-V source to
enhance the vapor pressure of phosphorus[3-16],[3-17]. Dimetyl Zinc (DMZn) and
Disilane (Si,Hg) are emplbyed as p- and n-type dopant, respectively, which the dopant
concentration can be controlled more than two orders by using two types of mass flow
~controller (MFC). The H, carrier gas was used with the flow rate of 17slm including
the side-flow to improve the growth uniformity, and the velocity of which at the
position of the substrate in reactor is about 50cm/sec. This gas-flow velocity with

quick run-vent switching systems.enable to make a sharp interfaces of grown GalnAsP
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multiple quantum wells (MQWs).
The vapor pressure P, (x=TMI, TEG, TMA, and TBP) at the temperature 7 K is
given by
| logo Pryg =10.52-3014/T, 3.1)
logyo Prgg =8.234-2222/T, (3.2)
logyo Prygq =8.999-2361.2/T, (3.3)
logyo Prgp =7.586—1539/T . 3.4)

In the OMVPE growth, the temperatures of TMI, TEG, TMA, and TBP are 32°C, 25°C,
20°C, and 30°C, respectively. Mole flow rates I, (x=TMI, TEG, and TMA) can be

described as
I (3.5)
Poubbler
where Ppupsier a0d Io4pre are the pressure in the bubbler and the H; carrier gas flow rate
to the each bubbler, respectively. Ppyssz, for all the bubblers is 760Torr.  Using low
pressure conditions, the direct supply of TBP is possible. '

The bandgap energy E, and lattice constant a of quaternary GayIn,,As,P; is

given by
E, =135+0.672x —1.091y +0.758x% +0.101y>
& , (3.6)
+0.111xy —0.580x2y — 0.159xy? +0.268x2 .
and
a=5.8687-0.4176x +0.1896y +0.125xy , (3.7)

respectively. Our OMVPE system can be grow one 2-inch wafer. The in-plane
uniformity of thickness is about *=1.63% for InP and *+2.93% for Gag 47Ing 53AsS,

respectively, the distribution of the composition is *0.045% for Gag 47Iny s3As and =+
0.09% for GalnAsP emitting at 1.55um, and in-plane uniformity of the emitting

wavelength of GaInAsP (4,=1.55um) is within 12nm as shown in Fig. 3.2.
Figure 3.3 shows the emitting wavelength of lattice-matched GalnAsP to InP as
the function of the composition ratio in solid, As/P for V-group and Ga/In for IlI-group,
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Fig. 3.1 Photograph of OMVPE system
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respectively. The open circles are the experimental results and the solid lines are the
calculation results using the egs. (3.6) and (3.7). As can be seen, the experimental
results agreed well with the theoretical curve for both groups.

Figure 3.4 shows (a) the experimentally found relation between Ga and In content
~ in solid and the flow rate of carrier gas for TEG and TMI, and (b) that between As and
P in solid and the flow rates of AsH; and PHs, respectively. The dashed line shows
the fitting line by least squares. As can be seen, the relation between solid and vapor
is almost linear for both groups. The simple relations between Ga/In and TEG/TM],
and between As/P and AsH3/PH; of our OMVPE system can be expressed by

(Qg) =0.02624 + 1.598(@) , (3.8)
In ™I
and
(_“.‘i) = 0.03927+52.90] 53 | (3.9)
P PH;

In the case of Aly4slngspAs, which is lattice-matched to InP, the relation between
AlVIn and TMA/TMI is shown in Fig. 3.5 and compared with that between Ga/In and
TEG/TMI. The ratio of Al/In to TMA/TMI was higher than that of Ga/In to
TEG/TMI. This is considered to be due to the dimer of TMA, i.e., (TMA),.

3.2.2 GalnAsP Compressively-Strained Quantum-Well

In order to realize high performance operation of long-wavelength Q-Wire lasers
fabricated by EB lithography and wet chemical etching followed by OMVPE
embedding growth, it is hecessary to prepare the relatively thick initial Q-Film layer
with compressively strained material. In the case of tensile-strained material, it is
difficult to fabricate the Q-Wire lasers emitting at more than 1.5pum using GalnAs.
material[3-2],[3-3]. Furthermore, as the band discontinuity in the conduction band is
small[3-15], it is feared that it will result in poor temperature characteristics. The

compressively-strained quaternary GalnAsP seems to be an easier way to design and
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fabricate the relatively thick single-layer Q-Film emitting at 1.5-1.6um than with
ternary GalnAs material[3-1],[3-18]. In the case of Gay 22Ing 78A S0 80Po20, Whose
strain is about 1% CS, the flow rate of the sources can be obtained from the
experimental relation between solids and vapors as shown in Fig. 3.4. The black

points in Fig.3.4 shows the results in this case.
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Fig. 3.3 The emitting wavelength of lattice-matched GalnAsP as the function of
the composition ratio in solid, As/P for V-group and Ga/In for Ill-group.

-76 -



Chapter 3 Fabrication of Quantum-Wire Lasers

1 1 v 1 T 1 1 ¢ L
L /0’ -
0.8 -
0.6} 099 n
= o)
3 | -
O o4l 5 i
02| /& -
| ©
0', " 1 i | " 1 P 1 [ e
0 01 02 03 0.4 05 06
TEG/TMI
()
10 : : —
8- l/'éﬁ -1
{ G~ O
6- i
T & -
# 1 1 "
0.1 0.2
‘ AsH,/PH,
(b)

Fig. 3.4 The lattice conditions between (a) Ga/In and TEG/TMI, and
(b) As/P and AsHj; and PHj, respectively.
The dashed lines are the fitting lines by least squared.

-77-



Chapter 3 Fabrication of Quantum-Wire Lasers

1 5 T I ) I
c10k 048052 ]
| F 0 7
o | T
_:_" [ (st
< 0.5+ /065 .

O:GalnAs -
[ @®:AllnAs ]
ot

| I TR S T S VN N
O 0.1 0203 0405 0.6
TMAI/TMIn, TEGa/TMIn

Fig. 3.5 Lattice condition of Al and In in the OMVPE system and
compared with that of Ga and In.

Figure 3.6 shows the strain dependence of the full width half maximum (FWHM), the
intensity, and the peak wavelength of photoluminescence (PL). When the strain was
about 0.9% by the calculation, the narrowest FWHM and the highest PL intensity were
obtained with the Q-Film thickness of 8nm, that PL spectrum was shown in Fig. 3.7.
However with the thickness of 10-11nm, which is shown by the open marks in F1g 3.7,
the PL peak wavelength was largely shifted to the longer wavelength and the FWHM
was broadened to 52meV. This is considered to be beyond the critical thickness.
Adjusting the flow rate of TEG, the 10nm-thick single Q-Film was obtained with the
FWHM of 39meV.

To check the growth conditions, 10nm-thick Gag ;Ing 73As0 30Po20 single quantum-
well mesa-striped lasers with one-step OCL (optical confinement layer) were
fabricated on a p-InP substrate. Fundamental lasing properties, i.e., the cavity length
dependence of the threshold current density and the differential quantum efficiency at

room temperature under pulse conditions were measured.
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Figure 3.8 shows the square root of threshold current density J,;, of these three types of
lasers as a function of the reciprocal cavity length 1/L. The stripe width W; of the
lasers was 12um. The lowest Jj, was obtained to be 290A/cm’ at L=2.3mm, ‘which
was comparable with that of GRIN-SCH (grated-index separate-confinement-
heterostructure) lasers[3-19]. However the sudden increase of Jy was observed for
L<650 um, as shown in Fig. 3.8. This is attributed to gain saturation due to the low
optical confinement factor of single quanhnh—well lasers. By fitting only in a linear

gain region (L>1mm), the transparent current density J, was estimated to be about 100

Alem?.
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3.3 Measurement of Size Fluctuation of Quantum-Wire Structure
-3.3.1 Measurement of Size Fluctuation of EB Pattern

For high performance operation of semiconductor lasers consisting of a Q-Wire
‘active region, it is essential to realize high density and highly uniform Q-Wire
structures in a relatively wide area because tens of thousands of Q-Wires are needed in
a typical laser structure with a cavity length of several hundred micron-meters. Since
there is an advantage in selecting size, material composition, and degree of strain of
the Q-Wires, we have used EB lithography and an etching technique followed by an
embedding growth using OMVPE[3-2],[3-20], but the size uniformity of such Q-Wire
structures has not been studied as of yet. In the other fabrication methods, the size
fluctuation of +3.8nm for the average wire size of 9.2nm by strain-induced lateral-
layer ordering (SI-LO) of binary superlattices[3-8], and that of *=4.8nm for the
~ average dot size of 20nm by strain-induced self-organized SI-SO[3-21] growth which
was reduced by higher growth temperature to that of == 1.2nm for the average dot size
of 50nm, were reported. Furthermore, for lasing properties multi-mode-like
operation[3-22] and negative characteristic temperature[3-23] of the Quantum-Dot (Q-
Dot) lasers by SI-SO were observed at a low temperature range, which were attributed
to the size fluctuation of Q-Dots.

In this section, the size fluctuations of densely arranged wire patterns of EB resist
and GalnAsP/InP etched structures were analyzed. ‘

Several line patterns with various periods (A) were formed by JBX-5FE EBX
system (JEOL) with various line dose conditions on ZEP-520 positive type EB
resist{3-24] coated on 20nm thick SiO, deposited on InP substrate, and each pattern
consisted of 300 lines with a length of 90um. The resist was spun to a thickness of
30nm and prebaked at 180°C for 20 minutes. After exposure, samples were
developed in MIBK:IPA (1:3) solution for 45 seconds, followed by being rinsed in IPA
for 15 seconds. Figures 3.9 (a) and (b) show, for example, the histogram of the line
width at the center portion (for 100 wires) of a 50nm periodic pattern obtained with a
dose condition of 0.8nC/cm and its SEM view, respectively. The line width was
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Fig. 3.9 (a) Histogram of the line width at the center portion (for 100 wires) of
a 50nm periodic pattern obtained with a dose condition of 0.8nC/cm and
(b) its SEM image, respectively. The average size of the line pattern
was 30.7nm and the standard deviation was £ 1.1nm (3.6%).

measured by a high resolution SEM (Hitachi S-5000) after sputtering thin Au/Pd film
on the sample for high contrast. The average size of the line pattern of 30.7nm and its
standard deviation of *+1.1nm (3.6%) was obtained for these 100 wires. The width
fluctuation of a single line was also measured and its standard deviation, exciuding the
Sum-long edge portions, was *1.5nm (4.9%); however, for 300 wires, the line width
at the center portion was slightly narrower than that at the edge due to the proximity
effect of electrons, especially the backward scattering of electrons. The average size

of the line pattern of 32.4nm and its standard deviation of approximately +2.7nm

(8.2%) was obtained for 300 wires.
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3.3.2 Reduction of Size Fluctuation

The nominal beam spot size of the EBX system is Snm at a maximum acceleration
voltage of 50kV. However, for an exposure of periodic line patterns, the proximity
effect due to forward/backward scattering from resist and wafer limits the line width.
In order to reduce the size fluctuation of the line width between at the center portion
and those at the edge, it is necessary to correct the dose profile for the proximity effect.
At first, the line exposure distributions were measured so as to give an electron range
at each dose due to the forward/backward electron scattering. Energy E which is
given to the resist is shown by the product of dose D and a distribution function f{x),

E(x)=K-D- f(x) (4.10)

Here x is the distance from the beam incident point and K is a coefficient. The

distribution function f{x) is given as follows[3-25],

st-seal- (<) foaesf-(5 fecanl (2} @

which can be experimentally estimated by fitting the line exposure distributions[3-26).
Using this function, the dose profile for the correction of the proximity effect was
estimated. Figure 3.10 shows the line width distribution of 300 wires obtained with
(a) a constant dose condition of 0.8nC/cm and (b) a corrected dose profile from 0.8 (at
the center portion) to 1.42nC/cm (at the edge portion). As can be seen in Fig. 3.10(b),
the size fluctuation was reduced and the average size of the line pattern of 25.5nm and
its standard deviation of X 1.4nm (5.5%) was obtained, which was almost half the
value of that without the dose profile correction.

Next, we measured the wire width after-a wet chemical etching process. The
sample wafer consists of a GalnAsP (Ap=1.2um, 200nm thick) barrier layer,
compressively-strained (1%-CS) GalnAsP quantum-well (Apy=1.56um, 8nm thick),
GalnAsP ( A pp=1.2um, 4nm thick) barrier layer and 4nm thick InP top layer grown on
(100) p-InP substrate. In order to fabricate a quantum-wire structure, we used 40ppm

(volume ratio) Br-methanol, and the line pattern was made along the <011>
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direction so as to form mesa structures with relatively smooth sidewall surfaces by
using orientation dependent chemical etching. Figure 3.11 shows the wire width
distribution of 300 wires with (a) a constant dose condition of 0.8nC/cm and (b) a
corrected dose profile from 0.8 (at the center portion) to 1.42nC/cm (at the edge

portion). The standard deviation was reduced from =3.8nm to +2.9nm (9%) by

the proximity effect correction. Since a size fluctuation of approximately = Inm is
- required for high performance operation of quantum-wire lasers with the wire width of
around 10nm([3-13],[3-14], further improvements are required.

Recently, the reason for the linewidth fluctuation of the resist pattern was reported
due to the granular structure of the ZEP-520 resist film, of which the diameter was
more than 30nm[3-27]. When the narrower wire patterns are fabricated, one
‘candidate to reduce the size fluctuation may be to use another resist which has small

granular structures[3-28].
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Fig. 3.10 A line width distribution of 300 line patterns with (a) a constant dose
condition of 0.8nC/cm and (b) with a corrected dose profile from 0.8
(at the center portion) to 1.42nC/cm (at the edge portion).
The size fluctuation of the resist pattern could be reduced from 2.7nm
to 1.4nm by proximity effect correction.
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Fig. 3.11 A wire width distribution of 300 wires with (a) a constant dose condition of
0.8nC/cm and (b) a corrected dose profile from 0.8 (at the center portion) to
1.42nC/cm (at the edge portion) after wet chemical etching.

The size fluctuation of the GalnAsP wire structure could be reduced from
3.8nm to 2.9nm by proximity effect correction.
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| 34 Fabrication.Process of Quantum-Wire Laser
The fabrication process of long-wavelength GalnAsP/InP compressively-strained
- Q-Wire lasers, using EB lithography and wet chemical etching followed by OMVPE
embedding growth, is shown in Fig. 3.12. This process is similar to those of the
previous works, however, due to low optical confinement factor £ of the active region,
and poor size uniformity of these Q-Wire structures, higher performance over
quantum-film (Q-Film) lasers fabricated from the initial quantum-well structures was
not obtained within the investigated temperature range T between 150K and 300K[3-
1]-[3-3].

To solve this problem, we adopted a relatively thick compressively-strained (1%
" (S) quantum-well (10nm thick, £=1.3% for the quantum-film, Ap =1.576pm) structure
" as an initial wafer for quantum-wire structure, and a thin quantum-film layer (1% CS,
5nm thick, £&0.6%, Apr=1.512pum) was introduced to enhance the optical confinement
~ factor and to partially support optical gain when the wire size becomes very narrow
and the gain peak wavelength shifts close to the gain peak of quahtum-ﬁlm structure.

" The following fabrication sequences are used.

(a) Preparation of double heterostructure (DH) by OMVPE growth
(b) Formation of Q-Wire pattern by EB lithography on SiO, mask layer
(c) Formation of SiO; etching mask by CF,4 reactive ion etching (RIE)
(d) Fabrication of Q-Wire structures
(e) OMVPE regrowth on the Q-Wire structures
(f) Formation of the mesa-striped laser
(2) Preparation of double heterostructure (DH) by OMVPE growth
First, an initial wafer was prepared on a p-InP substrate (Fig.3. 12(a)) by
OMVPE[3-29]. It consists of the following layers:
(1) p-InP first buffer layer (Zn-doped, Na=5X 10"cm?, 0.5um thick)
(2) p-InP second buffer layer (Zn-doped, Na=2 X 10cm?, 1.5um thick)
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(3) GalnAsP lower three-step optical confinement layer (OCL)
(un-doped, 4,=1.0~1.2um, 90nm thick)
(@) Gay 13Ing 52AS0.73Po27 CS-QW layer (un-doped, Snm thick, 1% strain)
(5) GalnAsP barrier layer (un-doped, A,=1.2um, 12nm thick)
(6) Gag 13Ing g2As073Po27 CS-QW active layer (un-doped, 10nm thick, 1% strain)
(7) GalnAsP barrier layer (un-doped, 4,=1.2um, Snm thick)
(8) InP top layer (un-doped, Snm thick).
The band profile and PL spectrum of the initial wafer are shown in Fig. 3.13.

(a) 1st OMVPE (d) Wire Etching
Wire

InP : 5nm

p-InP sub.
GalnAsP(1%-CS)/GalnAsP Mesa Etching

(5nm/10nm/12nm/5nm) 0.0025vol.% Br-methanol
GalnAsP 3-Step-OCL Side Etching & Cleaning
: 90nm H,S0,:H,0,:H,0=1:1:40(0°C)
(b) SiO,CVD and (e) 2nd OMVPE
i n-GalnAsP OCL . :
EB Ilthqgraphy A o N Galnr,:ls A sg?n;
Resist(ZEP520) B P Gum

SiQ2(20nm) _

‘-an cover : 3nm
T,~520°C
(c) CF, reactive ion (f) Mesa stripe laser
etching (RIE)

n-GalnAs

n-InP
SiO2

Fig. 3.12 Fabrication process.
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Fig. 3.13 The band profile and PL spectrum of the initial wafer.

(b) Formation of Q-Wire pattern by EB lithography on SiO, mask

To fabricate the Q-Wire structure by wet chemical etching with Br-methanol
solution, the thin SiO, layer was deposited on the wafer as an etching mask. Then the
Q-Wire resist pattern was fabricated by EB lithography. This process is described as
follows: _

1) Cleaning of the initial wafer by acetone (boiling at 150°C for 5 min., three

times), methanol (boiling at 180°C for 5 min., three times), and pure H,O.

2) By using thermal CVD, SiO, was deposited at 320°C on the wafer to the
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thickness of about 20nm. The InP cap layer was to protect the surface of the thin
GalnAsP barrier layer and moreover, better adhesion of SiO; on the InP layer was
obtained than that on the GalnAsP layer.

3) Fabrication of the EB resist pattern (see the previous section). There were two
kinds of Q-Wire patterns fabricated; one was with the period of 50nm and the
other was with the period of 70nm, as shown in Fig. 3.14. In actual samples
used for the fabrication of Q-Wire lasers, 40um long periodic line patterns were
formed with an interval of 300um so as to make a stripe laser structure at the
center portion of the pattern. The line pattern was made along < 011>
direction so as to form mesa structures with relatively smooth side wall surfaces

by Br-methanol etchant.

-
Cll-WireSO
QFNIIm Q-VYire?O le»{300pm_ 40um

70n 3 RS

<011>

<017>

Fig. 3.14 EB pattern used for the fabrication of the Q-wire lasers.

(c) Formation of SiO, etching mask by CF, reactive ion etching
To fabricate SiO, mask, CF, reactive ion etching (RIE) was used for the purpose
of the reduction of the size fluctuation. This process is described as follows:
1) First, the resist patterns were transferred to the SiO; layer under the conditions

shown in Table 3.1. It is noted that the etching time is strongly dependent on the
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thickness of the SiO, layer, that should be confirmed using the dummy samples
fabricated on the same wafer. In case of the thickness of 20nm, the etching time

is about 1min.

Table 3.1 The conditions for SiO, mask.

Resist ZEP520

Gas CF; lsccm

RF Power 20W(200W range
Etching Pressure | 3.5X 10*mbar
Back Ground 5 X 10°mbar

2) Covering the Q-Wire SiO; pattern by OMR photoresist to protect the etching of
the Q-Wire patterns at the next marker fabrication.

3) The marker was fabricated using 1% (volume ratio) Br-methanol after reducing
the rest of SiO, using 1% BHF for few seconds.

4) Removal of the ‘photoresist using OMR remover. (boiling at 200°C until the
OMR is reduced, the boiling time is typically within 2 min. to prevent the etching
of the semiconductor by OMR remover)

5) Cleaning of the sample by acetone (boiling at 150°C for 5Smin, four times), and
methanol (boiling at 180°C for 5 min., three times) to reduce the OMR remo‘ver.

6) Finally, plasma O, ashing was done for the scum and bridge of ZEP resist, of

which the conditions are shown in Table 3.2.

~ Table 3.2 The conditions of O, ashing.

Resist ZEP520

Gas O, 3sccm

RF Power 20W(200W range)
Etching Pressure  [4.0X 10*mbar
Back Ground 5X 10 mbar
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(d) Fabrication of Q-Wire structures

To fabricate the Q-Wire structures, the two types of etchant were used. This
process described as follows;
1) Cleaning of the initial wafer by acetone (boiling at 150°C for 5 min., three times),
methanol (boiling at 180°C for 5 min., three times), and pure H,O.

2) The rest of the SiO, was removed using 1% BHF for a few seconds.

3) 40ppm (volume ratio) Br-methanol was used for mesa-etching for 6 sec. Figure

-

8088743 39.0kV X78.9K  429nm

Fig. 3.15 SEM views of 50nm-periodic patterns of InP after mesa-etching.
3.15 shows , for example, the SEM views of 50nm-periodic patterns of InP after

mesa-etching.

A}

4) H,SO4:H,0,:H,0=1:1:40 (0°C) was used to etch As-rich GalnAsP compound so
as to squeeze the wire width and eliminate (111)A. The total etching depth was

about 30nm.
5) The SiO, etching mask was removed by 7% BHF for 1 min.
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(¢) OMVPE regrowth on the Q-Wire structures
 Ina regrowth process, another OMVPE system (TEL-SAMCO) was used, which

was fundamentally similar system to that mentioned in §3.2.  After removing the SiO,

mask, n-GaInAsP OCL (A,=1.2um, 200nm thick, Np=1 X 10"*cm™), n-InP cladding

layer (3um thick, Np=1X 10'%cm™), and n-GalnAs contact layer (50nm thick, Np=5 X
lolscm'3) were grown using the OMVPE (Fig.12(e)). In the beginning of the
- embedding growth, a thin (3nm thick) InP cover layer was grown first (at 520-528°C)
after a preheating process in hydrogen atmosphere at 350°C for 30min in order to
reduce the non-radiative recombination or optical loss at the regrowth interface[3-30].

The time schedule diagram of substrate temperature and the material gas flow used in
the regrowth process are shownin Fig. 3.16. The cross sectional SEM views of two

kinds of Q-Wire structures are shown in Fig. 3.17; one is that with a wire width (W)
of 20nm for a period (A) of 50nm (Q-Wire20, in short), and the other is that with a
25nm-wide wire for A=70nm (Q-Wire25). As can be seen, the embedded Q-Wire
was typically mesa-shaped and the wire width was defined as that at the center depth.

T T T T T ]
i i s70°C ]
2. s00[~ -
[ B .
2 o -
g o -
E 400 -
Q N .
= 5 -
o, B e VSR SRS SRR
0 1i 2738 4 5 6 7 8 $
dﬂmﬂg; , Time(min.) |
2
Bsec,
(3nm) AsH,
™! ™
TEG!

Fig. 3.16 The time schedule diagram of substrate temperature and
the material gas flow used in the regrowth process.
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A=50nm  W=20nm

“@1478 2@ 8¢ xasak €8 Phm

Fig.3.17 Cross sectional SEM views of Q-Wires.

(f)Formation of the mesa-striped laser

By using conventional process of photolithography (AZ1400-17 resist, positive
type), SiO, (0.1um thick) stripe masks with 20um width were formed along <011>
crystal axis, which was perpendicular to the Q-Wire direction so as to obtain higher
optical gain for TE mode due to anisotropic polarization property inherent to Q-wire
structures[3-31]. The reverse mesa stripe was formed by 0.3% (volume ratio) Br-
methanol to make the active region width of 15um at a center pdrtion of the Q-Wire
pattern (40pm wide) so as to select an area with better size uniformity. After the
formation of reverse mesa, the SiO, insulating layer with the thickness of 0.3um was
deposited. It is noted that, when the thickness of the SiO, insulating layer is 0.1um, it
is possible for the injection current to go through this layer from a pin hole or
something. Then the window of the electrode was formed by the photolithography
(OMR resist, negative type) with the window width of 8um. Finally, After polishing
the substrate side of the wafer to a thickness of around 100um, electrodes were formed
by using Au/Zn for p- ‘and Au/Sn for n- sides, respectively (Fig.3.12(f)). The
schematic structure of the Q-Wire laser and the band profile with a cross sectional

SEM are shown in Fig. 3.18.
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081478 38.8kV Xa2aeeK

n-InP:3um
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Fig. 3.18 The schematic structure and band profile of Q-Wire laser.
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3.5 Conclusion

The fabrication process of Q-Wire lasers is described including the crystal growth
technique using OMVPE. It was found that our OMVPE system has simple relations
‘between Ga/In and TEG/TMI, and between As/P and AsHiy/PH;.

GalnAsP fine wire structure with a period of 50nm was fabricated using EB
lithography and wet chemical etching, and its size fluctuation was analyzed. By
correcting the dose profile for the proximity effect, the size fluctuation of the resist
pattern was reduced from +£2.7nm to £ 1.4nm and that of GalnAsP wire structure

was reduced from £3.8nm to *2.9nm, respectively, for a typical wire width of

30nm.
Two kinds of high density Q-Wire structures were fabricated for high
performance operation of Q-Wire lasers; one had the wire size of 20nm with a period

of 50nm, and the other had that of 25nm with a period of 70nm, respectively.
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Photoluminescence Properties of
Quantum-Wire Structures
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4.1 Introduction
S EVERAL advantages of semiconductor lasers consisting of low-dimensional
quantum structures, such as low threshold current and high efficiency operation,
temperature insensitive dperation, and narrow linewidth operation[4-1]-[4-4], are
expected. Quantum wire (Q-Wire) structures, with their constrained density of states
and active volume, are expected to show laige nonlinear effects in electronic and
optical processes[4-5]. A room temperature CW operation of GalnAsP/InP Q-Wire
lasers fabricated by an electron beam lithography (EBL) and an etching technique
followed by an embedding growth using organo-metallic vapor phase epitaxy
(OMVPE) was reported[4-6],[4-7], where a small blue shift of the emission
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wavelength was observed, however clear evidence of the lateral quantum confinement
effect was not reported. The anisotropy of the dipole moment in Q-Wire structures
can give rise to higher gain for light polarized along the wire (i.e. light propagation
perpendicular to the wire); gam anisotropy ratio of ~2 was predicted for rectangular
wires[4-8].

In this chapter, anisotropic polarization properties of photoluminescence (PL)
from both lattice-matched (LM) and compressively-strained (CS) GaInAsP/InP Q-Wire
structures fabricated by the above method are studied, which is the same structure as
long-wavelength Q-Wire lasers. Furthermore the temperature dependence of PL was

also measured.

4.2 Polarization Dependence

Anisotropic polarization property of Q-Wire structures is a clearly indicative
evidence of the lateral quantum confinement. The fabrication process employed here
was almost the same as that in the previous chapter, except for the structure of the
embedding layers. Since the purpose of this study is focused on the polarization
properties of PL from the top surface, only a thin InP layer (100nm thick, undoped)
was grown on patterned and etched samples.

Figure 4.1 (a) shows a schematic diagram of a LM-GalnAsP/InP Q-Wire struéture,
which was fabricated on a wafer consisting of a 10nm thick Gao,411no_59Aso'89Po_“'
quantum-film (Q-Film) grown on a (100) p-InP substrate with an area of Imm X Imm.
After depositing a thin SiO; (20nm thick) mask layer, the wire pattern was formed by
JBX-5FE EBX system using ZEP-520 resist (30nm thick) with a line dose condition of
0.8nC/cm. Two patterns of different wire periods (A=50nm, 70nm) were fabricated
on the wafer. The wire width of the EB resist was separately measured by Hitachi S-
5000 SEM, it was about 30nm= 1.4nm (standard deviation) for the sample with

A=50nm and the standard deviation was almost doubled after transferring the pattern
into the wafer by a reactive ion etching (RIE) with CF, gas followed by a wet chemical
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etching with 40ppm (volume ratio) Br-methanol for mesa-etching and with
’ H,S04:H,0,:H,0 =1:1:10 (0-1°C) for side etching of the active region.

After removing the SiO, mask by a BHF solution, a 100nm thick InP layer was
grown on the entire surface of the sample by a low-pressure (LP) OMVPE system,
where a thin (3nm) InP was grown at the temperature of 530°C (40°C lower than the
temperature for the initial wafer growth) so as to suppress a decomposition of
phosphorus from the surface and then the rest InP was grown at 570°C. The flatness

of the overgrown surface was almost the same quality as one-step growth. Thus, the

W, i-InP )
i - A GalnAsP (A,=1.2um, 5nm)
W \ GalnAsP (A, =1.5um, 10nm)

(a) W= (WU+WL)/2 GalnAsP (A =1.2um, 200nm)

p-InP

(6)

©

Fig. 4.1 (a) The schematlc diagram of a LM-GalnAsP Q-Wire structure.
(b) and (c) shows cross sectional SEM views of GalnAsP/InP Q-wire
structures; (b) A=50nm, W =25nm , and (c) A=70nm, W =35nm.
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polarization of the PL was not caused by a grating effect. Figure 4.1 (b) and (c) show
_ cross sectional SEM views of GalnAsP/InP Q-Wire structures with the period of 50nm
"and 70nm, respectively. As can be seen, the embedded GalnAsP Q-Wire was typical
; mesa-shaped for both samples and the wire width at the center depth was 25nm and
35nm for the period of 50nm and 70nm, respectively.
Figure 4.2 shows a schematic diagram of the set-up used in this PL. measurement.
A sample was excited by a Nd-YAG laser (A=1.064pum, 20mW output) through a
chopper and the PL signal was collected from the top surface by a Ge photodetector

through a polarizer and a monochromator. The Q-Wire was made along (01T>

direction in all samples prepared this time and the angle 6 was defined for the
' intersecting angle of this direction and the parallel direction of the polarizer.

LOCK-IN DETECTOR
AMP

MONOCHRO-

X Y

XY
RECORDER

imm imm /
———3  E—P

Wx <0115 =—> =
@ E-Ei

A=50nm  A=70nm

h)

Wire

Fig. 4.2 A schematic diagram of the set up for PL measurement. The direction
of Q-Wire was <011> and r was the aspect ratio Wy/Wx of the Q-Wire.

Figure 4.3 shows PL spectra for the LM-Q-Wire and the LM-Q-Film at room
temperature for different polarizations. The solid lines are the spectra at 6=0 degree
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which is parallel to the direction of the quantum wire (along <011 >), and the dashed
lines are the spectra at 8=90 degree which is perpendicular to the quantum wire (along
<011>). As can be seen, both PL spectra were about the same for the LM-Q-Film
sample and the spectrum (both the profile and the peak intensity) was almost constant
between 6=0 degree and 6=90 degree. On the other hand, in case of the Q-Wire
samples, the PL spectra were almost the same but the PL intensity was maximum at
6=0 degree and was minimum at 6=90 degree. This difference can be attributed to
the lateral quantum confinement effect, which causes an anisotropic behavior of the

dipole moment.

LM-GalnAsP

1.0f

e
(=]

PL intensity [arb.units]

Y
(o]

13 14 15 1.8
Wavelength A [um]

Fig. 4.3 PL spectra for the LM-Q-Wire and the LM-Q-Film at room temperature for
different polarizations. The solid lines are at 6=0 degree and the dashed
lines are at 6=90 degree.
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The optical transition strength is given as follows[4-9];

My =a-Mf @)

. Here M is momentum matrix elements and |M|’ determines the transition probability
between the conduction band Bloch function and the basis functions, where as W, [f,
determines the matrix element between the conduction band Bloch function and the

valence band Bloch functions. For heavy hole band, a is given by

4.2)

where k is the unit vector directed along electron wave vector, and € is the unit

vector of the electric field polarization. Near the band edge in quantum-confined

structures, the & vectors are quantized along certain directions. In case of the
quantum-wire structure, the density of state function in k space is described as
p(k)=(1/r)- (I/Wx ‘W, ), where W, and W, are the wire width and the well thickness

of the Q-Wire, respectively. So k vector for band edge state is

i =( 1-:r2 ,J—li_?,o], (4.3)
obtained by assuming k oc /W, 1/W,,, and r is the aspect ratio W,/W, of the Q-Wire.
In addition, when the electric vector is rotated in the plane of the Q-Wire, the optical
anisotropy is expected in case of heavy hole band[4-10]. Therefore the optical
transition strength a for TE polarization considering the direction of the luminescence

from the top surface is
2

a=1- 3 sin* @, 4.4
1+7

where O is the angle between the wire-axis and electric field. The smaller 7 becomes,

the coupling coefficient becomes like Q-Film’s. On the other hand, the large r

becomes, the lateral confinement becomes strong. |
Figure 4.4 shows the PL intensity of the LM-Q-Wire and LM-Q-Film samples as a
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function of the angle &, where the PL intensity at each measured point was normalized
by the intensity at =0 degree. While the normalized PL intensity is constant in case of
the Q-Film, we observed a significant decrease of the PL intensity with increasing &
for the LM-Q-Wire samples. Dashed lines indicate show the calculated value of the
optical transition strength from eq. (4.4). The r=0.29 corresponds to W,=35nm and
W,=10nm, while r=0.4 corresponds to W,=25nm. In both cases, measured
polarization dependences were much stronger than theoretical curves. Since the eq.
(4.4) is obtained from a rough approximation, quantitative discussion can not be done
here. But observed polarization anisotropy, which can be characterized by the ratio
1(6=90 degree)/I(6=0 degree), was 0.77 for 35nm-wide LM-Q-Wire and 0.65 for
25nm LM-Q-Wire structures.

@ LM-GalnAsP
S f J r=0.4 r=0.291
g 1 -
A R et
=
&

@®: Q-Wire = N
£ b T W=ssnm) T ]
= 0.5} A:Q-Wire 90 T
5 | (W=25nm) ‘

/

— i Wx — ]
Q i
N | WV:EZ °
©
g - r=Wy/Wx ~Wire
O . 2 N 1 A . 1 4 .
2 0 30 60 90

Angle 6 [ded]

Fig. 4.4 The polarization dependence of the PL intensity of the LM-Q-Wire and
LM-Q-Film structures.

The degree of polarization, [I(60=0 degree)-1(6=0 degree)]/[I(6=0degree)+1(6=90
degree)] of the PL was 0.13 in case of 35nm-wide LM-Q-Wire and 0.21 for 25nm
LM-Q-Wire structures. It is relatively small compared with the other reports[4-11]-
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[4-13]. However, it is reasonable because the width of Q-Wire was relatively wide
and our results do not include both composition modulation effect and electric-field
modulation effect. In addition, the energy separation may not be sufficient due to the
measurement at room temperature.

A similar structure was also fabricated by using 1%-CS Gag 15ln o8AS¢.73P0.27/InP
Q-Film (10nm thick) as an initial wafer on a (100) p-InP substrate, which was the same
initial wafer as that for long-wavelength Q-Wire lasers. Figure 4.5 shows the cross
sectional SEM view and the band profile of the CS-Q-Wire structure. The fabrication
method was similar to that of LM samples, where only a pattern with the period of

70nm was prepared and the width at the center depth was 35nm.

70nm

Wsoemmsesoi

2881391 J38.08kV

i-InP:100nm
A=70nm  W,,=30nm _ GalnAsP(1%CS Ay, =1.576um)
A A A Wire:10nm
W, =40nm > GalnAsP Barrier

(Ag=1.2um):12nm

GalnAsP(1%CS,\; =1.512um)
Film:5nm

i-GalnAsP OCL
(Ag=1.2~1.0um):90nm

p-InP

Fig. 4.5 The cross sectional SEM view and the band profile of the CS Q-Wire structure.
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Figure 4.6 shows the polarization properties of the PL spectrum of the Q-Wire and
the Q-Film structure at room temperature. Solid-line arrow marks at 1.51um indicate
the peak of the lower quantum-film and the dashed-line arrow marks at 1.64pm
indicate the peak due to an As-rich layer, formed during the growth of the initial wafer.
This layer was considered to be located above the upper quantum-film layer, because
the intensity was reduced in case of Q-Wire s spectrum. The FWHM at =0 degree
and at =90 degree for the Q-Wire were 43meV and 58meV, respectively, and that of
the Q-Film was constant, i.e., 57meV. The difference of them was dependent on
polarization, because at =0 degree the contribution of the lower quantum film peak to
the FWHM of the Q-Wire is small. The energy value of blue shift for the Q-Wire
was estimated to be about 8meV, which is a reasonable value compared with the

quantum-wire size of SEM view in Fig. 4.5.

1.0

PL intensity [a.u.]
=

0"'/

1.3 1.5 1.7
Wavelength A [um]

Fig. 4.6 Polarization properties of the PL spectrum of CS-Q-Wire structures
compared with CS-Q-Film at room temperature.
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Figure 4.7 shows the polarization dependence of the PL intensity of the CS-Q-
Wire and the CS-Q-Film structures. As can be seen, a quite strange polarization
dependence was observed in the CS-Q-Film sample, i.e. the normalized PL intensity
took a maximum value at around 6=20 degree and a minimum at around 6=80 degree.
The reason for this is not fully understood yet, but it may be attributed to a step
formation or a lateral ordering due to strain[4-14]. The polarization anisotropy, i.e.
[(6=90 degree)/1(6=0 degree), was 0.87 for the CS-Q-Film and was 0.63 for the CS-Q-
Wire with the wire width of # =35nm. Hence the relative factor of the polarization
anisotropy was 0.63/0.87=0.72, which was a little smaller than that (0.77) of the LM-
Q-Wire sample with the same size. This result indicates that the lateral quantum
effect in the CS-Q-Wire is stronger than LM-Q-Wire, in other words, an effective mass
of heavy hole band in the CS-Q-Film is smaller than that in the LM-Q-Film. Dashed

lines show the theoretical curves from eq. (4.4) for reference.

%)
=
c
3
o
[
9,
-
7]
®
]
50.5— (W=35nm)  g¢° T~
= [ M = ]
] Z=03
2t Wv’y:l%z SO
g B Wy Wx

r= , . T
6 0 'l 'l ' l A 1 wjlre A
Zz 0 30 60 90

Angle 6 [deg]

Fig. 4.7 The polarization dependence of the PL intensity of the CS-Q-Wire and
CS-Q-Film structures.
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When the Q-Wire structures were not embedded, i.e. etched, or embedded by the
Tensile-Strained (TS) layer, the anisotropic polarization properties of Q-Wires were
enhanced. Figure 4.8 shows the polarization dependence of the PL intensity at room
temperature, and the polarization anisotropy, i.c. I(6=90 degree)/I(6=0 degree), was
shown in Table 4.1. That of the LM-Q-Wire and LM-Q-Film(in Fig. 5.4), and of CS-
Q-Wire embedded by the LM (InP) layer (in Fig. 4.7) were also shown as reference.
The width of all the Q-Wires was W =35nm. The reason for the enhanced
polarization anisotropy was the composition modulation effect[4-12] for the Q-Wire
embedded by the TS layer, of which the composition was GagoIng73AS0 16P0.s4
obtained by high-resolution x-ray diffraction measurement[4-15],[4-16], and due to the
electric-field modulation effect as a result of anisotropic refractive index[4-17].
Especially, in the case of the as etched Q-Wire, I(6=90 degree)/I(8=0 degree) was 0.22,
that is, the degree of polarization, [I(6=0 degree)-I(6=0 degree)}/[I(6=0 degree)+1(6=90
degree)] was 0.64, which was slightly larger than that in ref. [4-13]. This is attributed
to the stronger lateral quantum effect in the CS-Q-Wire than that in the LM-Q-Wire.

b

o
o

o
1))
1

W: Q-Film
FO:LMILM - A
| A: CS/LM
0: Cs/Ts |
- V_:CS/Air
0.2} (W=35nm) =

o
n

Normalized PL Intensity [arb.units]

0 30
Angle 0 [deg]

Fig. 4.8 The polarization dependence of the PL intensity of the Q-Wire
with a various embedded layer.
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Table 4.1 The degree of polarization of the Q-Wires at room temperature.

Active |Regrown|l(8=90)/1(8=0)
Q-Film |m| M LM 1.0
o WM LM 0.77
Qwirell&| CS LM 0.72
W=3snm) 0| CS TS 0.64
vi CS Air 0.22

4.3 Temperature Dependence

The temperature dependence of the PL signal of the Q-Wire, which was the CS-
Q-Wire embedded by InP as shown in Fig. 4.5, was also measured. Figure 4.9 shows
the temperature dependence of the PL intensity of the Q-Wire and the Q-Film,
normalized by the intensity of the Q-Wire at T=90K. Although the intensity of the
Q-Wire was only about 14% of that of the Q-Film at room temperature, it became 80%
at 90K. Considering the space-filling factor of the Q-Wire structure, which is 0.5, the
PL intensity from the Q-Wire was 1.6 times larger than that from the Q-Film. The
reason for this may be an efficient carrier capture in the Q-Wire structure.in a
relatively low temperature range. However the steep decline in the PL intensity of
the Q-Wire suggests an increase in nonradiative recombination velocity at the regrowth
interface. The sidewall recombination velocity of the Q-Wire was estimated from PL
measurements by assuming that the PL in\tensity depends linearly on the carrier density
normalized by the radiative carrier lifetime in the active region[4-18]. The product of

the sidewall recombination velocity S and carrier lifetime 7, i.e., S -7 can be given by

IW:re/p___ 1 , (45) ,
IFilm 1+ 2-§-t
W-W,

where Iy and Im, denote the PL intensity from the Q-Wire structure and that from
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the initial Q-Film structure, respectively. Here p is the in-plane space filling factor
and W, is the width of a so-called dead layer formed on both sides of the Q-Wire
sidewalls. Assuming W,=0, the S -7 was estimated to be 56nm at room temperature
and 0.6nm at T=200K. Thus, the nonradiative recombination velocity at the regrowth
interface can be negligibly small at temperatures below T=200K.

§ *-l ] ]
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> - @ e ]
o — i @ h
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o) 100 - 200 300
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Fig. 4.9 The temperature dependence of the PL intensity of the Q-Wire and
the Q-Film, normalized by the intensity of the Q-Wire at T=90K.

Figure 4.10 shows temperature dépendencies of PL peak wavelengths of the Q-
Wire and the Q-Film samples. The }emperanue coefficient of the PL peak
wavelength of the Q-Wire was 0.5 nm/deg and was almost the same as that of the Q-

Film. The energy blue shift for the Q-Wire sample is estimated to be about 8 meV,

which is a reasonable value for the wire width of 35 nm.
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Fig. 4.10 The temperature dependencies of PL peak wavelengths of the Q-Wire
and the Q-Film samples.

4.4 Conclusion

In conclusion, anisotropic polarization properties of PL intensity ' from
GalnAsP/InP quantum-wire structures fabricated by an electron beam lithography and
OMVPE regrowth were measured and it was experimentally confirmed that the
polarization anisotropy becomes stronger in a narrow quantum-wire structure. A
compressively-strained qixantum-wire . structure showed stronger polarization
anisotropy compared to a lattice-matched one with the same size. The polarization
dependence was enhanced due to a composition modulation effect and an electric-field
modulation effect because of an anisotropic refractive index 7

From the temperature dependence of the PL signal, nonradiative recombination
velocity at the regrowth interface of the Q-Wire can be negligibly small at
temperatures below T=200K.

3
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5.1 Introduction

IGH-PERFORMANCE operation of semiconductor lasers is expected by

introducing either quahtum-wire (Q~Wiré) or quantum-box (Q-Box) structure as
an active region because of a higher medium gain due to the elimination of carriers for
unwanted energy levels[5-1]-[5-4]. In this chapter, the fundamental properties of
1.5um wavelength compressively strained (CS) GalnAsP/InP single-quantum-well
lasers with Q-Wire as the active region, fabricated by 2-step OMVPE growth, EB
lithography and wet chemical etching, which the fabrication process is described in
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Chapter 3 in detail. The temperature dependencies of threshold current, differential
quantum efficiency and spontaneous emission efficiency of Q-Wire lasers are
compared with those of Q-Film lasers prepared on the same wafer. Furthermore, the
internal quantum efficiency of Q-Wire lasers was evaluated from the cavity length
dependence of the differential quantum efficiency. Fundamental lasing properties of

Q-Wire DFB lasers are also shown in the next section.

5.2 I-L Characteristics

Figure 5.1 shows (a) the cross sectional SEM view and (b) bandprofile of the Q-
Wire laser (Q-Wre25, in short). As can be seen, the embedded GalnAsP Q-Wire was
of a typical mesa-shape and the nominal wire width at the center depth W (W, =20nm,
W,;=35nm) was about 25nfn. Figure 5.2 shows typical I-L characteristics of Q-
Wire25 and Q-Film lasers with cleaved facets (a) at room temperature and (b) at 90K
under pulsed condition. The cavity length L and the stripe width WS of these lasers
were 1050um and 15.5um, respectively. At room temperature, threshold current /,;, of
the Q-Wire25 laser was 390mA and was much higher than that of the Q-Film laser, but
it rapidly decreased by lowering the temperature, and became lower than that of the Q-
Film laser. As can be seen in Fig. 5.2(b), not only the lower threshold current but ‘also

the higher differential quantum efficiency operation of the Q-Wire laser was

n-InP:3um
n-GalnAsP OCL
. (»=1.2um):200nm
W, ‘A GalnAsP(1%CS Ao =1 576pm)
ﬁ‘ E —" Wire:10nm )
S /GalnAsP Barrier
W, A (A,=1.2um):12nm
E—— N o
W=(W,_+W,)/2 Gaklfﬂgssprgn %CS,hp =1.512um)
i-GalnAsP OCL
{(*;=1.2~1.0um):90nm
p-InP
(@) | (b)

Fig. 5.1 (a) Cross-sectional SEM view and (b) band profile of Q-Wire25 laser.
A=70nm and W =25nm.
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obtained. At T=90K, threshold current density J,;, of the Q-Wire laser was 34A/cm®
(Ix#=5.5mA) which was almost half that of the Q-Film laser (J,;,=68A/cm2 and
I;=11mA). Under continuous wave (CW) condition at T=90K, threshold current of
the Q-Wire laser was 6mA (J,h=37A/cm2) and that of the Q-Film laser was 12mA
(Ju=T4A/cm?).
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Fig. 5.2 I-L characteristics of Q-Wire (solid line) and Q-Film (dashed line) lasers
(a) at room temperature and (b) at 90K. The cavity length and the stripe
width of these lasers are 1050um and 15.5um, respectively.
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~ Figure 5.3(a) shows the I-L characteristics of the 50-nm-period (W ~20 nm) Q-Wire
| laser (Q-Wire20) at T=90 K, which the cross sectional SEM view and bandprofile of
Q-Wire20 are shown in Fig. 3.18. The cavity length L and the stripe width W; of the
laser were 400 pm and 15.5 um, respectively. The threshold current (density) Iy (Jin)
was 6.5mA (105A/cm?) under pulsed conditions. The differential quantum efficiency
114 of 86% was obtained by measuring the slope of the I-L curve from 1-3mW. Under
CW conditions at T=90K, the threshold current of the Q-Wire20 laser was obtained to
be 4mA (J4=38.5A/cm?) with L=670um as shown in Fig. 5.3(b).
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(b)
Fig. 5.3 I-L characteristics of Q-Wire20 laser with (a) L=400pum under pulse condition

and (b) L=670um under CW condition at T=90K.
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5.3 Cavity Length Dependence

Then cavity length dependences of the differential quantum efficiency 7, and
threshold current density Jy, were measured at T=90 K. The data of other cavity
‘lengths of Q-Wire20 lasers are listed in Table 5.1. The reciprocal differential

quantum efficiency can be given by[5-5]

1 1 CZWGL

— =1+ 22 5.1
y n,-{ *zn(l/R)} G
owg =& * Ogct (1-&)Qex, (5.2)

where 7; is an internal quantum efficiency, aws, Qac and Q.x are the waveguide loss,
the loss in the active region and that in cladding region, respectively. R is the facet
reflectivity, and & is the optical confinement factor of the active region. Figure 5.4(a)
shows the inverse differential quantum efficiency  1/7a of Q-Wire20 lasers as a
function of the cavity length L (indicated by open squares 0). Data points for the
Q-Wire25 and the initial Q-Film laser are also indicated by triangles (A) and circles
(O), respectively. The in-plane space filling factor p and the optical confinement
factor £ of the Q-Wire20 and Q-Wire25 lasers were 0.4 and 0.51%, and 0.36 and
0.46%, respectively, compared with £&=1.27% for the Q-Film laser. As can be seen in
Fig. 5.4(a), 7; was estimated to be almost 1.0, hence the carrier leakage is negligibly
small at T=90 K. From the slope of 1/74, the waveguide loss was determined ‘to be
apc 4.5 cm’, when R was assumed to be 0.33. In the case of Q-Wire25 and Q-Film
lasers, awg was similarly estimated to be 3 cm™ and 5 cm™, respectively by assuming
7=1.0 at around this temperature. FI'O{II eq. (5.2), ax~50 cm” and @~ 3-4 cm’
was obtained, which was similar to that in ref. [5-6].

Figure 5.4(b) shows the square root of threshold current density[5-7],[5-8] of
these three types of lasers as a function of the reciprocal cavity length 1/L. Recently,
Ustinov et al. reported 1.9-pum-wavelength InAs/InGaAs/InP quantum-dot (InAs Q-
Dot) lasers by self-organization growth[5-9], and J, of this Q-Dot laser is also plotted

as a reference. The optical confinement factor & of InAs Q-Dot laser was estimated
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to be 0.36% as in ref. [5-5]. In the case of Q-Wire25 with L=1050 um, J,;=34 A/cm’
(I»=5.5mA) was obtained, which was almost half that of the Q-Film laser with L=1050
um, and furthermore, 7,=77% of the Q-Wire25 was a little higher than that of the Q-
Film laser (7,69%). However the sudden increase of J; was observed for L<400
um, as shown in Fig. 5.4(b). Jy of Q-Wire20 lasers also seems to increase at L=400
pum. This tendency was also reported for the InAs Q-Dot laser, that is, the steep
increase in Jj, was also observed when the cavity length was shorter than 240 pm.
This is attributed to gain saturation due to the low optical confinement factor of Q-
Wire/Q-Dot lasers[5-10],[5-11]. By fitting only in a linear gain region (Z>600 um),
the transparent current density J, was estimated to be about 15 A/cm” for Q-Wire
lasers (solid line) and 37 A/cm? for Q-Film lasers (dashed line). The product of the J,
of the Q-Film laser (37 A/cm®) and the space filling factor p of the Q-Wire lasers is
Ji=14.8 A/cm® for Q-Wire20 and is J;= 13.4 A/cm? for Q-Wire25, hence the leakage
current of these Q-Wire lasers is negligibly small.

Table 5.1 Lasing properties of Q-Wire20 at T=90K.

L [um] I [MA] Jin [A/em?] 14 [%)
1020 6.0 38 61
670 4.0 39 69
400 6.5 105 86

Then we estimated material gain g, from the relationship that threshold modal
gain is equal to the overall losses. Figure 5.5 shows the material gain as a function of
current density normalized by the space fillmg factor p. As observed, diﬁ’eréntial
material gain Ag,_, /A(J/ p) and maximum material gain of both Q-Wire lasers were
approximately 1.7 times larger than those of the Q-Film laser while normalized
transparent current density (Jy/p) was almost the same for all these lasers. From a -
theoretical point of view, the discrepancies between gains and parameters of the Q-

Wire and the Q-Film lasers seem to be too large for the size fluctuation of 2.9 nm of
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the Q-Wire structure fabricated by the same process (see in chapter3). However the
material gain spectrum of Q-Wire lasers was observed to be slightly narrower than that
of a Q-Film laser even at a material gain level of around 1000 cm™, this fact indicates
that the intraband relaxation time in the Q-Wire laser is longer than that in the Q-Film
laser, which is described in the next chapter. For better comparison with theoretical
material gain on injection carrier density, measurements of carrier lifetime should be

carried out in future investigations.
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Fig. 5.5 Material gain as a function of current density
normalized by in-plane space filling factor p.

5.4 Temperature Dependence

5.4.1 Threshold Current and Lasing Wavelength ,
Temperature dependences of lasing properties of Q-Wire lasers with 70nm

periodic wires (Q-Wire25), i.e. threshold current, lasing wavelenéth and external

differential quantum efficiency, were measured and compared with those of Q-Film

lasers fabricated on the same wafer.
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Figure 5.6 shows the temperature dependence of threshold current density of these
two lasers under pulsed condition. Even though the threshold current of the Q-Wire
laser was about four times greater than that of the Q-Film laser at room temperature, it
rapidly decreased with a decrease in the temperature, and becomes lower than the Q-
Film laser at 7<170K. The characteristic temperature of the threshold current of the
Q-Wire laser was 7,=137K for 7<150K and 7,=37K for T>150K, which was poorer
than that of the Q-Film laser in contrary to the theoretical prediction of low-
dimensional quantum-well lasers[5-1]. The reason for this experimental result is
considered to be attributed to too small optical confinement factor £ of the active
region as well as temperature dependent non-radiative recombination at the regrowth
interface, which will be discussed in the next port (§ 5.4.2). In case of Q-Dot laser,
the T, started to decrease at T=170K with cleaved facets and at T=200K with HR
coated facets[5-12].

l'lflllllllll'lllllll
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Threshold Current Density J,, [A/cm?]

Fig. 5.6 Temperature dependence of threshold current density of
Q-Wire and Q-Film lasers under pulsed condition.
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Figure 5.7 shows the temperature dependence of the lasing wavelength of these
two lasers measured at /=1.1J,. Since the stripe width of these lasers was much
wider than transverse single-mode conditions, temperature dependence the lasing
wavelength showed a little large mode jump at certain temperatures. An incremental
- temperature coefficients AVAT of the lasing wavelength of the Q-Film laser was
obtained by the least square method to be 0.56nm/deg, while that of the Q-wire laser
was 0.51nm/deg. These values were similar to temperature coefficients of PL peak
wavelengths as shown in Fig. 4.10. Lasing wavelength of the Q-Wire laser was
1.601um and that of the Q-Film laser was 1.625um at room temperature, hence the
energy blue shift in the Q-Wire laser was estimated to be about 11meV. Similarly the
energy blue shift was estimated to be around 9-10meV at 90-140K. This value was in
good agreement with that from theoretical one (15meV) with the wire width of 25nm
when an effective mass of heavy-hole band along vertical (epitaxial-layer) direction

was assumed to be m,, =0.37m, (my: electron mass).
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Fig. 5.7 Temperature dependence of the lasing wavelength of
Q-Wire and Q-Film lasers.

- 125 -



Chapter 5 Lasing Properties of Quantum-Wire Lasers

From experimental results shown in Figs. 5.6 and 5.7, superior lasing properties of
~ the Q-Wire laser was considered to be attributed to inherent optical property of low-
dimensional structures and/or smaller volume of the active region (volume effect).
Hence we measured spontaneous emission spectrum of the Q-Wire laser and compared
with that of the Q-Film laser at T=100K. Figure 5.8 shows edge emitted spontaneous
emission spectra at various CW injection current levels. These spectra were almost
the same, but the tail of shorter wavelength side (i.e. higher energy side) slightly
broadened at higher injection current. The full width at half maximum (FWHM) of the
emission spectrum of the Q-Wire laser was about 10meV at =1mA (J=6.2A/cm2), and
was almost the same as that of the Q-Film laser (FWHM=10~11meV), hence the
lower threshold current operation of the Q-Wire laser can be considered to be due to
the volume effect. The narrower FWHM of 1meV at T=2K was reported for GalnAs
Q-Dot arrays fabricated by EB-lithography and etching[5-13]. A red shift of the peak
wavelength of the spontaneous emission compared with the lasing wavelength under
pulsed condition may be attributed to temperature rise due to CW injection current
because the laser chip was mounted epi-side-up on a small copper block without

bonding.

5.4.2 Differential Quantum Efficiency

Temperature dependences of differential quantum efficiency 74 of Q-Wire and Q-
Film lasers were also measured and results are shown in Fig. 5.9. As can be seen, the
differential quantum efficiency 74 of Q-Wire laser rapidly reduced at temperature
above 200K and became lower than that‘of Q-Film laser at T>230K. The reason for
poor performance (lower 7, and higher /) of the Q-Wire laser at around room
temperature may be due to larger fraction of non-radiative recombination caused by
carrier overflow over hetero-barriers and temperature dependent surface (interface)
recombinations at regrowth interfaces. Actually the slope efficiency of spontaneous
emission below the threshold of the Q-Wire laser was about 50% that of the Q-Film
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laser at room temperature. Another reason is too small optical confinement factor &

which causes carrier leakage to OCL[5-14],[5-15] and leads to increase in threshold

 carrier density.
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Fig. 5.8 Spontaneous emission spectra of Q-Wire laser from 1mA to SmA
under CW condition at T=100K. FWHM at /=1mA is 10meV.
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Actually the optical confinement factor of the Q-Film laser is calculated to be
Eam=1.27%, while that of the Q-Wire laser is only Epym® p=1.27+(25/70)=0.46%,
where p is an in-plane space filling factor of the Q-Wire structure. Lasing properties
of the Q-Wire and the Q-Film lasers shown in Figs. 5.6-5.9 are summarized in
Table5.2.
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Fig. 5.9 Temperature dependence of differential quantum efficiency of
Q-Wire and Q-Film lasers.

Table 5.2 Lasing properties“of Q-Wire25 and Q-Film lasers.

RT. 90K AMAT
Liur] | Welum] | Alnm) [Winm]| | &1961| 1y (mA] P [Aem , [96] Ly [MA] L[Afem] 7, [%6] | Inm/deg]
Q-Wire25| 1050 | 15.5 70 25 10.36|0.468| 390 2400 15 55 34 77 0.51
Q-Film | 1050{ 158 |— | — | 1.0 [127| 105 650 18 11 68 69 056

- 128 -



Chapter 5 Lasing Properties of Quantum-Wire Lasers

In order to investigate the reason for poor performance of the Q-Wire laser at
around room temperature, we measured temperature dependences of spontaneous
emission efficiency of Q-Wire and Q-Film lasers. Figure 5.10 shows temperature

dependence of spontaneous emission efficiency of them normalized at T=90K. Since

the spontaneous emission efficiency 7,0, can be given by,

Nspon = s/TR ’ (5.3)

Yrg =ltp +1/Tp\R, (5.4
where 7z and vy are lifetimes for radiative and non-radiative recombination processes,
and 7, is the carrier lifetime[5-16], the rapid decrease in 7, can be considered to be
* due to a rapid decrease in 7y with respect to 7z.  Actually the rapid decrease in 7spon
became noticeable at 20~30K lower than the temperature where 7, decreased rapidly.
Since measurements were done at the same injection current of 3mA for Q-Wire and
Q-Film lasers, the carrier overflow to OCL in the Q-Wire laser is considered to be as
same as that in the Q-Film laser. Hence the rapid decrease in Mspon of the Q-Wire
laser at around room temperature was considered to be attributed to carrier-trap to non-
radiative recombination centers at around regrowth interface dominantly. Further
measurements of carrier lifetimes and their dependences on temperature and carrier
density will be required to clarify the mechanism.

The reason for this poor differential quantum efficiency of the Q-Wire laser at
around room temperature may be due to increase in optical absorption loss, such as
intervalence band absorption[5-5],[5-17] in OCLs because higher threshold carrier
density due to smaller optical confinement factor of the active region leads to carrier

leakage to OCLs.

From the spontaneous emission efficiency, the product of the surface

recombination velocity beside the wires S and the carrier life time 7, S°7 can be

estimated[5-18]. Spontaneous emission efficiency 7sponwire Of a laser with a wire-like

active region normalized by that of an initial quantum-well film laser can be written as
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Fig. 5.10 Temperature dependence of spontaneous emission efficiency of
Q-Wire and Q-Film lasers at injection current of 3mA.
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Fig. 5.11 Temperature dependence of the product of the surface recombination
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Uspon,wire — 1 (5.5)

Nspon, film 1+ __2S__T__ ’
W —2W,

which equation is similar to that in case of photoluminescence as shown in eq. (4-5).
Normalized spontaneous emission efficiency 7spon,wire /Tlsponfilm Ca1 give much accurate
measurement of the nonradiative recombination process compared with that estimated
from threshold current density[5-18]. Figure 5.11 shows the temperature dependence
of the product of the surface recombination velocity beside the wires and the carrier
life ime S°7. At room temperature, the Sz was estimated to be about 30nm, but it
rapidly decreased by lowering the temperature, and became lower than Inm at
T<180K. This result was similar to that from the PL. Thus, the nonradiative
recombination velocity at the regrowth interface can be negligibly small at the

temperature below ~200K.

5.4.3 Internal Quantum Efficiency

Figure 5.12 shows the temperature dependencies of three kinds of the lasers with
different cavity lengths. The characteristic temperature To (J(T)=Jmoexp(T/Tg)) of
threshold current of the Q-Wire25 samples was found to be very sensitive to thq cavity
length, whereas that of the Q-Wire20 samples was not so sensitive. The poorer
characteristic temperature of the Q-Wire25 was attributed to an increase in threshold
material gain due to a lower optical confinement factor, while T of the Q-Wire20 is
larger because of a slightly lérge,r optical confinement factor{5-20]. Further
improvement can be expected by adopt{ng narrower wires without sacrificing the space
filling factor. The characteristic temperature T, and the optical confinement factor of

these lasers are summarized in Table 5.3 and 5.4, respectively.
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Table 5.3 Summary of characteristic temperature 7).

Q-Film Q-Wire25 Q-Wire20
T (LT )T (H. T T (LT To(H. T T (L.T)T,H.T.)
L=1000um| 197 | 51 6. | 79 38
L=660pum | 131 46 59 36
L=400um | 92 50 59 37

Table 5.4 Summary of optical confinement factor £
and in-plane space filling factor p.

p | £[%]
Q-Film | 1.0 | 1.27
Q-Wire25| 0.36 | 0.46
Q-Wire20| 0.40 | 0.51

Figure 5.13 shows the cavity length dependence of the threshold current density
Jy of Q-Wire lasers and a comparison with the Q-Film laser at room temperature. As
can be seen, the transparent current density J, of the Q-Wire lasers was about
660A/cm>. Thus the Jy of the Q-Wire laser can be reduced with the low cavity loss
structure, such as a long cavity or HR coating. On the other hand, the Jj of the Q-
Film laser was about 140 A/cm? which is a little higher than that of CS-SQW laser by
one-step growth as shown in Chapter 3. v |

Figure 5.14 shows the temperature dependence of the transparent current density
Jp and the threshold current density Jy;, of the Q-Wire20 and the Q-Film lasers. Filled
marks correspond to J, and open marks correspond to Jy, respectively, for the cavity
length of 1 mm. Jj of the Q-Wire20 laser was lower than that of the Q-Film laser at a
temperature below 150 K, and J;, was lower at 7<190 K. However, J, rapidly
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Fig. 5.13 Cavity length dependence of threshold current density of Q-Wire lasers
compared with that of Q-Film lasers.
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increased at 7>230 K for the Q-Film and at 7>190 K for the Q-Wire20 laser, and the
incremental slope AJy/AT of the Q-Wire20 laser was 1.5 times higher than that of the
Q-Film laser. The Jj of both lasers also rapidly increased as well as the Jp. The
increase in J,, seems to be related to the increase in Jo[5-20}].

By measuring the temperature dependence of the differential quantum efficiency
of these Q-Wire lasers, we obtained the temperature dependence of the internal
quantum efficiency 7; and the waveguide loss awg of the Q-Wire20 laser, as shown in
Fig. 5.15. As can be seen, 7,~1.0 was evaluated at 7<200 K. Since 7; above
threshold conditions is defined as the ratio of the increase in the number of generated
photons to the increase in the number of injected electrons, a rapid decrease of 7; at
75200 K can be attributed to temperature-dependent non-radiative recombination{5-
21], such as carrier overflow or carrier leakage beside the wires[5-22]. The increase
in Jj corresponds to the decrease in 7.

Temperature dependence of spontaneous emission efficiency (slope efficiency
below threshold) was measured and a steep decrease with an increase in temperature at
around T>200 K was observed as mentioned in the previous section, which
corresponds to a rapid increase in threshold current. This may also be attributed to
non-radiative recombination around the regrowth interface, therefore, the growth
temperature and regrowth process to overcome this problem are still. under
investigation.

awc also increased rapidly with the temperature, which can be largely attributed
to the inter-valence band absorption and free carrier absorption [5-23]-[5-24] in
GalnAsP OCLs, because of the small optical confinement factor of the active layer.
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Fig. 5.15 Temperature dependence of internal quantum efficiency and
waveguide loss of Q-Wire20 laser.

It can explain to some extent the further reduction of the threshold current density
of the Q-wire lasers[5-25]. Two reasons for poorer characteristic temperature of the
threshold current of the Q-Wire lasers than the Q-Film laser were considered; one was
non-radiative recombination at the regrowth interface and the other was carrier
overflow or leakage beside the wires.. The threshold current density can be given

by[5-26],

_ edBeﬁrN,%, ‘.

Jth - (5.6)

”iﬂspon
If we can obtain higher 7, and 7,0s, at room temperature, that is, the same as those of
the Q-Film laser, Jj, of the Q-Wire lasers would be drastica_lly reduced. From the

measurement of 7,,,,, one can see that only 50% of carriers compared with those of

the Q-Film laser take part in radiative recombination. If it is simply assumed that the
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spontaneous emission efficiency decreases due to the non-radiative recombination and
the internal quantum efficiency decreases due to the carrier leakage, we can separate
the two reasons increasing the threshold current density of the Q-Wire lasers. The i
of the Q-Film laser was assumed to be 90% at T>240K, and 100% at T<230K because
that of SMQW laser fabricated by the same process was 90% at room temperature[5-
18] and a rapid increase in J, of the Q-Film laser was observed at T>230K as shown
in Fig.5.14.  For example, only 50% of carriers participate in radiative recombination
- and only about 44(=40/90)% of them take part in stimulated emission, as compared
with the Q-Film laser. Thus, only about 22% of the applied current is used to reach
the threshold in the case of the Q-Wire laser. Figure 5.16 shows the temperature
dependence of the net threshold current density of the Q-Wire laser (in case of the Q-
Wire25 with L~ Imm as shown in Fig. 5.6). The region above the dot line shows the
increasing J, due to carrier leakage and that below the dot line shows the increasing J,,
due to non-radiative recombination. As can be seen, the reason for the increasing Jy,
due to non-radiative recombination at the regrowth interface was more dominant than
that due to carrier overflow or leakage beside the wires. If the same 7 and 7]g0,, as
those of the Q-Film laser can be obtained, T, of the Q-Wire laser is expected to be 82K
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Fig. 5.16 Comparison of the temperature dependence of the threshold current density
of Q-Wire laser between ideal and experimental results
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at T>200K.

Figure 5.17 shows the temperature dependence of the lasing wavelength of Q-
Wire20 lasers and the Q-Film laser. Temperature coefficients of the lasing
wavelength of these lasers were almost the same, namely 0.5 nm/deg, which was
similar to that of Q-Wire25 as shown in Fig. 5.7. In order to estimate the
fundamental energy level shift due to the lateral quantum size effect, several effects,
such as the band filling, the bandgap shrinkage[5-27] and the strain relaxation[5-13] at
the regrowth interface should be taken into account. In this study, we assumed that
these effects were almost the same and negligible, since the injected current density
normalized by the space filling factor of both lasers were almost the same, ie.,
95(=38/0.4)A/cm® (L=1020 pm) for the Q-Wire20 laser and 68 A/cm?® (L=1050 pum)
for the Q-Film laser. Actually the electro-luminescence (EL) peak at a bias level of
0.1/ at 7=100 K was almost the same as the lasing wavelength (photon energy was
less than 1 meV). The blue shift energy for the Q-Wire20 to the Q-Film lasers was
estimated at 90 K so as to eliminate the band-filling effect at around room temperature
and was about 15 meV, which was in good agreement with the theoretical value (20
meV) for the wire width of 20 nm when the effective masses of heavy-hole bands

along the vertical (epitaxial-layer) and the in-plane direction were assumed to be
m;,, 1L =0.37m; (my: electron mass) and m,:,, s =0.052m,[5-28], respectively. A

large discrepancy in the temperature coefficients of the Q-Wire20 with =670 pm and
L=400 um at around room temperature may be attributed to the band-filling effect due
to higher threshold carrier density. In the case of L=400 um, a mode jump was
observed at around 7=240 K, which can be regarded as emission from the higher-order
subbands due to band filling and also due to increasing thermal excitation[5- 29], or
emission from the 5-nm-thick Q-Film layer grown below the 10-nm-thick active Q-
Film layer as shown in Fig. 3.18.
Figure 5.18 shows the wire width dependence of the blue shift energy for the Q-

Wire to the Q-Film laser. The solid line is the calculated energy shift of the
fundamental level and the dash line is that of the second level. In this calculation, it
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was assumed that the active layer was Gag slnggrAsg73Pos; and the bandgap
wavelength of the barrier layer was 1.2um. The difference of the transition energy
between the 5-nm-thick Q-Film layer and the 10-nm-thick active Q-Film layer was
estimated at about 50meV. When the wire width becomes about 10nm, the optical
gain peak of the Q-Wire can be fitted to that of the 5-nm-thick Q-Film layer. The
closed circles show the experimental results of the blue shift energy estimated from the
lasing wavelength and the open circle shows that estimated from the PL peak
wavelength as shown in Fig. 4.10. The error bars indicate the wire width from the
mesa-top to the mesa-bottom and the circles mean the average size. By changing the
duration of wet-etching process, a narrower Q-Wire structure laser was fabricated.
The average size of the Q-Wire structure was 15nm (12nm at mesa top and 18nm at
mesa bottom) with a period of 70nm. The blue shift energy was estimated to be
20meV at T=90K. The blue shift energy of the Q-Wire structure dependent on the
wire width /¥ in the conduction band and the valence band are also shown in Fig. 5.19
(a) and (b), respectively. The parameters were the same as those in Fig. 5.18. When
the energy separation between the ground (fundamental) level and the second level is
necessary to be more than 30meV in the conduction band, the wire width should be
5om < W <25nm. On the other hand, the energy separation between them is in
sufficient because the thickness of the initial Q-Film active layer is relatively thick
(10nm). However, in the case of 10nm < W < 25nm, the energy separation can be
obtained to be more than 20meV.

- 139 -



Chapter 5 Lasing Properties of Quantum-Wire Lasers

1.65 l‘ LR BRI R l T 7 ¢§ ¢ ¢ 1 ¥ ¢ ¥
—_ [ Q-Film )
E - QQ\;\%=1050mm .00 :
= - Q-Wire20 0200 1
= 1.6 O:L=1020mm _q0® O -
g [ Algmm 20 g0
o - L= mm @ O .
S ' 09 RRAAA -
o155} o 5 .
§ ;
o o0 ]
£ 15 -
1] 2 .
« L 4
J of -

1-45 .l l 1 ¢ & 8 1 4 £ 4 1 L 24 4 4 2 4 2 1 L-

100 200 300

Temperature T [K]

Fig. 5.17 Temperature dependence of lasing wavelength of
Q-Wire20 lasers with various cavity lengths.

Barrier Level
=200 \ Gy 1glNoeASersPoz (1%CS)| (A =1.2um)
o L\ Film Thickness 10nm
E, \ m%=0.052m,
> F 1\ m*=0.37m,
o \
L Y Ground Level
< S~o_ ——== 2ndLevel |
& ™ Upper Film
= 100r \\ | - 2nd Level
n + \\
>
E’ Lower Film
g Ground Level
i e sssomsimsssernd] . e~ Upper Film
2nd Level(Hole)
O . 1 . 1 N s " Upper Film
0 10 20 30 40 50 Groundlewl

Wire Width W [nm]

Fig. 5.18 The wire width dependence of the blue shift energy
for the Q-Wire to the Q-Film structure.

- 140 -



Chapter 5 Lasing Properties of Quantum-Wire Lasers

eV]

Energy Shift AEv [m

s e et Bayrriar Lovel
\ Gag 15INo 8ASy 75Po2r (1%CS) (M,=1.2um)
\ ) ; A=1.21
S‘ 80+ v  Film Thickness 10nm i
(1)) \\ Ground Level of Wire
= " \ ———— 2nd Level of Wire _
) 60r
< -
&
E]C) 40 Lower Film
> i Level
o
2 20r
m e
0 P T TS S Upper Film
0 10 20 30 40 50 =
Wire Width W [nm]
(a)
: : - L S Barrier Level
120 Gy airessASersPom (1%CS) e Lew
) ; ] (A=1.2um)
_ Film Thickness 10nm
100 ——— Ground Level of Wire
L 2nd Level of Wire
80
60¢
40¢
20t
. 1<—Lower Film Level
0 Upper Film

O 10 20 30 40 50 e
Wire Width W [nm]
(b)

Fig. 5.19 The wire width dependence of the blue shift energy of
the Q-Wire structure; (a) in the conduction band and
(b) in the valence band.

- 141 -



Chapter 5 Lasing Properties of Quantum-Wire Lasers

5.4 Quantum-Wire DFB Lasers

Since our fabrication method of Q-Wire lasers can be applied to realize partially
gain-coupled (complex-coupled) DFB lasers[5-30]-[5-33] with Q-Wire active region
which is considered to be very attractive for low threshold and narrow linewidth
operation if advantages of the cavity and the gain medium are effectively utilized, we
fabricated three different patterns using EB-lithography, i.e. Q-Wire lasers, Q-Wire
DFB lasers, and initial Q-Film lasers on the same wafer as shown in Fig. 5.20(a).
The Q-Wire laser consisted of a 70nm periodic pattern and the Q-Wire DFB laser
consisted of two Q-Wires separated by 70nm with an interval of 240nm. Cross
sectional SEM views of these lasers are also shown in Fig. 5.20(b) and (c). As can be
seen, the size of the Q-Wire laser is 15nm (top) and 28nm (bottom), and the Q-Wire
DFB laser consists of two 20-30nm-width wires.

Figure 5.21 shows (a) the I-L curves and (b) electro-luminescence at threshold of
the three kinds of lasers at room temperature. The I,, of the Q-Wire DFB laser was
about half of that of the Q-Wire laser. This is attributed to higher reflectivity of the
DFB grating, despite of poor optical confinement factor of the Q-Wire DFB laser,
£&=0.26%. In Fig. 5.21(b), the Q-Wire DFB laser was emitting at 1.54um, which is
the Bragg wavelength and shifted from the gain peak of 1.58um. The Q-Wire and Q-
Film, lasers were emitting at the gain peak, at 1.58um of the Q-Wire laser and at
1.62um of the Q-Film laser, respectively.

Figure 5.22 shows temperature dependence of threshold current for these three
lasers under pulsed condition. The cavity length L and the stripe width W; of these
lasers were 860um and 15um, respectiVely.' Even though threshold current of the Q-
Wire and Q-Wire DFB lasers was 5~ 10 times higher than that of the Q-Film laser at
room temperature, it rapidly decreased with the decrease in the temperature, and
became lower than the Q-Film laser at 7<193K. At T=98K, threshold current density
of the Q-Wire laser was 43A/cm® (I4=5.5mA) which was almost half the value of fhe
Q-Film laser (J,;,=85A/cm2 and /,=11mA). The Q-Wire DFB laser showed a similar
temperature dependence, and its threshold current density was 54A/cm? (I;=TmA) at

- 142 -



Chapter 5 Lasing Properties of Quantum-Wire Lasers

98K.
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Fig. 5.20 (a) EB pattern used for the fabrication of Q-Wire, Q-Wire DFB and Q-Film
lasers on the same wafer, and cross-sectional SEM views of two kinds of
quantum-wire lasers; (b) a Q-Wire and (c) a Q-Wire DFB laser.

The direction of quantum wires was <011 >.
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Figure 5.23 shows temperature dependence of lasing wavelength of these three
lasers. The temperature coefficient of the Q-Wire DFB laser was about 0.08nm/deg
and single wavelength operation was confirmed within the investigated temperature
range. At around room temperature the detuning (difference between the lasing
wavelength and the gain peak wavelength) was observed to be about 40nm, this fact
indicates the possibility of high performance DFB lasers with Q-Wire active region
when problems of before mentioned temperature dependences are overcome. A large
discrepancy between the temperature coefficients of lasing wavelength of the Q-Wire
laser (0.42nm/K) and the Q-Film laser may be attributed to also band filling effect due
to high threshold carrier density of the Q-Wire laser at around room temperature.

Lasing properties of these three lasers are summarized in Table 5.5.

Table 5.5 Lasing properties of Q-Wire, Q-Wire DFB and Q-Film lasers.

R.T. 98K AN AT
Lipmil | W,{um] | %] [t (mA) [J,lkavere]| 1, [mA] [LfAVcme]|inmydeg]
Q-Wire 860 15 0.42 | 1300 10.1 55 43 0.42
Q-Wire DFB| 860 15 | 026 | 700 54 7.0 54 0.08

Q-Film 860 15 127 1 100 0.75 1 85 0.54

5.5 Conclusion _ |

We measured fundamental lasing pr(;‘perties, especially temperature dependencies
of lasing properties of 1.5um wavelength GalnAsP/InP Compressively-Strained
Quantum-Wire lasers with the nominal wire width of 20nm and 25nm fabricated by
electron beam lithography and 2-step OMVPE growth, and compared with the results
those of Quantum-Film lasers prepared on the same wafer. As the result, we obtained,
for the first time, a lower threshold current and a higher differential quantum
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efficiency operation of a Q-Wire laser over the Q-Film laser at a temperature below
T<200K. At T=90K, threshold current density of the Q-Wire laser as low as
34A/cm’® and the differential quantum efficiency as high as 77% were obtained.
Furthermore the internal quantum efficiency was evaluated to be 1.0 at 7<200K from
measurements of the temperature dependence of differential quantum efficiency of
different cavity length samples. We also confirmed the possibility of a complex-
coupled DFB laser consisting of Q-Wire active region as the grating structure.
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Optical Gain Properties of
Quantum-Wire Lasers
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6.3.3Differential Gain..........covveiiireiineiiiiiiieiiesioeae
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6.1 Introduction

S EMICONDUCTOR lasers can be operated at a high level of performance due to

narrow gain spectrum feature by introducing quantum-wire (box) structures as an

active region[6-1]-[6-3]. Operation at-very low threshold current[6-4]-[6-6] and the

anisotropic polarization properties of quantum-wire (Q-Wire) lasers[6-7],[6-8], such as

an electro-luminescence (EL) spectrum and threshold current which are dependent on

stripe direction with regard to the Q-Wire, were observed. In a previous study, we
fabricated long wavelength GalnAs(P)/InP Q-Wire lasers by using electron-beam (EB)
lithography and two-step organometallic vapor phase epitaxy (OMVPE)[6-5], and

investigated the temperature dependences of lasing properties[6-9],[6-10]. Even
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though the width of the quantum-wire was relatively large (20~35 nm), a clear
anisotropic polarization property was observed in photoluminescence (PL) intensity[6-
11] as mentioned in chapter 4. Superior lasing properties such as a lower threshold
current and higher differential quantum efficiency as compared to quantum-film (Q-
Film) lasers fabricated on the same wafer were obtained in temperature ranges up to
around 7=200K[6-10] as mentioned in chapter 5, but it was unclear if the origin of
these properties can be attributed to only the volume of the active medium and/or to
the lateral quantum-confinement effect inherent in the Q-Wire structures, i.e. a narrow
gain spectral.

In this chapter, the measurements of the gain spectral characteristics of 1.5 um
wavelength GaInAsP/InP Q-Wire lasers in comparison with those of Q-Film laser
fabricated on the same wafer by use of EB lithography and OMVPE regrowth process
will be discussed.

6.2 Measurement of Optical Gain

The gain spectra of three different types of samples on the same wafer were
measured: a Q-Wire laser with a wire width (# ) of 20 nm for a period (A) of 50 nm
(Q-Wire20, in short), a Q-Wire laser with a 25 nm-wide wire for A=70 nm (Q-Wire25),
and an initial quantum-film laser (Q-Film). The cavity length of all ‘lasers
investigated here was 1 mm. The schematic structure and the cross sectional SEM
views of Q-Wire20 and Q-Wire25 are shown in Fig. 3.17 in chapter 3. The Q-Wire
structure was fabricated on a wafer consisting of a 10nm thick Gag 13lng g2As073P027
compressively-strained (1%-CS) single-;iuantum-well grown on a (100) p-InP substrate
by making a 50 nm and 70 nm-period line pattern along the <011 > direction, which
was perpendicular to the direction of the cavity. The lower thin GalnAsP layer (5 nm
thick) was inserted to support the optical confinement but the optical gain. The wire
pattern was formed by a JBX-6000FS EBX system using ZEP-520 resist (30 nm thick,
including Cgo 5%wt.[6-12]) with a line dose condition of 0.6 nC/cm. After
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transferring the pattern onto the wafer using a SiO, etching mask, the mask was
removed and the Q-Wire structure was embedded by a thin (3 nm) InP layer, a 200 nm
thick n-GalnAsP optical confinement layer (OCL), a 3 um thick n-InP cladding layer,
and a 50 nm thick n-GalnAs contact layer. The thin InP layer was grown only for
obtaining better regrown interface which resulted in smooth surface of the GalnAsP
OCL, and the contribution of this InP layer to the optical confinement factor of the
active region is negligibly small. Finally, 14um wide mesa-structure stripe lasers
were fabricated. The fabrication process is described in chapter 3 in more detail.

The gain spectrum was obtained by the Hakki-Paoli method, where the depth of
the Fabry-Perot fringes of the spontaneous emission spectrum were measured[6-13]-
[6-15]. The modal gain coefficient was obtained by

1,1 1, Jr-1
=& gy —a@=—In—+—I , (6.1)
Emod. f Emar. — LnR Ln {—l‘+1

where £is an optical confinement factor of an active region, g is the material gain,
a is the waveguide loss, L is the cavity length, R is the power reflectivity of the facet
mirror, and 7 is the peak to valley ratio of the Fabry-Perot mode resonance. Figure

6.1 shows the experimental setup for gain spectrum measurement. A sample was put

Spectrum Analyser
Micro-Miniature . Resolution : 0.05nm
POIE" zer Average : 1000

Refrigerator

LI -
ColLl:Trfor Achl_rgrr:atlc Single mode Fiber,
Diode 2N (¢=10um)
Pmax
Prone
r=—— Pm'

Cavity Length: L=1mm
Mode Spacing: AA=0.32nm

Fig. 6.1 Gain spectrum measurement system
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into a Micro-Miniature Refrigerator. Light output was incident into the single mode
fiber by two lenses and a polarizer was put between them. The spontaneous emission
spectrum below the threshold was measured by a spectrum analyzer with a resolution
of 0.05 nm and data averaging times of 1000.

Threshold current (density) I, (J;1), the nominal active region width (W), the in-
plane space filling factors (o) and the optical confinement factor of active region (&) of
the measured samples are listed in Table 6.1. All the measurements were done under
continuous wave (CW) condition at 7=100 K. Figure 6.2 shows, for example,

spontaneous emission spectra of these lasers below threshold.
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Fig. 6.2 Spontaneous emission spectrum.
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In each spectrum, the subpeaks were nominally observed in the main peaks that
corresponded to different transverse modes due to the oversized stripe width for single
transverse mode operation. Both the longitudinal mode spacing of the main peaks
and that of the subpeaks were 0.32 nm. Due to the subpeaks of higher transverse
mode, we used the lowest value of the valleys and the highest value of peaks in each
longitudinal mode spacing to obtain , then obtained the modal gain spectrum using
eq.(6.1).

Figure 6.3 shows, for example, the measured modal gain spectrum at various
injection current levels for the Q-Wire20 laser. The modal gain spectrum was similar
to those of the Q-Wire25 and Q-Film lasers. Since the spectral resolution was

Table 6.1 Lasing properties at T=100K (CW condition).
Alnm] Wnm] p (W/A) I, [MA] J, [Alem?] £[%]

Q-Wire20 50 20 0.40 6.4 46 0.51
Q-Wire25 70 25 0.36 7.0 50 0.46
Q-Film 1.0 16.0 114 1.27

(L=1mm, W,=14um)

T=100K |
Q-Wire20
@:6.4mA-
0:6.0mA

1460 1480 1500 1520
Wavelength A [nm]

Fig. 6.3 Modal gain spectra at various injection current levels of Q-Wire20 laser.
0:1=5.2mA, A:I=5.6mA, O:1=6.0mA, and @:I(I,)=6.4mA.
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relatively poor (0.05 nm) for the resonant spacing of 0.32 nm, measured data may
include larger inaccuracy in lower gain region where the modal gain is less than —10
cm™.

From the modal gain spectrum, the material gain spectrum was obtained by using

the relationship given by,

Emat. =(8mod. + @)/ &> (6.2)
where the waveguide loss & and the internal quantum efficiency 7; were obtained from
the cavity length dependence of an inverse of the differential quantum efficiency, and
were about 5 cm™ and 7=1.0 for the Q-Wire20 samples, when the power reflectivity
of the facet mirror R was assumed to be 0.33, as discussed in Chapter 5. For the
other two kinds of samples, a was obtained to be 3 cm” for the Q-Wire25 laser and 5

! the Q-Film laser, respectively. Figure 6.4 shows the obtained material gain
spectra of the three kinds of lasers, where the injection current level was properly
chosen in each sample so as to compare the gain spectral width for the peak gain which

was adjusted to 800~ 1000cm™. The injection current density which was normalized

I- T = T
T 1000FT=100K g R, -
& ! G Doy, =158MA ]
5  OfF @f il 05 dorm
£ o '*.i'\s‘k.‘-\
(®)] i ats T
= -10001 ég,%%g L% _QWire20 -
'S I 2 =051% |
(D % ;I]/=5 %gj:\/cmz
< -2000} a Q-Wire25 /‘*% ,0:-5 ocm! h
5 3@ i EELr ‘
w5 ~3000 Jp= 1:[?111A/cm2 45 7
> ‘UD a—3 Ocm‘ - o .
-4000——1 - : L :
1460 1 480 1500 1520
Wavelength A [nm]

Fig. 6.4 Material gain spectra of three kinds of lasers at a peak gain
around 800~1000cm™. [J:Q-Wire20, I=5.2mA,
A:Q-Wire25, [=6.12mA, and O:Q-Film, I=15.8mA.
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by the in-plane space filling factor of the Q-Wire (=W IA) was 93 A/em? for Q-
Wire20, 121 A/ecm? for Q-Wire25, and 113 A/cm? for the Q-Film lasers. The leakage
current or non-radiative recombination in Q-Wire samples is considered to be
negligible at this temperature.

The experimental results showed that the spectra of the Q-Wire lasers were
narrower than that of the Q-Film laser. The spectral width at a material gain of 0 cm’
was 10.8 meV for Q-Wire20, 9.7 meV for Q-Wire25, and 14 meV for Q-Film,
respectively.

Figure 6.5 (a) shows the measured peak modal gain gm,q as a function of injection
current /. From the least square fitting method, the slope gain (0gmoa/0I) Was
obtained to be 9.0 cm'mA™ for both Q-Wire lasers and be 7.8 cm’'mA™! for the Q-
Film laser. Though the difference between these values is very small, it can be
considered to be reflecting narrower gain spectral property of the Q-Wire lasers since
the optical confinement factor of the active region of our Q-Wire lasers is regarded as
proportional to the in-plane space filling factor p.

In order to evaluate the lateral quantum confinement effect in Q-Wire lasers the
differential gain should be compared after measuring carrier lifetime, but it could not
be done this time. From measurements of temperature dependencies of our samples,
we found that the spontaneous emission efficiency was almost the same and an internal
quantum efficiency was almost unity in these three kinds of lasers at around T=100K
as mentioned in chapter 5. Hence we assumed that non-radiative recombination was
negligible and the carrier lifetime was the same at the same normalized injection
current density J/p and tried to ~plot, the. relation between material gain and the
normalized injection current density J/;y. By putting the values of p and a into eq.
(6.2), the peak material gain gm. as a function of the injection current density J
normalized by p was obtained as shown in Fig. 6.5(b). As can be seen, the
transparent current density of Q-Wire20 was about 20% lower than that of Q-Wire25
and Q-Film while the slope gain (against the normalized injection current density) of
Q-Wire lasers was about 1.2 times higher than that of the Q-Film laser. Since the
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Fig. 6.5 (a) Peak modal gain as a function of injection current, and (b) peak material |
gain as a function of normalized injection current density.
0:Q-Wire20, A:Q-Wire25, and O:Q-Film.
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transparent carrier density of an ideal Q-Wire laser is theoretically expected to lze
higher than that of a Q-Film laser, our result indicates that an actual/or an effective
wire width of our Q-Wire lasers may be slightly narrower than that measured from
cross sectional SEM view. For comparison of differential gain between Q-Wire and

Q-Film lasers the carrier lifetime measurements should be done in future.

6.3 Comparison to Theoretical Analysis
6.3.1 Gain Spectrum
Figure 6.6 shows the comparison of the material gain spectra of (a) experimental
and (b) calculation results at 7=100K. The linear gain coefficient is given by
@ Uy o 2 h/ Tin
g(w)=—‘/— Ren) 8enl(Ech) Af 1o} dE.,, (6.3)
n, \ & J.Eg< ch> ch( LEch {fc v} (Ech _ha))z +(h/T,~n)2 ¢

where the subscripts ¢ and 4 denote the conduction and valence band, respectively, # is

the Plank’s constant, @ is the angular frequency of input light,' & and g are

permittivity and permeability in the vacuum, 7, is the intraband electron relaxation
time, 7, is the refractive index without dispersion, and <Rc2h> is the matrix element of

transition dipole moment. The Fermi functions in the conduction and the valence
band are £ and f£;, respectively. The 8cn(Ea) is the effective density of states. Wliile
the tail of the calculated gain spectrum was asymptotic to Ocm™, that of the
experimental gain spectrum of the Q-Wire lasers was reduced to -1000cm™ due to the
limit of the gain approximation method given by eq. (6.1); the modal gain therefore
becomes a negative infinite when peak to \;alley ratio r approaches 1. Therefore, we
compared it at around the peak of the gain spectrum. The calculation results were
fitted for the experimental results above 0 cm’ by changing the number of injected
carriers N and the intraband relaxation time z,,. The fitting parameters N and 7;, are
listed in Table 6.2. The difference in the spectral shape between the Q-Wire and Q-
Film lasers was observed at the long wavelength side of the gain peak, i.e. the slope in
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Fig. 6.6 Material gain spectrum of (a) experimental and (b) calculation.
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the long wavelength side of the Q-Wire samples was steeper than that of the Q-Film
sample. These features qualitatively agree with theoretical gain spectra of the Q-Wire
and Q-Film lasers as can be seen in Fig. 6.6. The narrow gain spectra of Q-Wire
lasers can be attributed to the density of states of the Q-Wire structures and/or to the
larger (~1.5 times) intraband relaxation time in the Q-Wire structures than that in the
Q-Film structure. When comparing the gain spectra of Q-Wire25 and Q-Wire20, the
spectrum of Q-Wire20 is a little broad,; tlus might be due to the size fluctuation of the
wire width.
Table 6.2 Fitting parameters.

7. [psec] | N [cm7)
Q-Film 0.2 2.1 x107

Q-Wire25 0.3 2.2%x10"7
Q-Wire20 0.3 2.5x%x10"7

6.3.2 Intraband Relaxation Time

In the previous section, the difference of the intraband relaxation time between the
Q-Wire lasers and the Q-Film laser was observed. The intraband relaxation is
introduced as a result of electron-electron and electron-hole scatterings and the
magnitude of the band tail depends on the value of the intraband relaxation timé[6-16].
Thus in this section, we will discuss the intraband relaxation time 7;, dependence of
the material gain and determine the 7, of the Q-Wire and Q-Film lasers at the
temperature about 100K, considering the size fluctuation of the Q-Wire[6-17].
Figure 6.7 shows the calculation resultls‘ of the intraband relaxation time dependence of
the material gain at T=90K; (a) at 7, <3ps and (b) at 7,,<0.5ps. The size fluctuation
of the Q-Wire width AW was assumed to be 2.9nm, which was obtained from the
measurement as shown in Chapter 3. In this case, the ratio of the size fluctuation is
about 30% for a 10nm-wide Q-Wire, 20% for a 15nm-wide Q-Wire, 15% for a 20nm-
wide Q-Wire, and 10% for a 30nm-wide Q-Wire. Open marks show the results with
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no size fluctuation, and closed marks show those with AW=2.9nm. The thickness was
assumed to be constant (no size fluctuation). While the material peak gain g of the
Q-Film was proportional to the intraband relaxation time, that of all the Q-Wires was
saturated at a certain intraband relaxation time at 7, <3psec. As shown in Fig. 6.7(b),
if the Q-Wire has no size fluctuation, the maximum g is expected with the wire
width W of 10nm. However, when there is AW=2.9nm, the maximum gy, can be
obtained with the wire width of 20nm. In the case of W=15nm, the material peak
gain is drastically reduced due to the size fluctuation.
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Fig. 6.7 The calculation results of the intraband relaxation time dependence of

the material gain at T=90K; (a) at 7, <3ps and (b) at 7, <0.5ps.
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The difference in the spectral shape between the Q-Wire and Q-Film lasers was
observed at the long wavelength side of the gain peak, i.e. the slope in the long
wavelength side of the Q-Wire samples was steeper than that of the Q-Film sample as
shown in Fig. 6.5. This may be attributed to the difference of the intraband relaxation
time between the Q-Wire lasers and the Q-Film laser. Here we will determine them
from the slope in the long wavelength side by comparing the calculation results. In
the spectrum of both the experimental and the calculated results, the slope was defined
as the tangent line at the half maximum above Ocm™. Figure 6.8 shows the slope in
the long wavelength side Agma/AA as a function of the material peak gain gna. for (2)
Q-Wire20, (b) Q-Wire25, and (c) Q-Film lasers. The solid lines show the calculation
results with no size fluctuation, the dashed lines show those with AW=2.9nm and the
dots show the experimental results. In Fig. 6.8(a), the experimental results of the Q-
Wire20 laser seem to fit the dashed line of 7, =0.4ps. In the case of the Q-Wire25
laser, the experimental results seem to fit the solid line of z,,=0.2ps, however the 7, of
the Q-Wire25 laser can be considered to be 0.3-0.4ps considering the size fluctuation,
which is similar to that of the Q-Wire20 laser. On the other hand, the experimental
results of the Q-Film laser seem to fit the line of 7, =0.2ps, as shown in Fig. 6.8(c).
Thus, the reason for the steeper slope of the long wavelength side of the Q-Wire
samples than that of the Q-Film sample can be due to the larger (~twice) int;'aband
relaxation time in the Q-Wire structures than that in the Q-Film structure.

During lasing, the density of electrons in the conduction band is depressed at the
energy level corresponding to the emitting wavelength. The intraband relaxation time
7., is the recovering time of the dépressed distribution to flow electron from the other
levels. When 7;, is small the depress\ed distribution becomes wide and shallow, on
the contrary, when 7, is large the depressed distribution becomes narrow and deep.
At room temperature, 7, 1S 0.1ps[6-161,[6-18],[6-19], and that is 1.5 times longer at
T=100K in case of bulk[6-16]. The 7, of the Q-Film laser at T=100K can be longer
than that of the bulk because of the narrdwe,r density of state. At low temperatures,

the energy broadening due to thermal excitation becomes small, and the narrower
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Fig. 6.8 The slope in the long wavelength side Agna/AA as a function of the material
peak gain g, for (a) Q-Wire20, (b) Q-Wire25, and (c) Q-Film lasers.
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density of the state and larger separation of energy levels of the Q-Wire than those of
the Q-Film resulted in the longer intraband relaxation time. In case of Q-Box laser,
the 7, is possible to be much longer than that of Q-Wire or Q-Film laser. Actually,
the lasing occurred at many wavelengths at the same time from many quantum dots
with different sizes and composition at T=60K[6-20]. Very slow carrier relaxation of
100ps of the Q-Dot structure was reported from the measurement of
photoluminescence and time-resolved photoluminescence[6-21].

From the relation between the full width at half maximum (FWHM) of the
material gain spectrum and the material gain peak, the intraband relaxation time of the
Q-Wiré lasers is estimated to be also 0.4ps. Figure 6.9 shows the comparison of the
gain spectra of the Q-Wire laser between (a) experimental and (b) theoretical results.
In Fig. 6.9(b), the spectrum of Q-Wire20 is a little broad due to the size fluctuation of

the wire width.

6.3.3 Differential Gain
In chapter 5, we discussed the differential material gain as a function of current

density Ag_, /A(J/ p) of the Q-Wire laser was higher than that of the Q-Film laser

(see Fig. 5.5), however, for better comparison with theoretical material gain on
injection carrier density, we estimate the carrier lifetime and compare with that of Q-
Film laser.

Comparing the experimental results of the material gain as a function of injection
current g(J/p) with the calculated results of the material gain as a function of injected
carriers g(N), the two functions are blotted together and share the same é.bscissa
(abscissa =gain) but different ordinates (ordinates =N or J)[6-22]. The carrier
lifetime is determined from the plot of N versus J in the following manner. The
differential carrier lifetime is described as

R_1 ©64)

b

oN 1
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where R is the total recombination rate. The injected current density must be

proportional to the total recombination rate as

=Rxe
n;

J (6.5)

2

where e is the electronic charge, and 7, is an internal quantum efficiency.
Differentiating eq. (6.5), with respect to N, assuming constant 7;, and using eq. (6.4)
we find

% =ox L.
Equation (6.6) indicates that the local slope is given by 7. From chapter 5, we

(6.6)

obtained 77; =1 at 7=90K. Figure 6.10 shows the injected carrier density as a function
of current density normalized by space filling factor J/p. As can be seen, the slope of

all of the lasers were almost the same, that is, the lifetimes of all lasers were the same.
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Fig. 6.10 The injected carrier density as a function of current density normalized by
space filling factor J/p. The slope indicates the lifetime.
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Figure 6.11 shows the material gain as a function of the injected carrier density (a)
at N<5 X 10%cm™ and (b) N<1 X 10'%cm™.  The lines are the calculated results and the
plotted marks are the experimental results. As can be seen, the differential gain on
the injected carrier density of the Q-Wire lasers were higher than that of the Q-Film
laser at T=90K.
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Fig. 6.11 The material gain as a function of injected carrier density;
(a) at N<5% 10'*cm™ and (b) N<1 X 10'%cm™.

- 168 -



Chapter 6 Optical Gain Properties of Quantum-Wire Lasers

Finally, in Fig. 6.12, we show the wire width dependence of the maximum gain
considering the size fluctuation of AW=0-3nm at T=90K as a parameter of 7, (a)
7»w=0.1ps, (b) 7,=0.2ps, (¢) 7,,=0.3ps, and (d) 7;,,=0.4ps. The painted circle at
W=50nm shows the gn., of the Q-Film. The injected carrier density is 1 X 10%cm™,
which is almost maximum value as shown in Fig. 6.11(a). In all of 7, the width
obtaining maximum gain is 10-12nm, when there is no size fluctuation. However the

more the size fluctuation increases, the width obtaining maximum gain becomes
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Fig. 6.12 The wire width dependence of the maximum gain considering the size
fluctuation of AW=0-3nm at T=90K as a parameter of 7;,;
(a) 7=0.1ps, (b) 7,,=0.2ps, (¢) 7,,=0.3ps, and (d) 7;,=0.4ps.
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larger, and this tendency becomes remarkable with an increase in the 7;,,, The open
circle shows the experimental result as shown in Fig. 6.11. In z,=0.1ps, the
calculated maximum gain is lower than the experimental result even with no size
fluctuation. In 7,=0.3ps and 7,=0.4ps, the width obtaining maximum gain is
theoretically about 20nm with the size fluctuation of 3nm, and the experimental result

seems to agree with the theoretical limit.

6.4 Conclusion

In conclusion, the gain spectra of 1.5 um wavelength GalnAsP/InP quantum-wire
lasers (W =20, 25 nm) were measured at T=100 K and were compared with quantum-
film lasers prepared on the same wafer. It was found for the first time that the
material gain spectrum of quantum-wire lasers was narrower than that of the quantum-
film laser.

Comparing the experimental results with the calculated results, the intraband
relaxation time of the Q-Wire lasers seemed to be longer (~twice) than that of the Q-
Film laser. The carrier lifetimes of the Q-Wire lasers and the Q-Film lasers were
almost the same, that is, the differential gain of the Q-Wire lasers were higher than that
of the Q-Film lasers.

When the size fluctuation is 3nm, the wire width obtaining the maximum gain is
theoretically about 20nm, and our experimental result seems to agree with the

theoretical limit.
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7.1 Introduction

F UNDAMENTAL lasing properties, especially temperature dependencies of
GalnAsP/InP 1.5um-wavelngth quantum-wire (Q-Wire) lasers, fabricated by

electron beam (EB) lithography and the wet chemical etching technique followed by

organometallic vapor phase epitaxy (OMVPE) embedding growth, were studied in the

previous chapters. As a result, better lasing properties of the quantum-wire laser over

the quantum-film laser, i.e. lower threshold current and higher differential quantuni

efficiency operations, were obtained at a temperature below 200K. However, high
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performance operation of the Q-Wire laser cannot be obtained at room temperature.
In this chapter, some approaches for the improvement of temperature

characteristics of quantum-wire lasers will be discussed.

7.2 Approach for Improvement of Temperature Characteristics of

Quantum-Wire lasers
7.2.1 Multiple-Stacked Quantum-Wire Laser Using Dry Etching

It is necessary to obtain a high optical confinement factor for the realization of a
Q-Wire laser even under large cavity loss conditions, as mentioned in Chapter 2. Wet
chemical etching is a low damage process because it uses chemical reactions.
However, the shape of an etched material strongly depends on crystal orientation,
which is usually mesa-shaped. As a result, the optical gain of multi-stacked Q-Wire
lasers decreases and broadens due to the large size fluctuation of Q-wires in the
vertical direction. On the other hand, the dry etching is superior to the wet etching
from a viewpoint of high density nano-structure fabrication by adopting stacked multi-
layers. Recently, GalnAsP wire structures of various sizes were fabricated by EB
lithography, CH4/H, reactive ion etching (RIE) and OMVPE embedding growth and
their photoluminescence (PL) intensity dependence on the wire width was measured|[7-
1]. As a result, the product of etched sidewall recombination velocity and carrier
lifetime (S-7) was estimated to be about 30 nm at room temperature, which is
comparable with that of wet etching. Using this process, 1.5um wavelength 5-MQW
gain-coupled (GC) distributed feedback (DFB) lasers were fabricated. Figure 7.1
shows the cross sectional SEM view of: etched and embedded active layer and its
illustration. As can be seen, the uniform, vertical-stacked wire layers were obtained.
Figure 7.2 shows I-L characteristic of a GC-DFB laser under pulsed condition. The
threshold cufrent was 50mA and threshold current density as low as 660A/cm? was
obtained. This is the best value for GC-DFB lasers where active layers were
completely etched by dry etching.
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Fig. 7.1 Cross sectional SEM view and schematic of DFB structure.
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Fig. 7.2 I-L characteristics at toom temperature under pulsed condition.

o

This process is very attractive for the fabrication of multi-stacked Q-Wire laser.
As shown in Fig. 2.5(a), the wire width obtaining maximum gain with the. size
fluctuation of 1nm is estimated to be about 10nm. In this case, the optical
confinement factor of the Q-Wire is necessary to be more than 54% of the initial

quantum-film (Q-Film) in order to overcome the Q-Film laser. If a 10nm-wide Q-
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Wire structures are fabricated with the period of 40nm, more than three stacked Q-
Wire structures are necessary as shown in Fig. 7.3. This condition can be added to
the present process relatively easily. To obtain the lateral quantum confinement
effect sufficiently, it is important to consider the effects of fabricational
inhomogeneities on quantum wire structures. ~Variations in the size of quantum wires
will smear some of the sharpness out of the density of states of these structures,
reducing some of the benefits of lower dimensionality. The dry etching process is
possible to reduce the size fluctuation compared with the wet etching, because of no

under-cut or side etching.

W=10nm(4W=1nm)
& wie>0-5485 Fim

A=40nm = n>3

Fig. 7.3 Introducing dry process for Q-Wire fabrication.

7.2.2 Introduction of Al-Containing Materials

As a result of the temperature dependence of the internal quantum efficiency 7; of
the Q-Wire laser, a rapid decrease of 7; at 7>200 K was observed. One of the
reasons for this can be attributed to carrier overflow or carrier leakage beside the
wires[7-2],[7-3]. The Al(Ga)lnAs material system is an attractive method for the
improvement of the characterisﬁc temperature Ty of long-wavelength semiconductor
lasers[7-4],[7-5] by reducing carrie} overflow because of a larger band offset
(AE=0.72E,) than conventional GaInAsP material systems (4E=0.4E,). High T of
122K emitting at 1.55um AlGalnAs 7-multiple quantum-well (TMQW) laser was
reported[7-6]. '

Furthermore, larger optical confinement factor was also obtained in this material

system. Figure 7.4 shows the optical confinement factor as a function of optical
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confinement layer (OCL) thickness. In the case of single-quantum-well (SQW)
(10nm thick), high optical confinement factor of 1.7% was obtained using AlGalnAs
OCL. Recently compressively-strained GalnAsP SQW lasers with AlGalnAs OCL
were fabricated by 2-step OMVPE growth. Figure 7.5 shows the I-L characteristics

at room temperature under pulsed conditions. The threshold current density of

N

7o = 1.55,m
pocL =1. 1#}"
| 1step OCL ST —

- -
- -
- -

—
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Mo —— AlGalnAs 10nm |
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Fig. 7.4 The optical‘ confinement factor as a function of OCL thickness.
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Fig. 7.5 I-L characteristics at room temperature under pulsed condition.
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140A/cm® and differential quantum efficiency of 31% was obtained with the cavity
length of 2mm. It can be beneficial to use this material system for the single layer Q-
Wire lasers illustrated in Fig. 7.6 and also multi-stacked Q-Wire lasers because of

reducing the carrier over flow and obtaining a higher optical confinement factor.

Toward high-temperature operation of Q-Wire LD:
Use AlinAs as the barrier beside Q-Wire
( :

Advantage:
InP clad )
Suppress carrier(electron)
GalnAsP OCL overflow beside Q-Wire
GalnAsP(1%CS)
GalnAsP OCL
InP clad
Use AlGalnAs as OCL
[ .
InP clad Advantage:
AlGainAs GRIN OCL Z:JQr;i c:rn:;(telectron)
GalnAsP(1%CS) niinem
AlGalnAs GRIN OCL easy to control the composition
InP clad in the growth of GRIN OCL
J

Fig. 7.6 Introducing Al(Ga)InAs system for Q-Wire lasers.

7.2.3 High Optical Confinement Structure Laser

Recently, a novel laser structure having high optical confinement factor was
proposed[7-7], that is, a semiconductor core region (GalnAsP/InP) sandwiches with
the Benzocyclobutene (BCB)[7-8] as cladding layers, called  semiconductor
membrane lasers, as shown in Fig.\ 7.7(a). The optical confinement factor of
‘GalnAsP SQW active layer is expected to be 4.66% due to the large refractive index
difference (4An/n=54%) as shown in Fig. 7.7(b). Introducing the Q-Wire structure as
the active region, a very low threshold current operation of the Q-Wire laser can be
expected. In this novel structure, the Q-Wire laser can also tolerate the relatively
large-size fluctuation of the Q-Wire size due to the high optical confinement effect as
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mentioned in Chapter 2.
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Fig. 7.7 (a) Schematic structure and (b) optical confinement factor of
the semiconductor membrane laser.

o
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7.3 Conclusion .

Some approaches for the improvement of temperature characteristics of quantum-
wire lasers was discussed. With the combination of the dry etching technique and/or
the introduction of the AlGalnAs system, it can be relatively easy to obtain high
performance operation of quantum-wire lasers at room temperature. A semiconductor
membrane type quantum-wire laser is also expected to have an ultimately low

threshold current operation.
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Chapter 8

Conclusions

T HE objective of this thesis is to realize high performance operation, i.e. lower
threshold and higher efficiency, of a 1.55um-wavelength quantum-wire (Q-Wire)
laser compared with quantum-film (Q-Film) laser using the GalnAsP/InP system.

In Chapter 1, recent progress in the development of Q-Wire and quantum-box/dot
(Q-Box) lasers is reviewed with an emphasis on the fabrication technology. The
fabrication technology using electron beam (EB) lithography and etching followed by
an embedded growth with organometallic vapor phase epitaxy (OMVPE) is one of the
most effective methods for 1.55um-wavelength Q-Wire or Q-Box lasers, which is a
better technique for the position and size controllability of Q-Wire and Q-Box
structures.  Furthermore, this fabrication technique is suitable for use in the
production of distributed feedback (DFB) lasers consisting of a Q-Wire or Q-Box

active region.

In Chapter 2, the most effective size of the Q-Wire is estimated from the point of
material gain and threshold current density, considering the size fluctuation of Q-Wire
structure and the optical confinement factor. At T=300K, the width to obtain
maximum gain is about 8nm (7-10nm) with no size fluctuation. However, the width

to obtain maximum gain becomes larger and the maximum gain is reduced with an
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increase in the size fluctuation, and the size fluctuation effect is negligible if the wire
width is larger than 22nm. The tendency of the size fluctuation effect is similar at
T=90K, but the influence of size fluctuation is smaller compared with that at T=300K.
This is because energy broadening due to thermal energy becomes small at low
temperatures.

Regarding threshold current, minimum threshold current density can be obtained
with the wire width of 10-20nm. It is possible to realize high performance of single-
layer Q-Wire lasers at room temperature under the condition of low cavity loss
structures, such as long-cavity structures or high reflective (HR) coating of facets. At
low temperatures, as the energy broadening due to thermal excitation and optical
losses due to nonradiative recombination are reduced, it is relatively easier to obtain
high performance of single-layer Q-Wire lasers. In the case of W=20nm, the -
threshold current of Q-Wire laser is estimated to be half that of the Q-Film laser when
the in-plane space filling factor of Q-Wire is 0.4 to 0.5.

In Chapter 3, the fabrication process of Q-Wire lasers is described, including the
crystal growth technique using OMVPE. It was found that our OMVPE system has
proportional relations betWeen Ga/In and TEG/TMI, and between As/P and AsH3/PH;.

GalnAsP fine wire structure with a period of 50nm was fabricated using EB
lithography and wet chemical etching, and its size fluctuation was analyzed. By
correcting the dose profile for the proximity effect, the size fluctuation of the resist
pattern was reduced from *+2.7nm to *1.4nm, and that of GalnAsP wire structure

was reduced from +3.8nm to =2.9nm, respectively, for a typical wire width of
30nm, - |

To solve the problems of low optical confinement factor of the active region and
poor size uniformity in these Q-Wire structures, a relatively thick compressively-
strained (1% CS) quantum-well (10nm thick, &1.3% for the quantum-film, Ap
=1.576um) structure was adopted as an initial wafer for the quantum-wire structure,
and a thin quantum-film layer (1% CS, Snm thick, £&0.6%, Ap,=1.512um) was
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introduced to enhance the optical confinement factor and to partially support optical
gain when the wire size becomes very narrow and the gain peak wavelength shifts
close to the gain peak of the quantum-film structure.

Two kinds of high-density Q-Wire structures were fabricated for high
performance operation of Q-Wire lasers; one was the wire size of 20nm with a period

of 50nm, and the other’s size was 25nm with a period of 70nm.

In Chapter 4, anisotropic polarization properties of photoluminescence (PL)
intensity from GalnAsP/InP quantum-wire structures due to the lateral quantum
confinement effect, which causes anisotropic behavior of the dipole moment, were
observed, and it was experimentally confirmed that the polarization anisotropy
becomes stronger in narrow quantum-wire structures. A compressively-strained
quantum-wire structure showed stronger polarization anisotropy compared with a
lattice-matched one of the same size. The polarization dependence was enhanced due
to a composition modulation effect and an electric-field modulation effect because of
the anisotropic refractive index

From the temperature dependence of the PL signal, nonradiative recombination
velocity at the regrowth | interface of the Q-Wire can be negligibly small at
temperatures below T=200K.

In Chapter 5, fundamental lasing properties, especially temperature dependencies
of lasing properties of 1.5um wavelength GalnAsP/InP compressively-strained Q-Wire
lasers with the nominal wire width of 20nm and 25nm fabricated by EB lithography
and 2-step OMVPE growth, and compared with those of Q-Film lasers prepafed on the
same wafer. As the result, we obtained, for the first time, a lower threshold current
and a higher differential quantum efficiency opération of a Q-Wire laser over the Q-
Film laser at a temperature below T<200K. At T=90K, threshold current density of
the Q-Wire laser as low as 34A/cm? and differential quantum efficiency as high as
77% were obtained, which is the lowest value of the threshold current density within
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the Q-Wire lasers. Furthermore, the internal quantum efficiency was evaluated to be
1.0 at 7<200K from measurements of the temperature dependence of differential
quantum efficiency of different cavity length samples. We also confirmed the
possibility of a complex-coupled DFB laser consisting of a Q-Wire active region as the
grating structure.

In Chapter 6, the gain spectra of 1.5 um wavelength GalnAsP/InP Q-Wire lasers

(W =20, 25 nm) were measured at 7=100 K and were compared with the Q-Film lasers
prepared on the same wafer. It was found for the first time that the material gain
spectrum of the Q-Wire lasers was narrower than that of the Q-Film laser.

Comparing the experimental results with the calculated results, the intraband
relaxation time of the Q-Wire lasers seemed to be longer (~twice) than that of the Q-
Film laser. The carrier lifetime of the Q-Wire lasers and the Q-film laser were almost
the same, that is, the differential gain on injected carrier density of the Q-Wire lasers
can be higher than that of the Q-Film lasers. |

When the size fluctuation of the wire structure is assumed to be 3nm, the wire
width obtaining the maximum gain is theoretically about 20nm, and our experimental

result seems to agree with the theoretical limit.

Finally, in Chapter 7, some approaches for the improvement of the temperature
characteristics of Q-Wire lasers were discussed. With the combination of dry and
wet etching techniques, and the introduction of the AlGalnAs system, it can be
relatively easy to obtain high perfbrmgmce operation of quantum-wire lasers at room
temperature. Semiconductor-membrar;e-type Q-Wire lasers are also expected to have

ultimately low threshold current operation at room temperature.
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