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Chapter 1

Introduction

In this chapter, the background of optical communications is reviewed,
and then the advantage and progress of surface emitting lasers are described.
The problems for obtaining low threshold long wavelength surface emitting

lasers are pointed out. Lastly, the objective of this study is presented.

1.1 Background of Optical Communications

1.1.1 Optical Communications

In recent years, the information communication is greatly paid attentions. The reason is
development and possibility of new information services, such as computer networking, data
base services (e.g., banking, shopping, library), video-conferencing, entertainment services
(e.g., video on demand, transmission KARAOKE) and so on. These services require high
performance transmission systems such as wide service area, high speed, large capacity, low
cost, etc. To realize such information services, wired transmission systems have been played a
very important role because of its stable transmission channels.

There are two types of wired transmission systems. One uses “electrical” signals with
coaxial cables and another uses optical signals via optical fibers. Table 1.1 shows
characteristics of these transmission channels [1]. The optical fiber system has great
advantages against “electrical” cable system at the point of not only transmission capacity but
also easy system construction. Hence, almost trunk lines have exchanged to the optical fiber
lines and the transmission éapacities have been improved as shown in Fig. 1.1. The maximum
capacities of coaxial cable systems are 10800ch (C60M: analog) and 5760ch (DC400M:
400Mbps : bit per second). On the other hand, the optical fiber system of F-10G with bit rate
of 10Gbps (129000ch) will be soon introduced and the relative cost is estimated to be less
than 1/100 of DC400M. Further improvement of optical transmissions is expected by
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wavelength division multiplexing (WDM) systems and optical soliton transmission systems.
From such advantages of optical fiber system, the importance will increase more in
‘trunk lines. Furthermore, the optical communication system has been also planned to
introduce subscriber networks as the system of fiber to the home (FTTH) to transmit new
information services. In recent years, the other new field of optical transmission systems has
been considered as the optical interconnection system between system-system, circuit board-
board and LSI chip-chip. Up to this time, almost of all interconnect systems have beeﬁ
constructed by electrically wired systems. However, the transmission speed, delay time and

cross section area of cables is considered to be not sufficient for near future computer systems.

Table 1.1 Comparison of coaxial cables and optical fibers for trunk lines.
(The band width of optical fiber indicates the range of optical
frequency for A=1.5-1.6pm)

Loss Band Width . Diameter
Line No.
(dB/km) | (GHz) HEN (mm)
Coaxial Cable 33 0.2 18 65
Optical Fiber <02 12500 600 34

6
2 10 1 Channel=64kbps
5
§ 10°}
9 4 C60M
o 10 Coaxial Cable FOM_ .- &
E 3 A(;’12M P
O 10 A L~ DC100M
c
.9 1 02 | - /."
3 00 "0 /Coaxial Cable TD
E o8 K
s fe3Ke)
I': Metallic Cable FDM
O N . N N N . 3 2 5 i
1950 1 960 1970 1980 1990 2000

Years

Fig. 1.1 Trend in transmission capacity for wired transmission systems. The

plotted data are commercial systems introduced in Japan [1].



For example, the clock speed of recent CPU is reached to over 200MHz with the data bus
width of 64bit, which equals to the transmission speed of 13Gbps, but the interface bus clock
is suppressed to less than 100MHz because of the difficulty of design of high speed electrical
board and large delay time of signals. Hence, the optical interconnect is attractive system for
future computer systems such as extremely fast data transfer, parallel computing and so on.
These optical interconnect systems are expected to become an important field of optical
systems as well as previous optical communication systems. In this way, the applicability of

optical transmission systems has been increased to wide fields.

1.1.2 Progress of Long Wavelength Semiconductor Lasers

As described above, the optical transmission system has been developed and used in
various systems. It would be said that the real start of optical communication systems was
started after the suggestion of extremely low loss optical fiber [2] and achievement of room
temperature operation of semiconductor lasers [3, 4] in 1970. The low loss window of silica
fiber was developed at long wavelength range (>1um) [5, 6] and ultimately low loss of
0.2dB/km was achieved at the wavelength of 1.55um [7] which was supported by theoretical
limit [8, 9]. Furthermore, the zero index dispersion was predicted in 1.3um wavelength [10]
which is another important parameter for long distance transmission. Hence, the development
of semiconductor laser for optical communications has been progressed on the InGaAsP/InP
system with 1.3pum and 1.55pm wavelength, because the GalnAsP material system has
possibility of emitting at this wavelength range. The historical perspective and recent progress
of semiconductor lasers in long wavelength region are summarized as follows [11].

The first lasing operation in semiconductor injection lasers was achieved in 1962 [12,
13, 14]. These lasers operated at around 0.85um wavelength with GaAs p-n homojunction
under 77K condition. The limited utility of homojunction laser diodes was immediately
recognized and it was suggested to use of the heterostructure for improving laser
characteristics [15]. Then, the room temperature CW operation of semiconductor lasers was
achieved by GaAlAs/GaAs lasers in 1970 [3, 4]. After a while, the wavelength beyond 1um
for optical fiber communication was demonstrated in 1976 [16, 17, 18, 19]. In the late 1970's,
variety of index guided structures known as buried heterostructures (BH) was introduced to
GalnAsP/InP systems for transverse modal stability. Then, high performance single frequency
lasers were realized by distributed feed back (DFB) lasers in early 1980's [20, 21]. These
lasers were developed with double heterostructure (DH) bulk active layers. On the other hand,
a quantum well (QW) laser was achieved the first lasing in 1975 [22]. The QW laser
characteristics were improved rapidly in GaAs based lasers in early 1980's [23, 24]. The real
development of long wavelength QW lasers have been started slightly later in late 1980's

because of the difficulty of low threshold current due to large inter-valence band absorption
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and large Auger non-radiative recombination. However, after the suggestion of strained QW
structures in 1986 [25, 26], lasing characteristics of long wavelength QW lasers were much
improved [27]. The development of strained QW structure and buried ‘techniques lowered the
threshold current and less than 1mA threshold currents was reported in 1.55um wavelength
region [28, 29, 30, 31] as well as GaAs based lasers [32]. The other laser characteristic of long
wavelength region has been also improved, such as low temperature dependence, high
temperature operation, high speed modulation and so on.

To realize next generation optical transmission systems such as high performance trunk
lines, low cost subscriber systems and parallel optical interconnection systems, improvements
of performances in light sources have been required still now. A surface emitting laser is

expected as one of representative of such new generation lasers.

1.2 Surface Emitting Lasers for Optical Communications

1.2.1 Advantages of Surface Emitting Lasers

A surface emitting laser is very attractive optical device [33, 34]. A fundamental
characteristic of surface emitting lasers is light output direction which is normal to the
substrate surface and different from conventional edge emitting lasers. Though the surface
emitting lasers are classified to some structures by the surface emitting methods [35], a
vertical-cavity type is most interesting structure because of possibility of extremely micro
structure. The schematic structure of vertical-cavity surface emitting laser is shown in Fig. 1.2.
According to the vertical emitting with small cavity, the surface emitting laser has following

advantages;

1)  Densely packed two-dimensional laser array,

2)  Dynamic single mode operation due to large mode spacing,
3)  High efficiency fiber coupling due to sharp circular beam,
4)  Ultra-low power consumption with micro structure,

5)  Fabricated by a fully monolithic process,

6)  Vertical integration with the other planar devices,

7)  Initial probe test without device separation.

These features are satisfy the required characteristics for the next generation light
sources in not only optical communication systems but also optical memory systems, optical

integrated circuits and so on.



2D Surface Emitting Laser Array

Fig. 1.2 Schematic view of two-dimensional arrayed surface emitting lasers.

1.2.2 Progress of Surface Emitting Lasers

In 1977, the surface emitting injection laser was proposed first by Iga of Tokyo Institute
of Technology and adviser of this study. The first achievement of current injection surface
emitting lasers were reported by Soda et al. with GalnAsP/InP system in 1979 [36]. The
lasing was observed under 77K pulsed condition and the threshold current was 860mA
(11kA/cm?2). The mirrors were formed by epitaxial surface and polished substrate surface, and
current confinement was realized by a circular electrode. Then, the buried heterostructure
(BH) was reported to confine current in 1981 [37] and the short cavity structure formed by
removing substrate was proposed for reducing absorption loss in 1982 [38]. In 1984, the first
GaAlAs/GaAs surface emitting laser was demonstrated and achieved the first room
temperature pulsed operation of surface emitting lasers by Ibaraki et al. [39]. To realize high
reflectivity mirrors, the applicability of semiconductor distributed Bragg reflector (DBR) was
examined for GalnAsP/InP system in 1985 [40] and a dielectric multilayer mirror was applied
to GaAs system in 1986 [41]. The first room temperature continuous wave (CW) operation
was achieved in GaAlAs/GaAs system by Koyama et al. in 1988 [42]. From these days,
research about the surface emitting laser had been increased.

In 1989, a multi-quantum well (MQW) structure was introduced into a GaAlAs/GaAs
surface emitting laser for the first time [43] and InGaAs/GaAs strained QW with AlAs/GaAs
DBR was reported with a very low threshold by Jewell et al. [44]. Soon, the threshold
reduction was rapidly realized in InGaAs/GaAs system and less than 1mA has been reported
by many groups [45, 46]. These threshold currents were equal or less then the minimum
threshold current of conventional edge emitting lasers. Especially, native oxide current
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definition was effectively lowered threshold current [47], and in recent time, threshold current
~ less than 100pA was reported by Hayashi et al. (70uA) [48] and Yang et al. (8pA) [49] in
1995. The threshold current is the lowest in semiconductor lasers. Furthermore, the
wavelength range of surface emitting lasers have been extended to red visible region with
AlGalnP/GaAs system [50] and a ZnSe based blue-green surface emitting laser was also
reported at 77K [51]. In this way, the surface emitting laser has been progressed rapidly. In

recent years, the InGaAs/GaAs surface emitting laser arrays have been commercially available.

1.2.3 Requirements for Long Wavelength Surface Emitting Lasers

As described in background of optical communications, the long wavelength region of
1.3pum and 1.55pm is important for realizing high performance optical transmission systems.
Therefore, the GalnAsP/InP surface emitting laser is suitable as well as conventional lasers.

Though the research of surface emitting lasers were started in a GalnAsP/InP systeﬁ,
the progress of surface emitting lasers has been rapidly in short wavelength systems as
described above. Even though the lasing characteristics were also improved for long
wavelength surface emitting lasers, the lasing characteristics were worse than that of short
wavelength surface emitting lasers. The lasing characteristics in 1990, the start time of this
study, were follows. The target wavelength had been only at 1.3um and 1.55um-wavelength
device was not reported. The operating temperature of long wavelength surface emitting lasers
were not reached to room temperature even at pulsed condition. The maximum operating
temperature was -10°C and the threshold current was extremely large (>400mA) though the
minimum threshold current of 0.98um wavelength of InGaAs/GaAs systems was 1.3mA at
room temperature.

Such poor lasing characteristics are due to some substantial difficulties for making long
wavelength surface emitting lasers. The difficulties of long wavelength surface emitting lasers

are considered to be due to the following reasons.

i)  The Auger nonradiative recombination is noticeable and this makes the
threshold current density abnormally high at near room temperature.

ii)  There is a large absorption known as inter-valence band absorption
(IVBA) for long wavelength light. This [VBA increases the cavity losses
and consequently the carrier density for lasing.

iii) Difficulty of high reflectivity semiconductor multilayer reflectors due to
small index difference between GalnAsP and InP.

These difficulties increase the threshold current density and hence threshold current.
The increase of current density and current raises the device temperature, and unfortunately, it



effectively increases Auger recombination and inter-valence band absorption. Due to such
negative feedback, the low threshold current and high operation temperature of long
wavelength surface emitting lasers are difficult.

The improvements of lasing characteristics for long wavelength surface emitting lasers
are difficult due to above problems, however many researches have conquered these problems.
The recent progress of long wavelength surface emitting lasers are follows.

The first room temperature operation in long wavelength region was realized by
photopumped operation in 1990 [52]. Immediately, the first room temperature injection laser
was reported using an n-side GalnAsP/InP DBR under pulsed condition [53] and near room
temperature pulsed operation was also obtained applying Si/SiO, multilayer mirrors [54].
Then, a lasing above room temperature of 66°C was realized under pulsed condition and
threshold current was lowered to 1.5mA at 77K [55]. In these days, the threshold current
density at 77K was reduced to around 500A/cm?2 [55, 56]. Room temperature pulsed operatiori
of 1.58um surface emitting lasers with GalnAsP/InP DBR was reported with low threshold of
21kA/cm? in 1992 [57]. In late 1992, the operating temperature was up to 144°C under
optically pumped condition by a fused GaAs/AlAs DBR device [58]. In early 1993, the first
room temperature CW operation was achieved by Baba et al. by LPE grown 1.3um device
which consisted good thermal conductivity mirror of MgO/Si multilayers [59]. Its threshold
current was 22mA (19kA/cm?) at 14°C. In 1994, a low threshold of 9mA (pulsed) device was
reported by injection type GaAs/AlAs fused structure [60]. The first QW long wavelength
surface emitting laser was realized by Uomi et al. [61] and a strained QW surface emitting
laser operated up to 150°C under photopumped condition [62]. In 1995, a double fused
GaAs/AlAs mirror device with bulk active layer was reported with threshold current density
of 3kA/cm?2 [63], and then the room temperature operation was achieved at 2.3mA threshold
current with strained QW and double fused mirror structure by Babic et al. [64]. On the other
hand, applying dielectric mirror of Si/Al,0; and MOCVD regrowth of buried heterostructure,
12mA threshold current was also achieved under room temperature CW condition [65]. Figure
1.3 shows the progress of threshold current and maximum operating temperature of
GalnAsP/InP long wavelength surface emitting lasers.

Even though the lasing characteristics have been much improved as described above,
the applicability of long wavelength surface emitting lasers is not sufficient for practical use
comparable with short wavelength devices. The most effective method to realize practical use

level devices is considered to be reduction of threshold current and its current density.
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Fig. 1.3 Progress of GalnAsP/InP long wavelength surface emitting lasers.

Plotted data are for current injection surface emitting lasers.

1.3 Objectives of This Study

1.3.1 Objectives of This Study

The purpose of this study is, therefore, the realization of long wavelength (especially

1.55um range) surface emitting lasers and improvement of its lasing performances. In this

study, the

GalnAsP/InP material is selected and the relatively new epitaxial technique of

chemical beam epitaxy (CBE) is used to grow the laser structures.

The purpose of this study is summarized as follows;

D

3)

2) .

Design optimization of 1.55um GalnAsP/InP surface emitting lasers for
lowering threshold current.
Establishment of CBE technique for applying to surface emitting lasers.

Realization of 1.55um surface emitting lasers and investigation of laser

characteristics.




1.3.2 Outline of This Thesis

In chapter 2, GalnAsP/InP surface emitting laser structures are designed for lowering
threshold current density by optimizing structure. Then, high reflectivity mirrors are also
designed.

In chapter 3, the background of chemical beam epitaxy (CBE) and CBE system is
described first. Then, the CBE growth of InP and GalnAsP are discussed. Lastly, the laser
material of bulk active layer is characterized for applying to surface emitting lasers.

In chapter 4, the quantum well structures are grown by CBE and evaluated by
photoluminescence characterization. Then, the laser characteristics of QW edge emitting
lasers are discussed.

In chapter 5, bulk active laser wafers grown by CBE are fabricated to surface emitting
lasers. Then, the lasing operations are demonstrated and the lasing characteristics are
discussed.

In chapter 6, the lasing characteristics of surface emitting lasers with hybrid mirrors are
fabricated. Then, a small active size device was demonstrated. Lastly, the quantum well
surface emitting lasers are considered.

In chapter 7, electrical characteristics of p-type multilayer mirrors are considered for
applying to surface emitting lasers. Furthermore, the current injection uniformity is discussed.
Then, future prospects of high performance long wavelength lasers are described.

Lastly, the conclusions of this thesis are summarized in chapter 8.
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Chapter 2

Design of Low Threshold GalnAsP/InP
Surface Emitting Lasers

In this chapter, it is considered how to reduce the threshold current
density of 1.55pm GalnAsP surface emitting lasers. To realize high
performance lasers, the optimum design of active layer structure, effect of
reducing optical absorption in cladding layer and design of high reflectivity

mirrors are discussed.

2.1 Threshold Condition of Surface Emitting Lasers

To design surface emitting laser structures, general expressions of lasing threshold
conditions are represented first. The basic structure of surface emitting lasers and
conventional edge emitting lasers is composed of two mirrors and an active layer as shown in
Fig. 2.1 (a) and (b). The expression of threshold gain for surface emitting lasers is shown as
follows;

1 1 1
8th = Uge + (g—l)'aex +aln(};) 2.1

where g, is threshold gain. L is cavity length and R is mirror reflectivity. o o and o, is
absorption coefficient in active layer and cladding layer, respectively. As the confinement
factor £ is determined as the ratio of optical power in the active layer and overall optical

power, the confinement factor £ is written as follows;

§=&-5 (22
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Fig. 2.1 Schematic structure of surface emitting laser (a) and edge emitting

laser (b) for considering threshold conditions.

where £, and &, represents the confinement factor for the transverse direction and the
longitudinal direction, respectively. &, is calculated by the transverse modal field of optical
waveguide and the diffraction loss, and hence &, is considered to be almost unity if the device
size is much larger than the lasing wavelength. On the other hand, the longitudinal optical
field is optical standing wave and & is represented as;

d sin(z’;fd)
él :‘Z‘ 1+W (23)

where ) is lasing wavelength and # is refractive index in the active layer. Figure 2.2 shows the
matching factor represented as later term of Eq. (2.3). The order of active layer thickness is
usually about or less than lasing wavelength, and hence &, is enhanced if the active layer is
placed at the peak of the optical standing wave in the cavity [1]. The matching factor is
increased and approaches to 2 for very thin active layer (d<0.1pm). For the case of thick
active layer, the confinement factor £ is represented approximately as E=d/L.

The threshold condition of edge emitting lasers is also represented as follow;

) 1 1 1
i =aac+(F—l)-aex+F—.—Eln(}7) (24)
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where I is the optical confinement factor which is calculated by modal field of the optical
waveguide. The difference between Eq. (2.1) and (2.4) is only notation of confinement factor,
cavity length and reflectivity. If the confinement factor is assumed to be the same for both
structures (which is possible condition), the surface emitting laser reflectivity R is represented
as R= R
edge emitting lasers and the cavity length L of I~4um for surface emitting lasers, the

for the same threshold gain condition. Assuming the reflectivity R’ of 0.3 for

reflectivity R of surface emitting laser is calculated as shown in Fig. 2.3 as a function of edge
emitting laser cavity length L’ Thus very high reflectivity (>90%) is usually required for
surface emitting lasers due to short gain length.

Next, the relations between gain and current density are represented. The gain in active
layer is increased by current injection. Assuming the constant differential gain 4, the relation

between gain g and carrier density M is represented as;
g=A4y-(N-N,)=dy-N-a,, (2.5

where N, is transparency carrier density and Oy = Ay N,

threshold carrier density is calculated by Eq. (2.1) and (2.5). The threshold current density J,,
is related with threshold carrier density &, as follows;

is residual absorption loss. The

Ja=ed- X< eq(B. N2+ CoND) 2.6)

T

N

where e is electron charge and carrier lifetime ¢ ¢ 1s approximated as;

LoB N+(4+B, N+CN?)eB, N @.7)
T

N

where 4, B and C are recombination coefficients. 4 is recombination coefficient disproportion
to the carrier density and possible to negligible. B. is called radiative recombination
coefficient and C is related to Auger nonradiative recombination [2,3]. B=B, +B,, is used
in Eq. (2.6). B o 1S effective recombination coefficient, however it does not approxnnate if
Auger recombination effect is large.

From the above expressions, it is considered how to reduce the threshold current density.
4y and N, in Eq. (2.5) is varied by active materials such as bulk quantum well (QW) and
strained materials. To reduce the threshold gain of Eq. (2.1), reduction of the absorption loss
(o, and o ¢x) and increase of the reflectivity R is effective. In following sections, I design the

laser structures concerning these points to realize low threshold surface emitting lasers.
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2.2 Optimization of Surface Emitting Laser Structure

2.2.1 Active Layer Materials for Surface Emitting Lasers

As mentioned above section, the gain characteristics are one of the most important
factor for lowering threshold current density. In this section, the active layer material for
surface emitting laser is considered first.

The bulk material with double heterostructures has been used as an active layer since the
first continuous wave (CW) operation by Panish and Hayashi of AT&T bell laboratory in
1970 [4]. The bulk active layer is usually thick (more than several 100A) single crystal as
shown in Fig. 2.4. The material properties of bulk crystals have been enough studied and
established, and therefore bulk material is one of the useful active layers.

Superlattice structures were suggested to realize new material properties by Esaki and
Tsu of IBM Thomas J. Watson Laboratory in 1970 [5]. This idea has been realized as the
quantum well (QW) structure in semiconductor lasers [6]. The carriers are confined in the
potential well which is formed by a ultra-thin layer sandwiched by wide bandgap materials as
shown in Fig. 2.4. As the result of carrier confinement effect, the density of states is changed
to step-like, and furthermore the dipole moment parallel to the well becomes large [7]. Such
change of density of states and dipole moment increases A, in Eq. (2.6) and therefore the
threshold current density of semiconductor lasers is expected to be reduced [8, 9]. The other
advantages of QWs are less temperature dependence [10], narrow gain spectrum high
modulation response, emission wavelength control by well width, etc. [11,12].

It has been known that material properties are also changed by stress in the crystal. As

Bulk | Unstrained Compressive Tensile
Quantum Well Strained QW  Strained QW

d>500A. -~ d<200A d<200A d<200A

A=Cgup _ A= Qgup a>0gyp a<Qgyp

Fig. 2.4 Active materials are shown. d is thickness of active layer and a is
lattice constant of free standing active layer material. ag,, is lattice

constant of substrate material.
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the result of stress, the band structure is changed [13] and the lasing characteristic is also
modified [14, 15, 16]. We can give stress in the crystal by growing the lattice mismatch
material. Though the relatively thick lattice mismatched material has the crystal defects [17,
18], sufficiently thin films such as QWs can be grown without defect and the stress is
introduced successively in the crystals. Such QW structures are called strained QW. The
advantages of strained materials on the ‘optical device are suggested by Adams of University
of Surrey, UK, and Yablonovitch and Kane of Bell Communications Research in 1986 [19,
20]. The strained materials are classified to two types by stress direction, compressive strain
and tensile strain. As the result of band structure change, the laser threshold current is
expected to be reduced, and Auger recombination and inter-valence band absorption (IVBA)
is also expected to be effectively eliminated by band structure change. In short, coefficients of
Ay, N, 0, and C are expected to be improved by strained QWs. )

As the other high potential active materials, quantum wire and quantum box structures
were suggested and have been studied [8], however these structures have disadvantages of
difficulty on fabrication in this time.

2.2.2 Design of Bulk Active Layer Surface Emitting Lasers

In this section, the threshold current density of surface emitting lasers with bulk active
layer is considered. The QW structure is known as superior gain characteristic material
compared with bulk active layer. However, the active layer thickness of QWs is not so thick
compared with bulk active layer even if we apply the multiple-QW (MQW) structures. Hence
the bulk active layer structure is also candidacy of active layers for the surface emitting laser.

First, the gain characteristic of bulk material is considered. To calculate the linear gain
coefficient against injection carrier density, the density matrix theory taking into account the
intra-band relaxation is most effective [21]. As the target wavelength is 1.55um, the active
layer is assumed to be GalnAsP (Ag=1.55um) lattice matched to InP. From the result of the
gain calculation, the peak gain of the bulk active layer is increased linearly against injected
carrier as described in Eq. (2.5), and parameters are estimated to be Ay =2.5x% 107 cm? and

N, =12x 101\80m_3 (oc in = BOOcm“l) at room temperature [22].

The injected carrier density is related with the injected current density as shown in Eq.
(2.6). Figure 2.5 shows the relation between gain and injected current density for the active
layer thickness of 0.2um and 1.0pm. The recombination coefﬁc1ent B and C, used for
calculations are summarized in table 2.1 with the other parameter for calculating the threshold
current density of surface emitting lasers. As the gain is increased with high slope for the thin
active layer, the thin active layer structure looks like good material. However, the optical
confinement factor € is reduced for thin active layer structure, and hence there are optimum

active layer thickness for the lowest threshold current. We can see large Auger recombination
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Fig.2.5 Gain vs. current density characteristics for bulk active layer. The
Auger coefficient C is assumed to be 0 and 0.7x10-28cm6/s.

effect for thin active layer structure because the injected carrier density is larger than that for
thick active layer structure under the same injected current.

Next, the threshold current density of surface emitting laser is considered for bulk active
layer. The device model for calculation is shown in Fig. 2.6. The threshold current density of
bulk active layer is calculated by using Eq. (2.1), (2.5), (2.6). The parameters used in the

Light Output

Mirror R
n-InP Clad. One

p-InP Clad. Upe

Mirror R

Fig.2.6 Device model of a GalnAsP/InP surface emitting laser for
calculation of threshold current density.
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calculations are summarized in table 2.1. Figure 2.7 shows the result of threshold current
density against active layer thickness at room temperature. The cavity length L is fixed to 4u
m, and hence the cladding layer thickness is changed as active layer thickness. The threshold
current density is waved as changing the active layer thickness due to matching factor effect.
Considering the current injection condition of conventional semiconductor lasers and light
emitting diode, the lasing operation is expected by the reflectivity of over 98% at room
temperature. Such high reflectivity is possible by multilayer reflectors described in below
section. The threshold current density of bulk active layer is expected to be less than
20kA/cm? for 99% reflectivity with 1pum active layer thickness and SkA/cm? is expected for
almost 100% reflectivity. However, the expected threshold current density is higher than that
of conventional edge emitting lasers with bulk active layer, for example, 1-5kA/cm2. To
realize high performance surface emitting lasers, the threshold current density should be
reduced more. '

In the above calculations, the cladding layer thickness and absorption coefficients are
fixed. Therefore further improvement is expected by optimizing these structure configurations.

[ considered the reduction of absorption coefficient in cladding layer.

N
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Fig. 2.7 Thresholci current density against GalnAsP (Ag=1.55um) bulk active

layer thickness for various reflectivities.
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Table 2.1 Parameters used in the threshold current density calculation for
bulk active layer surface emitting lasers. Reference : a) [22], b) [23].

Ay @ 2.5x10-16 cm?2 | o, D) 60 cm-!
N, @ 1.2x1018 ¢m3 |, D) 10 cm-!
B b) 1.0x10-10 cm3/s | oty D) 30 cm-!
C b) 0.7x10-28 cmb/s

2.2.3 Effect of Optical Absorption Reduction in Cladding Layers

The optical absorption in semiconductor [24] is one of problems for lowering threshold.
Therefore, the absorption in cladding layer is considered with respect to the threshold current. -

For the n-type material, the free carrier (plasma) absorption is important and the
absorption coefficient O is proportional to the carrier density N as follows; '

242
e N
oy = N (2.8)
fe 8nnemt

where e is electron charge, # is reflective index, m is effective mass and t is the relaxation
time related with diffusion coefficient. Though 0 Is less than 10cm-! for usual doping
concentration, the minimum absorption coefficient is considered to be 10cm-! for calculations
because the reduction of dominant absorption process appears the other absorption process.

On the other hand, p-type material has large absorption coefficient comparable with n-
type material. The valence band of most semiconductors is formed by heavy-hole, light-hole
and spin-orbit-sprinting band. In p-type semiconductor, the transition between spin-orbit-
spiriting and heavy-hole band is occurred because the valence band is populated with holes.
The transition for lasing wavelength is allowed for relatively large wavenumber carrier, and
therefore the absorption is increased as increasing p-type doping. Such intervalence band
absorption (IVBA) is large for long wavelength because the transition is possible to occur at
near center of the Brillouin zone due to small light energy. The absorption coefficient o in p-
type material is approximated by next equation;

a=a. +DP.p 2.9)

nt

Wwhere o, is an intrinsic absorption in the order of less than 10cm-1, D®) is the absorption

Cross section associated with hole transitions and p is hole concentration. The absorption
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Fig. 2.8 Absorption coefficient of p-type GalnAsP and InP for various hole
concentrations. The light wavelength is 1.55um. The absorption
coefficient of InP is result of Ref, 25.

characteristics for p-doped InP have been studied [25]. However, that for GalnAsP which is
used as contact layer and semiconductor multilayer for surface emitting lasers is not
sufficiently cleared.

In this study, the absorption coefficient of GalnAsP (Ag=1.45um, Ag=1.3 lum) material
is measured to design the surface emitting lasers. The sample grown by CBE had single
GalnAsP layer with p-type Be-doping. Figure 2.8 shows measured absorption coefficients of
GalnAsP against doping concentrations for 1.55 um wavelength light with the results for Zn-
doped InP measured by Casey et al. of Duke University [25]. D®) is estimated as 20x10-18cm?2
and 55x10-18cm? for GalnAsP of Ag=1.31um and Ag=1.45um, respectively. That for InP was
reported as 20x10-18cm?2. As the activation energy of IVBA is related with sprit-off energy,
the large absorption coefficient for GalnAsP (Ag=1.45um) is considered due to large sprit-
energy compared with that of InP. The absorption cross sections are summarized in table 2.2
with the theoretically calculated values for the 1.55 pum light.

Next, the effect of inter-valence band absorption (IVBA) loss in the p-cladding layer is
®Xamined with respect to the threshold current density of long wavelength surface emitting
lasers. As discussed in section 2.1, the threshold gain is reduced by lowering the absorption
loss. Assuming the absorption coefficient of p-type material as Eq. (2.9) with the experimental
absorption cross-sections in table 2.2 and a,;,~0, the threshold current density of bulk active
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Table 2.2 Summary of absorption cross-section D®) of p-type material for
1.55pm wavelength light. Split-off energy is shown as a reference.

InP GalnAsP
Experimental 20 Ref[25,26] | 20 (*g=1.3um) This study
55 (Ag=1.45um) This study
48 Ref [25
Theory i [[2 6]] 50 (Gag g s349) Ref 26]

0.254 (eV) (Ag=1.3um)
Split off energy [27] 0.11 (eV) 0.314 (eV) (Ag=1.55um)
0.35 (eV) (Gay 4;In; 53As)

layer is calculated again.

Figure 2.9 shows the relation between threshold current density of bulk active layer and
mirror reflectivity for various doping concentrations in the p-cladding layer. The active layer
thickness is optimized for each reflectivity. The absorption in active layer is also assumed to
be proportional to the injected carrier density because IVBA is also dominant absorption in

1.5
5x10"7¢m™

40 | [ 11.0

10.5

____________________

10.0

N
o

Active Layer Thickness (um)

 p=2x10"8cm"
1x10'8cm3
5x10"7cm™

"y
o

Threshold Current Density (kA/cm?)

O i i i i i
0.980 0.985 0.990 0.995 1.000
Mirror Reflectivity R

Fig. 2.9 Minimum threshold current density and optimized active layer
thickness against mirror reflectivities for various p-doping in
cladding layer. Step-like layer thickness is due to matching factor.
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the active layer. The absorption cross-section of active layer is assumed to be 55x10-18¢m-!
which is from the value of GaInAsP (Ag=1.45um). From the result of calculation, the doping
concentration in cladding layer affects to the threshold current density strongly. Especially for
high reflectivity region, the threshold current reduction ratio is large due to small mirror loss.

As the light absorption is represented as multiple of absorption coefficient and layer
thickness, the cladding layer thickness also affects to the threshold current. The threshold
current density against reflectivity for various cladding layer thicknesses is shown in Fig. 2.10.
In this calculation, both sides of cladding layer thickness are assumed to be the same and the
doping concentration of p-cladding layer is assumed to be 1x10!8cm-3. The cladding layer
thickness also effect to the threshold current density strongly. As the result, the threshold
current density of less than SkA/cm? is expected by lowering doping concentration and
reducing cladding layer thickness even for bulk active layer surface emitting lasers.

From the result, it is important to reduce the doping concentration and thickness of p—.
cladding layer for lowering threshold current. However, reducing of doping concentration
appears the intrinsic absorption o, and hence there may be the minimum doping
concentration. Furthermore, such low doping and thin cladding layer are not good for current
injection because the low doping material has large electrical resistance and the thin layer
thickness is also increase the electrical resistance for current flow as discussed in chapter 7.

1N
o

p=1x10"8cm3

w
o

Clad.=2.0um
1.0um
0.5um

N
o

—t
o

Threshold current density (kA/cm?)

O " " 2 A 1 " 1
0.980 0.985 0.990 0.995 1.000
Reflectivity R

Fig. 2.10 Threshold current density agaihst mirror reflectivity for various
cladding thicknesses. The doping concentration in p-cladding layer is
assumed at 1x1018¢cm-3,
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2.2.4 Threshold Current of Quantum Well Surface Emitting Lasers

Next, the threshold current density of quantum well surface emitting lasers is discussed.
First, the relation between quantum well structure and electric field of surface emitting lasers
are considered. As the theoretical result for edge emitting lasers, it is known that the
unstrained QWs and compressive strained QWs have large TE gain which corresponds to
parallel electric field to the surface [7, 28, 29]. On the other hand, tensile strained QWs have
large TM gain which corresponds to perpendicular electric field to the surface. Considering
the electric field of surface emitting lasers, the electric field should be parallel to the surface
and hence the unstrained QW and compressively strained QW is suited for the vertical cavity
surface emitting lasers. The relations are shown in Fig. 2.11. Due to such reason, the
unstrained QWs and compressively strained QWs are considered in this study.

The gain characteristics for unstrained and strained QWs are also calculated by density
matrix theory as mentioned previously. As the simple treatment of quantum wells, the
differences from bulk active layers are the step like density of states and increase of matrix
momentum as mentioned previous section [7]. However, it should be analyzed considering
band mixing effect in the valence band in detail and the band structures are analyzed by
Luttinger-Kohn (L-K) Hamiltonian [30]. Lin and Lo calculated the gain characteristics for
GalnAs compressively strained QWs by L-K Hamiltonian and lead the empirical formulas of
the gain characteristics [31]. However, it is slightly difficult to lead for all composition of
GalnAsP which is useful material because the strain and well thickness is selected
independently (see chapter 4). It is also difficult to treat the carrier leakage from well to

barrier which effect to the effective gain characteristics. From above reasons, I considered the

Edge Emitting Laser Surface Emitting Laser

Electric Field Light
Light

TE mode ~ TM mode TE mode
Compressive Strained QWs Tensile Strained QW Compressive Strained QWs
Unstrained QWs : ensile straine S Unstrained QWs

Fig. 2.11 Electric field of edge emitting lasers and surface emitting lasers. The
electric field of surface emitting lasers is parallel to the surface
which is the same as TE mode of edge emitting lasers.
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gain characteristics of quantum wells from the experimental results.

I grow the some types of edge emitting laser wafers with unstrained and strained QW as
described in chapter 4. Here I show only the results of the gain characteristics to design the
surface emitting lasers. Figure 2.12 shows the experimental gain-current  density
characteristics of unstrained GalnAs QW, strained GalnAs QW and strained GalnAsP QW for
a single QW structure. The well thickness of unstrained and 1% compressively strained
GalnAs QW is 35A and 70A, respectively. The thickness of GalnAsP well is 654 and the
strain is about 1% compressively. The barrier is GalnAsP (Ag=1.2pm) for each structure.
Detail structures are shown in chapter 4. The strained GalnAs QW shows five times large gain
compared with unstrained GalnAs QW. It is also larger than the gain of strained GalnAsP
QW. However, considering the well thickness which is related with confinement factor, the
GalnAsP well is superior to the strained GalnAs well because the gain ratio for the same
current density is less than 2 though the thickness ratio is about 2.

The threshold current density of QW surface emitting lasers are calculated as well as
bulk active layer structures. The cavity lengths are fixed to 4um and the used absorption
coefficients are shown in table 2.1. The well numbers are corresponded to the bulk active
layer thickness. The difference from the bulk active layers is that MQW structure is possible
to separate the gain region. As shown in previous section, the matching factor effects to the
threshold current density strongly if the thickness is enough thin. The idea of periodic gain

3000
5 1% cs GaEAs
Lw=35
2500 ¢ (Lw=354)
E, 2000
£
& 1500 | 1% cs GalnAsP
E ' (Lw=65A)
g' 10007 unstrained GalnAs
(Lw=70A)
500 | ///
0 -
0O 02 0.4 0.6 0.8 1

Current Density (kA/cm?)

Fig. 2.12 Gain vs. current density for strained/unstrained QWs. The results are
calculated from experimental results shown in chapter 5.
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structure or matched gain structure is more effective if the active region is separated [1]. In
this study, single gain and separate gain structure are considered. As the separate gain
structure, two-region structure is considered because of difficulty of uniform carrier injection
for multi-gain region structures. The schematic structures are shown in Fig. 2.13.

The calculated threshold current density for GalnAsP 1% compressively strained QWs
is shown in Fig. 2.14 using experimentally estimated gain characteristics. The parameters
except gain characteristics are the same as the bulk active layer surface emitting lasers. From
the result, the separate gain structure is superior. The threshold current density for GalnAsP
QWs is possible to reduce less than 1kA/cm? at 99.9% reflectivity with 4-12 wells and less
than 2kA/cm?2 at 99.5% reflectivity with 8-12 wells. The threshold current density for strained
GalnAsP QWs is expected to be about 1/5 of that of bulk active layer.

Figure 2.15 shows the relation between mirror reflectivity versus threshold current
density for GalnAsP strained QW surface emitting lasers with separate gain structure. One is
2um cavity length with doping concentration of p=5x1017cm-3 and another structure is 4pum
cavity length with p=2x1018¢cm=3. The threshold current density of about 400A/cm2 is
expected by lowering absorption loss in cladding layer with mirror reflectivity of 99.9%.

Standing Wave

N/

QW Position

(a) Single Gain Region (b) Separate Gain Region

Fig. 2.13 Periodic gain structure with single (a) and separate (b) gain region.

In this figure, total well number is assumed to be 4.

29



Design of Low Threshold GalnAsP/InP Surface Emitting Lasers

<10 Q

£ j{ GalnAsP 1% cs
< \ well : 66A

=< 8t | barrier : 150A
z \ o

® \ o~%-a

c \ -

o \ pe Q.

D 6 O\\ /Q’ \O\

= e\ R=0.995 / o

o R=0.999 \& - o

— 4‘ “O“O Y

3> ) S
o \ \ 7
O \ (S ) T o

©° 2 g Seee—— o ‘-‘-‘9’——9-“9“{}""&"0‘"0-0-~<>
o ~ -—-O‘"O/ o - ®

e i oS S
ﬁ 0 L . R L . " ) .
0 4 8 12 16 20

Well Number

Fig. 2.14 Threshold calculation of GalnAsP strained QW surface emitting

laser using experimental gain characteristics. The cavity length is

fixed to 4um and Auger recombination coefficient is neglected.
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Fig. 2.15 Threshold current density and optimized number of wells against
reflectivity for different cladding thickness and doping.
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Finally, the relation between threshold current and threshold current density is shown.
the threshold current is calculated by multiple of threshold current density and active region
area. Fig. 2.16 shows the threshold current versus active region diameter. Threshold current of
Jess than 10mA is possible even if the threshold current density is as large as 10kA/cm?2 which
is the value for bulk active layer with 99.5% reflectivity. Furthermore, threshold current of
Jess than 100pA may be realized with strained QW surface emitting laser with active region
diameter of few pm. Such low threshold current is as low as the record threshold current of

short wavelength surface emitting lasers.

1000 ¢
b Threshold Current Density (kA/cm?)

—h
o
o

-—
o

Threshold Current (mA)
o

0.01 |

0.001 L —
1 10 100

Active Region Diameter (um)

Fig 2.16 Threshold current vs. active region diameter for various threshold
current density. Diffraction loss effect and surface carrier

recombination effect are not considered in this calculation.

2.3 Design of High Reflectivity Mirrors

2.3.1 Mirrors for Surface Emitting Lasers

As mentioned in previous sections, the reflectivity of surface emitting laser is required
at least 98% to realize room temperature operation and over 99.5% for equal laser
Performance with conventional edge emitting lasers.

As known generally, the power reflectivity at the interface of two materials which
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indexes are n; and n, is represented as R = (n, — 1y )2 / (ny + nz)z. Assuming InP as material
n, and air as n,, the reflectivity for 1.55um wavelength is about 27%. Therefore, the epitaxial
surface is not suited as a mirror of surface emitting lasers, though the cleaved facet of edge
emitting laser is used as mirrors generally. ,

At first stage of surface emitting lasers, the gold (Au) on semiconductor surface was
used as mirrors [32]. Its reflectivity is expected to be over 90%, theoretically about 94%. Then,
SiO, was inserted between semiconductor and gold to realize higher reflectivity, and this
Si0,/Au mirror shows the reflectivity of about 98%-98.5% ideally [33]. A surface emitting
Jaser with semiconductor multilayer mirror was demonstrated at about same time [34]. Then,
the dielectric multilayer of SiO,/TiO, pairs was utilized [35] and the first room temperature
operation was achieved by using dielectric multilayer mirrors for GaAs system [36]. These
semiconductor and dielectric multilayer reflectors are possible to achieve over 99%
reflectivity theoretically as mentioned below.

The one of advantages of dielectric materials is extremely low optical absorption. To
choose dielectric materials, there are some points as follows; (1) large index difference, (2)
small thermal resistance, (3) easy to deposition, (4) easy to fabricate micro structure. There
are some material systems, for example, Si0,/Ti0,, Si0,/8i, MgO/Si, etc. These dielectric
material systems have a characteristic of non-electrical conductivity.

On the other hand, semiconductor multilayer reflectors (distributed Bragg reflector :
DBR) have a characteristic of electrical conductivity and possibility of growth simultaneously
with active layers. As the semiconductor DBR, lattice matching materials are required for
epitaxial growth. Therefore, pair of GalnAsP and InP is one of the good materials for long
wavelength surface emitting lasers [37, 38]. The other material system lattice matched to InP
is also demonstrated for long wavelength mirror, for example, AlAsSb/GaAsSb [39],
AlPSb/GaPSb [40], AlAsSb/GalnAs [41], AlGalnAs/InP [42] and InGaAs/InAlAs [43].
However, these novel materials are not suited to the conventional growth system. In recent
years, GaAs/AlAs DBRs were demonstrated for long wavelength surface emitting lasers [44].
The multilayers were grown on GaAs substrate and bonded to InP wafers by wafer fusion
technique [45, 46]. This fusion technique introduces small crystal defects and deterioration of
reflectivity is very little [47].

2.3.2 Design of Multilayer Reflectors for Long Wavelength SE Lasers

In this section, the feﬂectivity of multilayer mirrors is considered. To calculate the
reflectivity of multilayers, the standard matrix method (Appendix A) is used. The material
- Constant of low and high index material is shown in table 2.3 for the wavelength of 1.55um.
First, the dielectric mirror is considered about the number of pairs and high reflectivity

band‘ width. Figure 2.17 shows reflectivities against number of pairs for some dielectric

32



multilayers. The multilayers are assumed to be formed on InP and the light is incident from
InP side. All material systems reach to sufficiently high reflectivity of over 99.8% with less
than ten pairs. As described in chapter 5, therefore, Si/Si0, multilayers were used in this
study as dielectric mirrors because of easy to fabrication with small number of pairs. The
theoretical reflectivity spectrum is shown in Fig. 2.18. High reflectivity band width is
sufficiently wide, and hence thickness fluctuation is allowed for this mirror.

100 A Ay D
* Si/SiO2
80 | s © Si/MgO
~ b & TiO2/SiOz2
e T 7 100 .
| ,’lll:i //A——’LY
s 99.9 e
.": 2 ”l"/ - ; /Il —‘O"‘O—_
& < 99.8 | /7
S 40+ S5 - /)
= / T 99.7 { /
5 ) =97
o 20 99.6 | ¢
99.5 s
0 2 4 6 8 10
0 N
0 2 4 6 8 10

Number of Pair N

Fig. 2.17 Reflectivity vs. number of pairs for dielectric multilayer mirrors.

Inset figure shows zoom of a part of graph.

Table 2.3 Material properties for multilayer reflector material.

Material index absorption coefficient (cm-1)
Air ‘ 1 0
SiO, 1.45 0
Si 32 150
MgO 1.72 0
TiO, 2.42 0
InP 3.17 10 (n-type), 20x10-18p
GalnAsP (Ag=1.45um) 3.45 10 (n-type), 55x10-18p
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Fig. 2.18 Reflectivity spectrum of dielectric multilayers. The number of pairs

is 5 for each system. The center wavelength is set to 1.55pm.

Next, the reflectivity of semiconductor DBRs is considered. The advantage of
semiconductor multilayers is possibility of electrical conductivity as mentioned above
However, the carrier doping effects to the optical absorption as free carrier and inter-valence
band absorption mentioned in previous section. Here, GaInAsP/InP systems are considered

because of easy to grow. Figure 2.19 shows the reflectivity against number of pairs for various

doping concentrations. For the n-type DBR, the reflectivity of over 99.5% is possible due to
small absorption. On the other hand, the p-type doping of less than 1x1018¢m-3 is required for
achieving over 99.5% reflectivity. GaInAsP/InP DBR is effective for long wavelength surface
emitting lasers by controlling the doping concentration. However, the number of pairs for
semiconductor DBRs is very large and corresponding thickness becomes very thick.
Some characteristics of important multilayer mirror systems are summarized in table 2.4.
In this study, GalnAsP/InP multilayer mirror and Si/ Si0, multilayer is considered because the

GalnAsP system is easy to grow by the epitaxial growth system used in this study, and the
Si/ $i0, mirror has large index difference and easy to deposition and fabrication.
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Fig. 2.19 Reflectivity vs. number of pair for GalnAsP (Ag=1.45um) /InP DBR
for various doping conditions.

Table 2.4 Summarize of multilayer mirrors and its characteristics.

. Pair for | Thermal | Electrical
Material Max. R C t
atena ax >99% |ConductivitylConductivity ommen
S10,/81 <99.94 4 fair fair easy fabrication
MgO/Si <99.90 5 excellent fair stability?
GalnAsP/InP
n-type <99.7 31 .- .
p=5x1017cm3 | <99.4 34 fair excellent epitaxy
p=2x1018cm-3 | <98 --
GaAs/AlAs
n-type <999 15 good excellent wafer fusion
p-type <99.5 17

2.3.3 Hybrid Mirror Structure

As described in above section, there exist many types of reflectors. As the summary of
reflectors, the dielectric mirror has possibility of extremely high reflectivity with small
lumber of pairs and the semiconductor multilayer should be careful at the doping
concentration though it has the advantage of electrical conductivity.

35



Design of Low Threshold GalnAsP/InP Surface Emitting Lasers

The semiconductor mirror is possible to place at the side of the active layer. On the
other hand, the dielectric mirror requires the cladding layer between mirror and active layer.
The cladding layer is also absorption medium, therefore the absorption reduces the effective
reflectivity of dielectric mirrors.

In this study, I made proposal of the combination of dielectric mirror and semiconductor
mirror, and called a hybrid mirror structure. The hybrid mirror structure is shown
schematically in Fig. 2.20 with the conventional dielectric mirror and semiconductor mirror
structures. For hybrid mirror structure, a part of propagating light from the active layer is
reflected at semiconductor mirror region, and hence the light power is lowered gradually in
semiconductors. The light absorption is proportional to the light power, and therefore total
absorption loss may be reduced by lowering light power in the semiconductor.

Figure 2.21 shows the calculated effective reflectivity, which means the ratio of the
incident and reflected light, for hybrid mirror structure and conventional bulk InP claddiné
layer with dielectric mirror. The horizontal axis shows DBR pair number or thickness of InP
layer. The total thickness of DBR is adjusted to the corresponding InP thickness. The
dielectric mirror is assumed to be five pairs of Si/Si0, multilayer. The increase of
semiconductor DBR number reduces the . effective reflectivity due to increase of the
absorption material thickness. However, for the low doping case of p=5x1017cm-3, the
effective reflectivity of hybrid mirror is higher than that of conventional InP cladding
structures for all thickness region. For example, the reflectivity of 8 pair DBR is 0.2% higher
than that of 2um thick InP structure. At the reflectivity of over 99%, 0.2% increase of
reflectivity is significance. On the other hand, the effective reflectivity for p=2x1018cm-3 is
lower than that for InP structure for the thickness of less than about 1.7um or 7 pairs, however

Hybrid Mirror

I\Dllll?lltﬁggécr Semiconductor
+ Semiconductor o+
Cladding Muttilayer Dielectric

Multilayer

Absorption in cladding  Absorption in mirror Low absorption

Fig. 2.20 Schematic view of hybrid mirror structure with conventional

dielectric mirror structure and semiconductor mirror structure.
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for thick or large number of pairs, the hybrid mirror has also the advantage of high reflectivity.
For the n-type hybrid mirror, the absorption loss may be as low as that for low p-type doped

case. In this way, the hybrid mirror has advantage for long wavelength surface emitting lasers.
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Fig. 2.21 Reflectivity vs. pair number of semiconductor multilayer for hybrid
mirror. GalnAsP is assumed to be Ag=1.45um. The reflectivity of
InP cladding structure is also shown as the function of InP cladding
layer thickness. 5 pair of SiO,/Si dielectric mirror is assumed.
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GalnAsP/InP Growth by Chemical Beam Epitaxy

Chapter 3

GalnAsP/InP Growth by
Chemical Beam Epitaxy

In this chapter, a chemical beam epitaxial technique and its applicability
for surface emitting lasers is described. The growth condition of GalnAsP and
its crystal quality are discussed, and then the laser wafers are grown and
characterized.

3.1 Chemical Beam Epitaxy

3.1.1 Epitaxial Growth Techniques for III/V Alloy Semiconductors

The optical device, for example, laser diodes (LD), light emitting diodes (LED), photo
detectors (PD), etc., has commonly thin multilayer structures of alloy semiconductors.
Accordingly, highly controllability of layer structures such as thicknesses, compositions and
doping concentrations are required for realizing high performance devices, and hence epitaxial
growth techniques for III/V alloy semiconductors have been developed and improved to grow
the designed layer structure.

There are some growth techniques classified as 1) liquid phase growth method (LPE), 2)
vapor phase epitaxial method (VPE) and 3) growth method in ultra-high vacuum.

LPE techniques have been developed since earlier days of epitaxial growth. However,

this technique is inferior at the point of thickness controllability and abrupt heterojunctions
Wwhich are important to design high performance devices.

VPE techniques are classified to two methods. One uses haloid group III materials and
another uses metalorganic materials for group III sources. The latter is important technique for
the optical devices and the technique is called MOCVD (metalorganic chemical vapor
dePOSition) or OMVPE (organicmetal vapor phase epitaxy) [1]. The advantage of MOCVD is
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follows, 1) good composition and thickness controllability by controlling the source gas flow,
2) continuous source supply and easy source exchange, 3) low system cost without ultra-high
vacuum system. On the other hand, there are some disadvantages such as 1) existence of flow
pattern, turbulence, and intermediate reaction of gases, 2) difficulty of in-situ characterization.
The advantage is due to gas sources and the disadvantage is due to viscous flow of gas sources.

The growth method in a ultra-high vacuum has the advantage of 1) possibility of atomic
layer order growth, 2) in-situ characterization. The grthh techniques are classified to some
methods about source material type. The classification is shown in table 3.1 with the other
characteristics. Molecular beam epitaxy (MBE) uses solid sources for both group III and
group V [2]. Gas-source MBE (GSMBE) uses solid sources for group III and gas sources for
group V [3]. In this growth technique, the group V source is usually supplied by hydride gases
and cracked thermally in a growth chamber. As the product of cracked sources is like as that
of MBE, the growth mechanism of GSMBE is like as MBE. MOMBE uses metalorganic
sources for group III [4]. The growth mechanism is different from MBE and MOMBE
because chemical reaction of the group III alkyls is occurred at the substrate surface. The
chemical beam epitaxy (CBE), which is used in this study, uses gas sources for both group III
and V sources. The variety of gas sources is the same as MOCVD, and hence the advantage of
CBE is considered to be combination of MOCVD and MBE.

3.1.2 History of Chemical Beam Epitaxy

The vapor phase growth of alloy semiconductors has been started since.late 1950s for
bulk crystal growth. The VPE technique for epitaxial growth was suggested at mid 1960s and
developed for GaAs microwave devices [5] and GaAsP light emitting diodes (LED) [6].
MOCVD and MBE techniques have been started since late 1960s. The motivations of

Table 3.1 Classification of ultra-high vacuum growth techniques. MOCVD
technique is also shown to compare the characteristics.

MBE | GSMBE | MOMBE | CBE |MOCVD

Pressure (Torr) <10-% <10-3 <10-5 1 10-2~760
Group III sources |  Solid Solid Gas Gas
Group V sources Solid Gas Solid Gas
Dopant sources Solid | Gas/Solid | Gas/Solid | G: Gas
p-type dopant Be/Mg Be/Mg | Be/Mg/C Zn/C

n-type dopant - Si/Sn Si/Sn Si/Sn Se/S/Si
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MOCVD were simple growth system and good composition/thickness controllability
comparable with VPE [1, 7, 8, 9]. On the other hand, the motivations of MBE were atomic
layer order growth and study of the quantum structures such as super lattice, quantum wells
(QW) and two dimensional electron gas (2DEG) [2, 10, 11, 12].

To combine the advantage of MOCVD and MBE, Morris and Fukui of AT&T Bell
Laboratories applied gas sources to MBE in 1974 [13]. They used hydride gases of phosphine
(PH,;) and arsine (AsHs) as group V sources for the MBE system. Since then, Panish of
AT&T Bell Laboratories [14] and Calawa of Massachusetts Institute of Technology [15]
started to use AsH; and PH;. Panish named the technique gas source MBE (GSMBE) [3] and
he has been demonstrated its crystal qualities [16, 17]. The utilization of group V gas sources
is necessary to stabilize and control the beam flux ratio because of difficulty of vapor pressure
control of solid group V sources. On the other hand, the solid group III source has
disadvantages of beam flux change as remain source and necessity of source exchange with
exposing a growth chamber to the air. In 1984, Venhoff applied Trimethylgallium (TMGa) for
Ga source in MBE, and called this technique MOMBE with using AsH; gas for group V
sources [4]. At the Third International Conference on Molecular Beam Epitaxy in 1984, Tsang
of AT&T Bell Laboratories named chemical beam epitaxy (CBE) as the technique utilizing
gas sources for both group V and group III. He grew some II/V alloy semiconductors and
- demonstrated some devices for showing applicability of CBE grown materials [18,19,20]. The
First International Workshop on Chemical Beam Epitaxy was held in 1988 as satellite
meeting of the Conference on Molecular Beam Epitaxy. The International Conference on
Chemical Beam Epitaxy and Related Growth Technique has been held every year since 1989.

3.1.3 Advantages of Chemical Beam Epitaxy

As mentioned in previous sections, CBE technique is considered to be a combination
epitaxial technique of MOCVD at the point of using gas sources and MBE at the point of the
growth pressure. The advantage of CBE is summarized as follows.

The advantage of CBE comparing with conventional MBE is;

(1) easy and reproducible composition controls by gas flow control,

(2) source flexibility and easy source exchange.

The first thing is great advantage to grow alloy semiconductors such as GalnAsP which
Contains two kinds of high vapor pressure materials of phosphorus (P) and arsenic (As) [21,
22]. The second thing is also important to examine source materials for growing high quality
Crystals [23, 24] and also important to keep a growth chamber from the air.

- The advantage compared with MOCVD is follows;
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3) good thickness controllability due to no gas stagnation,

4) good layer and doping abruptness due to high rate exhaust and
relatively low growth temperature which is effective to avoid
interdiffusion and/or diffusion of atoms and dopants,

(5 good doping controllability without memory effect.

These advantages are molecular beam nature [18, 19, 20].

3.2 Chemical Beam Epitaxy System and Growth Mechanism

3.2.1 System of Chemical Beam Epitaxy

A CBE system used in this study is shown in Fig. 3.1. The system CBE-32 was
- manufactured by RIBER Co., France, and some parts of system were modified in this study.
Figure 3.2 is a photograph of the system. A schematic view of main unit of CBE system is
shown in Fig. 3.3. The CBE system looks like a MBE system around growth chambers and
like an MOCVD system around gas lines. For the growth chamber, a turbo molecular pump
(TMP) unit (2800¢/s for H,) with a rotary pump is used for high pumping efficiency. To
realize low background pressure and to avoid interference between high temperature cells, the
liquid nitrogen (LN,) is filled in shrouds. A TMP unit (330¢4/s for H,) with a rdtary pump and
an ion pump (IP) unit is used for loading chamber. The TMP and IP for the loading chamber
are used for achieving low pressure (<1x10-7 Torr) in short time by changing from TMP to IP
because the loading chamber is exposed to the air for each wafer loading. On the other hand,
the background pressure of the growth chamber before and during growth is typically <1x10-7
Torr and <5x10-5 Torr, fespectively. A TMP unit (330¢/s for H,) with a rotary pump is
utilized for gas lines. In the growth chamber, a quadrupole mass spectrometer (Q-mass) unit, a
reflected high energy electron diffraction (RHEED) unit and a flux gauge are installed for the

in-situ monitoring.
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Fig. 3.1 Chemical beam epitaxial system used in this study. In addition to the
system in this figure, control system cabinet is installed.
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Fig. 3.2 Photograph of a CBE system. The center is a growth chamber and
right hand is a wafer loading chamber. The right hand bar is a
manipulator for transport a Mo block.

Astly P Growth Chamber
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Mass Flow
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Fig. 3.3 Main unit of chemical beam epitaxial system. The center is growth
chamber, the left hand is gas source lines and the right hand is wafer
loading chamber. Each element has ultra-high vacuum systems.
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The group V sources are pure phosphine (PH;, 99.999%, 20/ cylinder and 20kg/cm2)
and pure arsine (AsH,, 99.999%, 20¢ cylinder and 7Tkg/cm?). As group III metalorganic
sources, trimethylindium (TMIn, 99.9999%, 25g in bubbler) and triethylgallium (TEGa,
99.9999%, 25g in bubbler) are used with H, carrier gas. Each gas flow rate is controlled by an
electrical mass flow controller (MFC). The valve and flow rate sequence are controlled by
computer. The solid sources are utilized for dopant sources of beryllium (Be, 99.999% and
0.03g fragment) for p-type and silicon (Si, 99.9999% and 2g chunk) for n-type. The dopant
flux is controlled by cell temperature and mechanical shutter in front of the cells. The dopant
sources are exchanged at an interval of about one year, because the doping efficiency is
reduced by covering the dopant surface with carbide. Effusion cell crucibles for the dopant
sources are made of pyrolytic boron nitride (PBN). A high temperature cell (HT-Cell) is
utilized for cracking group V sources. For the group III source, a low temperature cell (LT-
Cell) is used not to stick source molecules to chamber wall cooled by LN,.

3.2.2 Growth Mechanism of CBE.

In this section, the growth mechanism of chemical beam epitaxy is described. Figure 3.4
shows a simple schematic view of ideal growth process. The group V hydrides (PH; and/or
AsH,) are thermally cracked in HT-Cell. The ideal products are group V dimmers (P, and/or
As,), radical hydrogen (H*), and hydrogen molecules (H,). The chemical reaction is;

2PH3—)])2+XH2+)/H+ (31)
245Hy = dsy+xH, +yH*  (3.2)

where 2x + y = 6. The radical hydrogen plays an important role in the chemical reaction of
group III. The group III metalorganic sources (TMIn and/or TEGa) are introduced to growth
chamber through the LT-Cell, but any chemical reaction is not occurred at this cell. The
metalorganic sources are thermally decomposed on the substrate surface as;

In(CH, ), = In+3CHj (3.3)
Ga(CyHs), > Ga+3CyHy +3H (3.4).

For the chemical reaction of TEGa, the B-elimination process is occurred and ethylene is
Produced [25]. To form InP or GaAs crystal, a complete pyrolysis is occurred, which is
Obtained by adding Eq. (3 1) and Eq. (3.3), Eq. (3.2) and Eq. (3.4) together, respectively. The

ideal reactions on the substrate surface are follows;
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Fig. 3.4 Schematic view of ideal growth process of chemical beam epitaxy.

2In(CH;), + Py +xH, + yH* — 2InP+ 6CH, (3.5)
2Ga(CyHs), + Asy +xH, + yH* - 2Gads +6C, Hy + 6 H, (3.6).

In these reactions, it is adequate not to indicate the hydrides because of presence of only
cracked hydride products on the ideal substrate surface.

The detail of growth processes at the surface is divided into the next steps; (1)
absorption of molecules, (2) surface reaction, (3) surface diffusion and (4) incorporation into
lattice site. Schematic reaction steps are shown in Fig. 3.5 for the group III (a) and for the
group V (b). In these steps, the temperature of substrate is very important. One of the role of
temperature is to dissociate group III alkyls. To increase the reaction rate, it is required above
350°C-400°C. However, at such relatively low temperature, the grown layers are amorphous
or polycrystal and the layer contains many carbons (C) originated from undissociated and
partially dissociated metalorganic sources. To obtain high quality epitaxial layer, more high
temperature is required. On the other hand, excess high temperature takes place desorption or
Ie-evaporation of the group III and group V atoms. Hence, excess high temperature influences
Crystal quality strongly because the vapor pressure of group V materials such as phosphorus
(P) and arsenic (As) is high. To suppress the desorption or re- evaporanon of group V atoms,
sufficient molecules, ideally dimmers, should be supply, and hence the ratio of group III and
8roup V gas sources, named V/III ratio, is usually high.

49




GalnAsP/InP Growth by Chemical Beam Epitaxy

G&Metalorganic GI'OUp i

é Desorption Evaporation
Absorption ¢ / /V

Decompm) gratlon

Droplet

Group V

Desorption Evaporation

Absorption /

@w(
a

Cracked Hydride

Fig. 3.5 Simple reaction processes on substrate surface. The reactions are

shown independently for group III and group V materials.

3.3 Growth and Characterization of InP and GalnAsP

3.3.1 Preparation for Growth

In this section, some important growth preparations are described.

(1) Group III metalorganic:
The preparation for group III sources is determination of gas flow range. The
controllability of growth rate and composition is determined by vapor pressure of sources

2

pressure of carrier gas (H,) and the range of MFCs. The vapor pressure is given as;

3014

log( p(Torr)) =10.520 - 7® (for TMIn) (3.7)
\ 2532

log( p(Torr)) = 9172—T(K) (for TEGa) (3.8).

In this study, the temperatures of TMIn and TEGa are set to 25°C-30°C, and the vapor
Pressure is less than 10 Torr. The pressure of H, carrier gas is controlled at typically 30 Torr.
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Under this condition, the flow rate is given as follows;

TMIn (scem) = —LDM o MEC, - (scem) x Flowgyy, (%) (3.9)
Pryin + P, _

TEGa(scem) = —LTEGe o MFC - (scem)x Flowrg, (%) (3.10)
PTEGa * PH, .

where "MFC" means the range of mass flow controller and "Flow" means the electrically set
flow ratio of MFC. The maximum range is determined by considering the growth rate and
controllability of the composition, and hence 12-20 sccm MFCs were used in this study.

2) Cells:

High temperature cell (HT-Cell), low temperature cell (LT-Cell) and dopant (Be and Si)
cells are kept at 200°C while the system doesn't operate. HT-Cell is baked at 1100°C-1150°C
for one hour to keep and stabilize the cracking efficiency for each day. After the baking, liquid
nitrogen (LN)) is filled into the shroud, and then HT-Cell temperature is lowered to operation
temperature of 850°C-1000°C and simultaneously LT-Cell temperature is set to operation
temperature of 100°C. Dopant cells and their shutters are baked for 30 minutes at 1250°C for
Si cell and 1100°C for Be cell. After the baking, Si cell and Be cell are lowered to the standby
temperature of 500°C and 450°C, respectively.

Here, the operation temperature of HT-Cell is described. The cell elements shown in Fig.
3.6 are tried with some materials of PBN or tantalum (Ta) to obtain high cracking efficiency.

Gas Flow
Y O

PBN Wali

& =

PBN Diffuser Ta Heater

Fig. 3.6 Cracking cell for group V sources. Baffles and chips are made of
PBN or Ta.
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Fig. 3.7 HT-Cell cracking efficiency for PH; gas (1sccm). Three marker

types show the difference of cell elements shown in Fig. 3.6.

Figure 3.7 shows the measured cracking efficiency for PH; gas. The measurement is carried
out by Q-mass. The efficiency is large for Ta element at low temperature. This phenomenon is
result of catalysis of Ta metal for the hydrides [3]. However, the cracking efficiency with Ta
elements is gradually reduced by changing of surface quality of elements, and hence the
growth condition is also changed. Therefore, almost growths of this study have been carried
out using PBN cell which is stable for long term use.

(3) InP Substrate:

The preparation of InP substrate is following. The substrate used in this study is n-type
(Sn-doped, n=2x1018cm-3), p-type (Zn-doped, p=2x1018cm-3) and semi-insulating (s.i.) type
(Fe-doped) InP oriented to <100> direction. The substrate is cleaved to the size of from 5x5
mm? to 20x20 mm?2, and then it is cleaned in boiling trichroroethylene, acetone and methanol
for about 10 minutes. After rinsed in the water, the substrate is etched chemically in the
solution of H,S0,:H,0,:H,0 = 3:1:1. The etching conditions are follows; 80°C for 60sec for
0-type, 0°C for 30sec for p-type and 60°C for 30sec for s.i.-type. Immediately, the substrate is
rinsed in deionized water and then the substrate is into methanol. The substrate is dried and
mounted on the molybdenum (Mo) holder with indium (In) solder. At the same time, InSb
fragment (<1x1mm2) is also mounted at the side of InP substrate. Then the holder is loaded to

loading chamber, and after reaching to high vacuum (<10-7 Torr), the holder is moved to
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growth chamber. The substrate temperature is gradually (about 30-60min) up with exposing
phosphine gas to avoid phosphorus desorption. At the temperature of 525°C which is exactly
decided by the melting point of InSb, the thermal cleaning is taken place for 1-5 minutes to
evaporate the surface oxide. Then the temperature is set to growth temperature of 500°C
typically. During the growth, the temperature is monitored by an infrared (A=2pm) pyrometer
which is calibrated by melting point of InSb.

3.3.2 Characterization Method of Epitaxial Layers

In this study, some crystal characterization methods are used, for example, X-ray
diffraction (XRD), photoluminescence (PL) and doping concentration measurement. In
addition, the surface morphology observation by optical microscope is important
characterization technique. As the other characterization techniques, roughness measurement
and scanning electron microscope (SEM) are used for thickness and growth rate measurement.

Some measurement system used in this study are mentioned in following.

(1) X-ray diffraction (XRD):

X-ray diffraction measurement is utilized for determination of lattice mismatch. The
crystal quality is also estimated from the line width and intensity of diffraction curve.
Furthermore, the periodicity of thin multilayers such as multi-quantum wells (MQWs) is
possible to measure as mentioned in chapter 4. In this study, a double crystal XRD system
was used and the X-ray Wavelerigth is Cukal (A=1.540A). The lattice mismatch Aa/a is
calculated by; -

Aa AB
— = 3.11
a tan(@) G-

where A® is deviation of diffraction angle between epitaxial layer peak and substrate peak 6.
For the InP substrate, 20 is 63.34 (deg) for Cukal. The measured lattice mismatch is
corresponding to the thickness perpendicular to the surface. For estimation of the amount of

strain or the free-standing lattice constant, it is necessary to apply next equation;

Agy __ Gy Aa (3.12)
-a Cll +2C12 a

Aa
Ay ~— (v =2C;,) (3.13)

where Aay is deviation for the substrate and C j are elastic stiffness constants.
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2) Photoluminescence (PL):

PL measurement technique is used for characterizing the bandgap energy (Eg) and
crystal quality. These characteristics are measured by the peak wavelength (Ag), line width
(FWHM: full width at half maximum) and emission intensity. Figure 3.8 shows the PL
measurement system used in this study. The excitation light sources are a Nd:YAG laser (A
=1.064pm) for pumping narrow bandgap GalnAsP (Ag>1.2um) and a He-Ne laser (A=0.6328
pm) for pumping GalnAsP and InP (Ag=0.92um). As a detector, germanium (Ge) and silicon
(Si) PIN photodiodes is used. The PL signals are measured using lock-in technique. The
measurement is taken place at room temperature and 77K.

We can determine the compositional ratio x and y of lattice matched Ga In 18P

from the PL emission wavelength using next equations;

Eg=135-0.72y +0.12 )2 (3.14)
x~0.47y (3.15).

where Eg is bandgap energy of GalnAsP and corresponds to the PL peak wavelength. For the
case of the lattice mismatch Ga In I_XAS),P Iy determination of the compositional ratio is
slightly difficult because the emission peak wavelength is changed by strain. The relation

between lattice mismatch and emission wavelength is discussed in next chapter.

—/\ —  Computer
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S| Lock-in Amp.
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Fig. 3.8 Photoluminescence (PL) measurement system. He-Ne laser and
Nd:YAG laser are used as excitation light sources.
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3.3.3 Growth Conditions and Characterization of InP and GaInAsP

The growth conditions of CBE technique is examined by 1) growth temperature, 2)
V/II ratio, 3) gas flow rate i.e. growth rate. An impbrtant thing is that V/III ratio is related to
cracking efficiency of HT-Cell which is changed by cell temperature.

The growth conditions are determined by the results of surface morphology, PL
emission intensity and FWHM, and residual doping concentration. For example, the surface
morphology of InP epitaxial layer is very sensitive to the growth temperature. Figure 3.9
shows the surface morphology of InP under different growth temperatures. The flow rate of
TMIn and PH; was 0.7sccm and 10scem, respectively and then V/III ratio was about 14. The
growth rate was about 1.0pm/hour.

Surface defect observed under high growth temperature is related with phosphorus
desorption and it is modified by control of V/II ratio or by increase of PH; cracking
efficiency. As the result of growth under various conditions, the range of growth condition for
good crystal quality was achieved. The typical growth conditions are summarized in table 3.2.

The photoluminescence spectra are shown in Fig. 3.10 for various bandgap GalnAsP. In
this figure, the peak intensities of samples are normalized. All the samples are undoped and
the thicknesses are about 0.5um with InP buffer layer. Some samples have InP capping layer.
The substrate surface and epitaxial surface have defects or surface states, so the nonradiative
carrier recombination occurs. Hence the double heterostructure with InP buffer layer and InP
capping layer emitted strongly. The line widths (FWHM) are slightly varied for each sample.
The reasons may be due to alloy broadening and difference of density of states. The PL line
width and its intensities are as well as that of LPE grown wafers prepared in our laboratory.
The result shows the good crystal quality of CBE grown wafers.

Tg=500°C Tg=525°C

Fig. 3.9 Photograph of surface morphologies of epitaxial InP layer for
different growth temperature. The HT-Cell is made of PBN and the
temperature is set to 850°C. (growth rate: 1.0um/h, V/III=14)
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Table 3.2 Summary of typical growth conditions.

TMIn Bubbler Temp./Press. 25°C/2.58Torr
TEGa Bubbler Temp./Press. 25°C/4.78Torr
Carrier Gas Press. 30Torr
Max. TMIn Flow 1.58 sccm
Max. TEGa Flow 1.64 sccm
Max. PH; Flow 15.2 scem
Max. AsH; Flow 8.0 scem
Cracking Cell Temp. 850°C (PBN)
Low Temp. Cell 100°C
Growth Temperature 500°C
Substrate Rotation 20-40 rpm
Background Press. <5x10-3Torr (during growth)
Growth rate 1.0-1.5pum/h
InP - TMIn Flow 0.6-1.0sccm
V/II ratio 10-15
GalnAsP Growth rate 1.5-2.0pm/h
(Ag=1.15-1.55um) V/II ratio 5-12
GalnAs Growth rate 1.5-2.5um/h
V/I ratio 2-4

Figure 3.11 shows the relation between gas flow ratio of group III and group V sources
and PL peak wavelength at growth temperature of 500°C. In this figure, all samples have
lattice mismatch of less than 0.1%. The dashed lines are the relation between compositional
ratio of lattice matched GalnAsP and bandgap energy calculated by Eq. (3.14) and (3.15).
From the result, the gas flow ratio is not agreement with the compositional ratio. This
phenomenon indicates the existence of nonlinearity for dissociation rate and/or sticking
efficiency. For narrower bandgap GalnAsP, group III ratio is only slightly changed and it
make difficult the control of lattice mismatch. However, in real growth, the wide range of

bandgap energy material is possible to grow by controlling the gas flow ratio accurately.
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Fig. 3.10 Typical photoluminescence spectra of InP, GalnAsP (Ag=1.2um,
1.35um, 1.55um), GalnAs at room temperature. All samples are
non-doped and the thickness is about 0.5um. InP sample was grown
on s.i.-type InP substrate because s.i.-type InP hardly emitted.
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Fig. 3.11 Gas flow ratios for group III and Group V. All samples of GalnAsP
are lattice matched to InP (Aa/a<+0.1%). The dotted lines show
compositional ratio of Ga and P calculated by Eq. (3.14) and (3.15).
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GalnAsP/InP Growth by Chemical Beam Epitaxy

Next, the doping controllability is described. The required doping range of surface
emitting laser wafer is from 1017cm-3 to mid 1019%¢m-3 without deterioration of crystal quality
and surface morphologies. The residual impﬁrity level is typically 1x1016cm-3 for InP and 1x
1015cm-3 for GalnAs under typical growth condition. The doping control was carried out by
controlling the temperature of dopant cells. Figure 3.12 shows an example of the doping
profile measured by C-V etching profiler. The sample has two layers of InP which is grown
under different growth rate of 1.0um/h and 1.5um/h. The doping is n-type by Si for the same
Si cell temperature of 1090°C. The top layer of 1.5um/h region is n=4x1017cm-3 and 1.0pm/h
region is n=7x1017cm-3. The doping concentration is inversely proportional to the growth rate
for the same dopant cell temperature.

The relation between doping concentration and Si cell temperature is shown in Fig. 3.13
(a) for InP and GalnAsP. Figure 3.13 (b) shows that of Be dopant. In these figures, the growth
rates of the samples are not the same. However, the doping concentrations are almost
determined by cell temperature because the difference of growth rates is not so large. From
the result, doping concentration is proportional to the vapor pressure of the dopant sources,

and hence precise doping level control is possible by only setting the cell temperature.

1019 ¢
& - InP
£ - Si-Cell : 1090°C
-
0
[
g 108
C
O
O
C
o
e |
i <—1.5um/h ~—>‘<———1 Oum/h —)'(—n-lnP Sub. —
1017 : '
0.0 0.5 1.0 : 1.5
Depth (um)

Fig. 3.12 Example of doping depth profile. The sample has two InP layers
with different growth rate. Si (n-type) cell temperature is the same
for both layer growths.
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GalnAsP/InP Growth by Chemical Beam Epitaxy

3.3.4 Growth of GalnAsP/InP Multilayer Reflector

As mentioned above section, InP and GalnAsP materials are successively grown by
CBE at the point of compositional controllability and doping controllability. For realizing
surface emitting lasers, the thickness controllability is also important because the epitaxial
layer thickness is directly related to the lasing wavelength. The layer thickness is controlled
by the growth time and the effective group III gas flow represented by Eq. (3.9) and (3.10).
The gas flow is controlled by MFC, however the effective group III gas flow is changed by
the temperature of bubblers and gas lines, so the temperature of the growth system is required
to stable. In this study, the roughness measurement system was used to observe accurate
thickness. This technique has very small error (few 10A) for wide thickness range (0.01pm to
few pm), though the selective etching between substrate and epitaxial layer is necessary. For
measurement of ultra-thin layers such as QWs, we can determine the thickness of period from
the X-ray diffraction curve of periodic structure. (The detail is mentioned in chapter 4.) Using
these techniques, the growth thickness and growth rate is determined.

The semiconductor distributed Bragg reflector (DBR) or multilayer reflector is useful
for surface emitting lasers as discussed in chapter 2. To realize DBR, both thickness and
composition controllability are required because the optical path length is composed of the
refractive index and the thickness. As the demonstration of applicability of CBE,
GalnAsP/InP DBR was grown. The reflectivity spectrum of DBR is shown in Fig. 3.14 by

1100
80
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2 60
>
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= 40|
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o
20 |
0

1.3 1.4 1.5 1.6 1.7 1.8
Wavelength (um)

Fig. 3.14 Spectrum of semiconductor multilayer reflector. The structure
consists 24pair of GaInAsP (Ag=1.45um, 1110A) and InP (1220A).
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solid curve. InP and GalnAsP (Ag=1.45um) are selected as low and high index material,
respectively. The DBR was grown on the InP substrate consisted 24pairs of InP (1220A) and
GalnAsP (1110A) and total thickness was about 5.5um. InP is doped at n=1x1018¢cm-3 and
GalnAsP is doped at n=6x1017cm-3. The peak reflectivity was 1.55um wavelength which was
designed wavelength and the peak reflectivity was 98%. The measured reflectivity is good
agreement with calculated one. It indicates the good controllability of the thickness and
composition with good surface morphology. Furthermore, the thickness and composition
fractuation may be negligible during growth. To apply the DBR to the surface emitting lasers,
it is required more high reflectivity to obtain low threshold current. On the other hand, these
results are enough to grow hybrid mirror-type surface emitting lasers.

In addition to the thickness controllability, thickness uniformity is also important
characteristics to obtain uniform lasing characteristics. Figures 3.15 (a) and (b) show the ‘
thickness uniformity with substrate rotation (a) and without rotation (b) during growth. To
measure the thickness variation, the cavity resonance wavelength is measured for the wafer of
hybrid-mirror surface emitting lasers shown in chapter 5. From the Fig. 3.15 (a), the
uniformity is less than 1% at the center of Mo block for the area of 10x12mm?2, and at the off-
center, that is about 2%. The non-uniformity at the off-center position is due to non-
uniformity of thermal distribution because the off-center position is not used for usual growth.
For the non-rotation case, the uniformity for center and off-center position are worse
comparable with that for rotation case. The reason of non-uniformity is difference of arrival
rate of molecular beam and thermal distribution. Substrate rotation and using usual position is

important to obtain uniform characteristic devices.

Substar_te Rotation : 40rpm Without Rotation

Y
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Resonant Mode Wavelength (um)
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Fig. 3.15 Thickness uniformity measurement by measure the resonance mode

wavelength.
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GalnAsP/InP Growth by Chemical Beam Epitaxy
3.4 Evaluation of GalnAsP/InP Laser Wafers

3.4.1 Growth and Fabrication of Laser Structures

In this section, wide-stripe-contact lasers were fabricated in order to evaluate the crystal
quality as the laser materials.

The grown wafer structure and fabricated laser structure is shown in Fig. 3.16. The
wafer was designed to utilize not only stripe-contact lasers but also surface emitting lasers.
The active layer thickness of 1.0um is designed to lase at room temperature as discussed in
chapter 2. The structure consists of a 0.3um n-GalnAsP (Ag=1.3um, 2x1018cm-3) etch stop
layer which is required to fabricate the surface emitting laser structure. A 1.0pm-2.0pm n-InP
(2x1018cm-3) cladding layer is grown on the etch stop layer. The active layer is bulk GalnAsP
(hg=1.55um) and the thickness is 1.0pm. Then a 1.0um-1.5um p-InP (5x1017cm-3) cladding
layer and a 0.25um p*™-GalnAsP (Ag=1.3um, 2x1019cm-3) contact layer is grown.

The fabrication process of stripe lasers is not so complicated. The Si0, insulator layer
was deposited thickness of about 1500-2000A by spattering technique. Then, the substrate
was polished to about 100pm. The stripe width was 50pm by photolithography technique.
The electrode material was evaporated AuGe (about 1000A) for n-substrate side and
Auw/Zn/Au (2504/5004/10004) for p-side. The annealing process is performed independently
for each side. The annealing temperature and time are 440°C with 2min for n-side and 410°C
with 2min for p-side.

Au/Zn/Au Electrode
Sio

p -GalnAsP (Cap)

p - InP (Clad.)

p -GainAsP (Act.)

n- InP (Clad.)

n -GalnAsP (Etch Stop)
n - InP Substrate
AuGe Electrode

Fig.3.16 Stripe contact laser structure for evaluating the laser material quality.
The etching stop layer is grown to applying surface emitting lasers.
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3.4.2 Evaluation of Stripe Contact Laser Characteristics

The laser wafer was cleaved to each devises and mounted without any solder. The
cavity length was varied about from 200um to 500um. The measurement was performed
under pulsed condition to avoid the thermal effect at room temperature. The threshold current
density of 5.0kA/cm2um was observed for minimum threshold and averaged threshold current
density was 6-7kA/cm2um. These values are almost comparable to the laser device with the
same structure grown by liquid phase epitaxial method (LPE) in this laboratory [26]. The
obtained threshold current density is also plotted against the active layer thickness in Fig. 3.17
compared with some other results obtained by CBE [27, 28]. The dashed line represents
theoretically estimated values. The value for 1.0um active layer thickness is in agreement
with the theoretical value and other CBE-grown lasers. From the result, the laser material

grown in this study has almost the same crystal quality with the other CBE-grown materials
and sufficient to apply the surface emitting lasers.

10 .
— A\\ ’
5 gl
NE 8 N
O !‘\ |
$ef e
£ I R vy
) ]
© 5
g 4
N
g
s 27 ® This Work
=z W W.T. Tsang (Appl. Phys. Lett. 50, 63, 1987)
A M.Gailhanou et al. (InP Conf. 1991)
O ) L L . L 1 i
0.1 0.5 1.0 2.0

Active Layer Thickness (um)

Fig. 3.17 Normalized threshold current density vs. active layer thickness.
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Growth and Characterization of Quantum Well Structures

Chapter 4

Growth and Characterization of
Quantum Well Structures

In this chapter, growth capabilities of ultra-thin layers by CBE are
investigated and the applicability of quantum wells to surface emitting lasers is

also described.

4.1 Growth of Unstrained/Strained GaInAs/InP Quantum Wells

4.1.1 Growth of Quantum Well Structures

The quantum well structure is one of superior active layer material as described in
chapter 2. To apply QW structures to the active layer of surface emitting laser, it is important
to optimize the growth techniques and investigate QW characteristics.

Figure 4.1 shows a schematic structure of grown samples for investigation QW
characteristics. In this section, all samples are grown with InP barriers and GalnAs wells
because the layer structure is relatively simple. The sample with GalnAsP barriers is
discussed in next section. Grown samples consist 10 GaInAs wells and 11 InP barriers. The
GalnAs well is lattice matched to InP or compressively strained. The gas valve sequence of
barrier to next barrier is shown in Fig. 4.2 for GalnAs/InP QWs and GalnAsP/InP QWs. To
avoid the desorption of group V atoms, group V gases are always supplied. For GalnAs well
Structure, the group V gas of phosphine and arsine is used in only InP and GalnAs,
respectively, and the group III gas of TEGa is only used in GalnAs. Therefore, GalnAs/InP
MQWs don't require the flow rate change for any gas under the same TMIn flow condition
and the growth interruption time is only 3sec. The growth rate described in chapter 3
corresponds to about 1-2 monolayer (ML) per seconds. Therefore, the growth interruption
time effects to the structure and its characteristic strongly because the growth time of well is
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Fig. 4.1 Schematic view of GalnAs/InP quantum well structure grown for
characterizing the unstrained/strained QWs.
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Fig. 4.2 Valve sequences for GalnAs well structure with InP barrier. The

growth interruption time is controlled to 3 seconds.

usually less than few 10 seconds. Though it is known that such growth interruption is
effective to obtain flat and abrupt interface [1], the growth interruption causes to reduce the

PL intensity slightly due to increase of interface recombination.

4.1.2 Determination of Quantum Well Structures

The quantum well structure consists structural parameters of thickness and composition
for both well and barrier. The composition is classified to bandgap energy and strain. In this
study, X-ray diffraction measurement is used to determine the thickness and strain of QWs [2,
3, 4]. We can determine the composition of GalnAs from the strain because the lattice

Constant of ternary material such as GalnAs is fixed against the composition.
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First, the estimation method of the QW period is mentioned. The satellite peaks
originated from QW periodicity is observed in X-ray diffraction curve. F igure 4.3 shows an
example of X-ray diffraction curve of GalnAs/InP MQW structure with theoretically
calculated curve (Appendix B). As satellite peaks are observed symmetry for this sample, the
well is considered to be lattice matched to InP substrate. We can see satellite mode of +6th.
This result indicates the good periodicity of QWs and good abruptness at each interface.

For (m00) X-ray diffraction, the period D of QW structure is estimated from Bragg

condition and represented as;

_a-tan(e)
" m-A@

D (4.1)
where a is averaged lattice constant of MQW and 5.8688A for lattice matched QW. m is
usually 4 because the diffraction signal is large compared with other number. 8 is fundamental
(Oth) satellite peak angle and 20 is 63.34 (deg) for lattice matched QWs which is the same as
InP substrate angle as described in chapter 3. A8 is angle spacing between Oth and 1st satellite
peak. If there are two samples with the same growth condition except growth time of either
barrier or well, the thickness of well and barrier is completely determined by simultaneous

InP Substrate
Oth

apg-2nd-ist o Experiment

-4th +3rd

5th +4th

E -6th
F-7th

+5th

Intensity (a.u.)

60 61 62 63 64 65 66 67
Diffraction Angle 26 (deg)

Fig. 4.3 Satellite signal in X-ray diffraction curve for unstrained GalnAs/InP
10QW. The well and barrier thickness is estimated to be 80A and
150A, respectively.
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gquation with respect to each thickness. The growth rate of each material is calculated from
the thickness and growth time. The period of QW shown in Fig. 4.2 is estimated to be 2304
(78ML) and the sample is estimated to consists 80A (27ML) GalnAs well and 1504 (51ML)
InP barrier. For the lattice matched Gay 4;In, 3As/InP QW, barrier and well thicknesses are
all of structure parameters.

The X-ray diffraction curve for strained GalnAs/InP QWs are shown in Fig. 4.4. The
QW period of 188A (64ML) is estimated from Eq. (4.1). The barrier and well thickness is
determined by the same method of lattice matched QWs. The fundamental (Oth) peak anglé is
shifted by the averaged QW monolayer thickness. For the compressively strained QWs, the
0Oth peak is placed at small diffraction angle comparable with InP peak because the
compressively strained material has larger lattice constant than InP. The strain of well is
determined by fitting the envelope curve of each peaks with theoretically calculated
diffraction pattern. We can see good agreement between the measured and calculated curves.
The error of structure parameter, thickness and strain, may be less than one ML and less than
+0.05% strain by this fitting method. As the result, the structure shown in Fig. 4.4 consists
8ML 1.0% compressively strained GalnAs well and 56ML InP barrier.

InP Substrate

t  Experiment
- -2nd

-3rd
-4th
.6th oth +3rd

-8th -7th +4th

Intensity (a.u.)

58 59 60 61 62 63 64 65 66
Diffraction Angle 26 (deg)

Fig. 4.4 X-ray diffraction pattern for compressively strained GalnAs/InP
10QW. Well strain is 1%. The well and barrier thickness is 24A and
164A, respectively. The Oth peak is positioned at the small
diffraction angle to the InP substrate peak.
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4.1.3 Evaluation of Quantum Well Characteristics

The characteristics of quantum well structures are evaluated by PL measurement at
room temperature and 77K. The PL measurement system is the same as shown in chapter 3.
For low temperature measurement, samples are dipped into the liquid nitrogen (LN,) in the
transparency glass receptacle.

Figure 4.5 shows the emission peak wavelength for various unstrained/strained
GalnAs/InP QWs at room temperature. The well thicknesses were proportional to the growth
time. Dashed lines represent theoretically estimated transition energy using effective mass
approximation (Appendix C). The parameters used in calculation is shown in table 4.1. The
band discontinuity AEc is referred from the result of Cavicchi et al. [5]. Though AEc is
important parameter for design of device structure, it is one of not fully cleared parameter for
GalnAsP/InP system [6, 7]. Furthermore, the strain effects confuse the determination of its
discontinuity [8]. However, the measured emission peaks are good agreement with theory and
the results indicate good controllability of emission wavelength.

Figure 4.6 shows the PL linewidth for 1% compressively strained Gay 3,In, g As/InP
QWs at 77K and room temperature. At 77K, almost samples show the linewidth of around
lémeV. These linewidth are comparable or better than some of strained or unstrained QWs
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Fig. 45 PL Emission wavelength versus well thickness for various
strained/unstrained GalnAs/InP QWs. Dashed lines show the
theoretically calculated results.
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Table 4.1 Parameters for emission energy calculation.

B InP G2y 47y 53A5/Gay 3,1y 65AsGayg 50Ing goAs| InAs
[ Straing (%) - 0 1.0 1.8 3.2
Bandgap energy Eg (eV) 1.35 0.75 : 0.64 0.55 0.42
Conduction band offset (V) - 0.30 0.32 0.40 0.48
Electron mass m, (m,) 0.08 0.044 0.037 0.032 0.023
Heavy hole mass Ihhh (mg) | 0.56 0.43 0.42 0.42 0.41

grown by others [8, 9]. The linewidths at room temperature are about 30meV. These values
are narrower than that of bulk as shown in chapter 3. This is due to step-like density of states
of QW structure. On the other hand, the linewidth is rapidly increased for the well thickness
less than 20A. Such linewidth increases for QWs have been reported and considered as
follows. Singh and Bajaj considered the broadening mechanism as the result of alloy disorder
in the barrier and/or well region and furthermore the importance of the interface roughness
was discussed [10]. Welch et al. reported the reasons as the transfer of electrons from the
cladding layer to the well and interface roughness [11]. Considering the reason as the interface
roughness, the result in this study indicates that CBE grown samples have good interface
uniformity and small fluctuation less than two monolayers. On the other hand, I observed
small sub-peaks in the slope of short wavelength region for some samples. Such sub-peaks
may be originated not only from the layer fluctuation but also from transition about second
quantized level and/or light hole band. These sub-peaks broaden the emission linewidth, and
therefore the linewidth does not always show the crystal quality or interface roughness.

Figure 4.7 shows the photoluminescence peak intensity against well thickness for
different strain of 1% (Gag 35In cgAs), 2% (Gay ,In; gAs) and 3% (InAs) QWs. Intensities are
relative to the sample of Gay 5In; ¢As with a 20A well thickness. We can see strong intensities
around the 20A well thickness for all three composition. Intensity decrease below the 204
well width may caused by not only thickness and compositional fluctuations as previously
described but also reduction of total well thickness which corresponds absorption layer
thickness of excitation light. Furthermore, 1 consider another reason of intensity reduction.
From the simple analysis of quantized energy for valence band, the energy difference between
quantized energy and barrier band edge is decreased rapidly below 20A well width. However,
Tcan not explain the relation among the emission intensity and the band structure in detail.

71



Growth and Characterization of Quantum Well Structures

100 |
Gag 32Ing gsAS

<

0E> 507t

E 4o E, 300K

% _____________ - o o I

S 30| " D

(¢h]

£

j 20t

o [ n 7J7K
gL ER— S R -

10 '
0 1020 3 40 50 60

Well Width (A)

Fig. 4.6 Photoluminescence linewidth for various well thicknesses of 1%
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Intensity decrease above 20A well widths may be not due to degradation of crystal
quality since linewidths shown in F ig. 4.6 are similar. However, the intensity reduction of the
highest strain sample of InAs/InP QWs is considered due to the result of deterioration of
crystal quality because the intensity decreased extremely rapidly.

It is known that the thick layer of strained material has misfit dislocations by the lattice
mismatch, however sufficiently thin films are possible to grow without dislocations. Such
strained material without dislocations is named pseudomorphic crystal and the limitation
thickness is called critical layer thickness. The layer thickness of strained material should be
less than the critical thickness to obtain good crystal quality. The critical layer thickness Zc is

- estimated from the energy balance model by People and Bean [12] and the mechanical

¢quilibrium model by Matthews and Blakeslee [13] as follows;

o V) e
T

a 1-0.25v Le
Lc = ( ﬁn[af]( oo )(In( x/fa) + 1) (Matthews et al.) (4.3)

Where a is attice constant of free standing material and ¢ is strain and v is Poisson's ratio. The
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Fig. 4.9 PL intensity of strained quantum well as a function of InP barrier
thickness. The samples emitted at 1.55um wavelength. The InAs
samples require thick barrier thickness in spite of thin well thickness.

results for Ga,In; As on InP are shown in Fig. 4.8. The thermal effect between growth
temperature and room temperature, and multilayer effect such as MQW has not been fully
cleared. However, it is important that the critical thickness limits the structure of strained
QWs and the intensity reduction for above 20A well of InAs/InP samples may be due to
critical thickness.

To avoid the deterioration of crystal quality due to critical thickness, it is important that
each layer thickness is less than critical layer thickness. However, the thickness of multilayer
structure is considered to be related with averaged strain and total thickness. In order to
sustain the coherency of structure to InP substrate, InP barrier must be thick enough to
accommodate the well stress. Photoluminescence intensities were measured for various barrier
thicknesses with the same well thickness. The result for Ga, ,In, sAs/InP with 28A well and
InAs/InP with 20A well are shown in Fig. 4.9. For high compressively strained material of
InAs, it is required a thick barrier to keep the high quality crystal.

As summary of this section, I grow the quantum well structures with InP barriers by
chemical beam epitaxy with good thickness and composition controllability. The
Unstrained/strained QWs show good photoluminescence. To apply the quantum well to laser
active layer, it is necessary to consider critical thickness effect.
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4.2 Strain Compensated GalnAsP/GaInAsP Quantum Wells

4.2.1 Strain Compensated Quantum Wells

The strained QW is expected to have high differential gain and small transparency
current density for higher strained material [14, 15]. Usually, the optimized structure for edge
emitting laser has few numbers of QWs for lowering threshold current, and the differential
gain and good temperature characteristic require more large number of wells. As described in
chapter 2, the surface emitting laser also requires about 6-12 wells. However, the critical
thickness is one problem for designing strained QW structures as described in previous
section. To avoid the structure limitation related with critical thickness, strain-compensated
strained layer superlattice by Miller et al. [16] and zero-net-strain structure by Seltzer et al.
[17] were proposed. Both techniques consist of barriers which have opposite strain against the
well strain. By introducing opposite strain into the barrier, it is realized small or zero averaged
strain structure. For the strain compensated structure, some superior results are reported about
the crys‘;al qualities, laser characteristics and the reliability [18, 19, 20, 21]. Such strain
compensated structures usually consist GalnAsP barriers to form the opposite strain.

To design such GalnAsP/GalnAsP strain-compensated structure, there exist some

structure parameters as follows; 1) number of wells, 2) well strain, 3) well bandgap energy, 4)
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Fig. 4.10 Subband width of multiple quantum wells against barrier widths. the
barrier material is assumed GalnAsP of Ag=1.2um (Eg=1.03eV).
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well thickness, 5) barrier strain, 6) barrier bandgap energy, 7) barrier thickness. In this study,
the emission wavelength is considered to be 1.55um. This wavelength limits the range of well
strain, bandgap energy and thickness. On the other hand, the bandgap energy of barrier is
related with the carrier confinement and uniform carrier injection to each well. In this study,
the barrier bandgap energy is set to 1.2um-1.25um. The barrier thickness is designed by
considering energy coupling of the MQWs and matching factor described in chapter 2. From
the point of matching factor, thin barrier thickness is superior since the QWs are densely
placed around the peak of standing wave. However, thin barrier thickness causes to energy
coupling of each well. The coupling energy calculated by Penney-Kronig model is shown in
Fig. 4.10 as function of barrier width for various well thicknesses. In this calculation, the
barrier is assumed to be GalnAsP of Ag=1.2um and the well bandgap is set to be the emission
wavelength of 1.55um for each well thickness. The conduction band offset ratio is assumed to
be 0.4. From the result, 100-150A barrier thickness is required for sufficient energy separation.

4.2.2 Growth and Characterization of Strain Compensated QWs

The strain compensated structure is composed by GalnAsP barriers. As the
compressively strained QW is required for surface emitting lasers, the barrier is designed to be
tensile strained material. Figure 4.11 shows the schematically drawn strain compensated QW
structure for characterization. The structure has tensile GalnAsP barriers and compressive
GalnAs(P) wells. The numbers of wells are 3 to 10 and typically 5. The InP buffer and InP
capping layer was also grown. The valve sequences for GalnAsP barrier structures are shown

in Fig. 4.12. Usually, the barrier and well has large and small group V ratio, respectively, and

Conduction
Band
GalnAsP Barrier
GalnAs(P) Well
/ InP Buffer
A~/ InP Substrate
o
E =z "
S
)

Fig. 4.11 Schematic view of strain compensated GalnAsP/GalnAsP QWs and
its conduction band profile. The well numbers are from 3 to 10.
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Fig. 4.12 Valve sequence for GalnAs and GalnAsP wells structure with
GalnAsP barriers.

therefore the flow rate change time, in short growth interruption, is required for about 10-
20sec because all sources have one gas line in this study.

The structure parameter is also determined by satellite peaks of X-ray diffraction curves
as well as GalnAs/InP MQWs though the determination of the bandgap energy for both well
and barrier is difficult. The bandgap energy is estimated from the GalnAsP/InP QW and
GalnAsP bulk growth conditions, and from the emission peak wavelength considering
bandgap change due to strain effect and quantum effect. However, the strain is almost exactly
determined by the curve fitting of X-ray diffraction curves as well as strained GalnAs/InP
QWs. Figures 4.13 (a) and (b) show the X-ray diffraction curve with theoretically calculated
result. The sample has 5 wells of compressively strained GalnAsP and 6 barriers of tensile
Strained GalnAsP. The barrier composition is about Ag=1.25um and the bandgap energy of
Well is about 0.75eV. The thickness of barrier is estimated to be 1204 (41ML) and the well
thickness is 80A (27ML). We can also determine GalnAsP/GalnAsP QW thickness and strain
of both barrier and well from X-ray diffraction pattern. The X-ray pattern is good agreement
With theoretical curves. This indicates that the interface of such GalnAsP/GalnAsP QWs is
800d and abrupt as well as GaInAs/InP QWs.
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Fig. 4.13 X-ray diffraction curves for GalnAsP/GalnAsP 5 well structure. (a)

Barrier is lattice matched to substrate. (b) zero-net strain.
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Figure (a) shows the result for lattice matched barrier structure and the well strain is
about 1%. The averaged strain estimated by Oth peak of satellite peaks is about 0.4%. The
critical thickness of 0.4% strain material is estimated to be about 1500A from the result in F ig.
4.8. As total thickness of this structure is about 1000A (5QWx(120A+804)), it is less than
critical thickness. However, the structure may have crystal defects by strain if the number of
well is larger than 10. On the other hand, the structures shown in Fig. (b) have 0.8 %
compressively strained well with 0.6% tensile barrier and the averaged strain is almost 0%.
Then the Oth peak is overlapped to the InP substrate peak. For this zero-net strain, the critical
thickness may be considered to be infinite because averaged strain is zero.

As mentioned above, strain compensated QWs have many structural parameters.
However, the thickness and bandgap energy of well are fixed by destination wavelength and
that of barrier are limited as mentioned above. Therefore, the rest freedoms of the parameters
are number of wells and barrier strain. In this study, the grown numbers of quantum wells
were from 3 to 10 for GalnAsP barrier structures. Figure 4.14 shows the photoluminescence
intensity against well number for GaInAsP/GalnAsP structures. The samples contain the un-
compensated, strain compensated and zero-net strain structures. The well thickness is 65A or
90A and the well strain is 0.8-0.9% compressively. The barrier thickness is 120-140& of
GalnAsP (Ag=1.25um). The intensities are rapidly decreased for the well number of larger
than 7. The structures with InP barriers shown by closed circles are not decreased for 10 wells.

1
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o L Well Width: 65-30A o
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0.001 — e ——
-0 2 4 6 8 10 12
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Fig. 4.14 PL Intensity vs. well number for GalnAsP/GalnAsP (open circle)
and GalnAsP/InP (closed circle) strained quantum wells.
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Fig. 4.15 Total thickness vs. average strain for grown samples. Total thickness
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Figure 4.15 shows the total thickness of MQW structure against averaged strain for all
samples shown in Fig. 4.14. The total thickness of almost samples is less than critical
thickness. Considering that InP barrier structure shows good crystal quality even for the 10
well in spite of un-compensated structure, deterioration of PL intensity is considered due to
not only critical thickness but also growth mechanism of GalnAsP alloy semiconductors.
Smith et al. reported crystal qualities of strain compensated structures grown at various
temperatures [18]. In their report, the lower growth temperature inhibits the compositional
clustering for the GalnAs/GalnAs strain compensated structures grown by MOCVD. Though
the growth temperature of CBE is lower than MOCVD, the result in this study is not so good.
Further optimization of growth condition is required for realizing better crystal quality.

In this way, GalnAsP/GalnAsP strained QW structures with relatively large number of
wells (>6) are difficult under the growth condition used in this study. This result limits the
device design. However, growth of less than 6 QWs is enough to apply the QW structures to
the surface emitting lasers because the optimized QW structure described in chapter 2 consist
tWo gain regions with 4-6 wells.

Next, the characteristics of strain compensated QWs related with barrier strain is
Considered. Figure 4.16 shows the relation between PL intensity and averaged strain for 5 QW
Structures. The well strain is 0.8% compressively and the thickness is 65A or 90A. The barrier
thickness is 140A for all samples and the emission wavelength is around 1.55pum.
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Fig. 4.16 PL intensity vs. averaged strain of strain compensated QWs. The
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barrier thickness is fixed to 140A and its strain is varied under tensile

condition. Arrows show the unstrained barrier structures.
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The averaged strain for lattice matched barrier is 0.25% for 65A well and 0.31% for 90
A well. Of course, the average strain of zero net strain structure is 0%. From the result, the
highest PL intensity is obtained at neither the lattice matched barrier condition nor the zero-
net condition. The result of PL intensity shows that the intermediate average strain is superior.
Figure 4.17 shows the result of PL linewidth against averaged strain. The line widths also
support the good QW property at the condition of intermediate barrier strain. From the result
of PL intensity and linewidth, the intermediate barrier strain is considered to be good for |
active layer. However, the intensity decrease for other barrier structure is not so large
compared with large well number structure shown in Fig. 4.14. I think the deterioration of
large well number structure is due to crystal defect such as misfit dislocation because the
linewidth was not so strange and nearly equal to the small well number structure. On the other
hand, the barrier strain changed structure show difference of linewidth according to the
intensity. I did not measure total intensity of each structure. The total intensity might be the
same for each structure because the small peak intensity samples had wide linewidths. It may
indicate small crystal defects and the PL spectra show the change of band structure.

4.3 Growth and Characterization of GaInAsP/InP Quantum Well Lasers

4.3.1 Unstrained GalnAs QW Laser

To evaluate QW structures for applying to surface emitting lasers, QW laser wafers
were grown and fabricated to stripe contact lasers.

First, unstrained Ga, 4;,In, 5;As QW lasers were fabricated to stripe contact lasers. The
grown wafer structure is shown in Fig. 4.18. The laser wafer has 10 Gay 47In, 53As lattice
matched wells with 11 GalnAsP (Ag=1.3 um) barriers. The wafer consists etching stop layer
for applying to surface emitting laser. Usually, the separate confinement heterostructure
(SCH) is introduced in QW edge emitting lasers because the optical confinement factor is
increased [22]. However, the grown wafer has no SCH layer because the surface emitting
laser doesn't require such SCH layer. On the other hand, the optical field extends to the
cladding layer and the confinement factor is reduced if SCH layer does not exist for the
conventional edge emitting laser. However, the confinement factor of the structure shown in
Fig. 4.18 is 13% due to large number of wells, though the confinement factor is increased to

15.0% if SCH layer is introduced. The confinement factor is calculated by Appendix D.
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Fig. 4.18 Schematic structure of unstrained Gag 47Ing 53As QW laser wafer.

The right hand of drawing is schematic conduction band structure.
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Fig. 4.19 Threshold current density against reciprocal cavity length for
unstrained 10QW lasers.

Figure 4.19 shows the threshold current density against cavity length for unstrained QW
lasers. The fabricated laser structure is 50pum wide stripe contact laser (see chapter 3). The
Minimum threshold current density was 2.0kA/cm2 and 200A/cm2?/QW at 1mm cavity length.
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Fig. 4.20 Temperature characteristics for unstrained GalnAs QW lasers. The
laser consists 10 wells without SCH layer.

The threshold current for infinite cavity length is estimated to be 150A/cm2/QW. The
threshold current density is higher than previously reported 1.55 pm—GaInAsP/InP unstrained
QW lasers [23, 24]. However, the threshold current density per well is not so large compared
with reported values. Therefore, the characteristics of quantum well lasers grown by CBE are
enough good and applicable to surface emitting lasers. The gain characteristics shown in
chapter 2 are calculated from the result of this threshold current density per well. The
threshold gain g, at each cavity length is given as;

1 1 (1
=+ ——In| — 4.4
I n(R) (34

where R is mirror reflectivity and assumed to be 0.3. The optical confinement factor I is
calculated from the multilayer slab waveguide and 13.3% in this case. The absorption
coefficient a is the fitting parameter for the theoretically estimated QW laser characteristic
tepresented as [25];

o+ lln(—l—)
Jm=N,J, exp[—ré-G—R) (4.5)
) 0
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where Ny, is number of wells. o is assumed to be 15¢cm-! with Jy=140A/cm? and G,=500cm-1.
A dashed line shown in figure is theoretically fitted line.

The temperature dependence of threshold current density is shown in Fig. 4.20. The
temperature characteristic is measured for three different cavity lengths. The result shows
good temperature characteristic for the long cavity length device due to small mirror loss and
low threshold carrier density. The characteristic temperature T, of 54K for 740pm cavity
device is good agreement with other reported value [26].

4.3.2 Strained GalnAs QW Lasers

As described in above section, unstrained QW lasers grown by CBE showed good
lasing characteristics. To realize much high performance laser, strained QW lasers were also
grown and fabricated to edge emitting lasers. Next, the lasing characteristic of strained
GalnAs QW lasers are shown. The laser structure is shown in Fig. 4.21. The lasers consist
five 1.0% compressively strained GalnAs with 0.1% tensile GalnAsP (Ag=1.25um) barriers.
The well and barrier thickness is 35A and 150A, respectively. The wafers are not for surface
emitting lasers and the SCH layer is introduced for both sides with thickness of 15004. The
confinement factor was increased from 2.3% to 3.6% by introducing SCH layer. Figure 4.22
shows the result for compressively strained GalnAs well lasers. The minimum threshold
current density was 960A/cm?2 (192A/cm2/QW). The threshold current density per well looks
like that of unstrained QW lasers, however more low threshold is expected for long cavity

p-cap : 0.3um
GalnAsP l_ S well
p-clad. : 1um
InP
Well : 357
GalnAs 1.0%cs
Barrier : 140A
n-clad. : 1um _ GalnAsP
InP | (Ag=1.25um)
] ' SCH : 1500A
n-InP sub. GalnAsP

f_ (Ag=1.25um)

Fig. 4.21 Schematic wafer structure for GalnAs compressively strained SQW
lasers. SCH layer is introduced.
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Fig. 4.22 Threshold current and lasing wavelength of strained GalnAs QW
lasers against reciprocal cavity length.

length because the optical confinement factor of strained GalnAs well structure is small due to
thin well thickness. The estimated threshold current for infinite cavity length is

120A/cm?/QW. The lasing wavelength is shifted as increasing the threshold current density
due to carrier filling.

4.3.3 Strain Compensated GaInAsP QW Lasers

Finally, lasing characteristics of strained GalnAsP QW lasers are shown. The laser
Structure is like as strained GalnAs QW lasers as shown in Fig. 4.22. The well number is 5
and the SCH layer of 10004 is also introduced to increase the confinement factor. The well
thickness is 65A due to wide bandgap compared with compressively strained GalnAs and
Strain is 1.0% compressively. The barrier structure is thickness of 150A and strain of 0.2%
tensile which is selected from the result described in previous sections. The optical
confinement factor is increased from 4.9% to 6.8% by SCH layer. The large confinement
factor compared with strained GalnAs well is due to wide well thickness. The SEM
Photograph of a part of active layer is shown in Fig. 4.23. We can see the successively grown
SCH strained GalnAsP/GalnAsP MQW structure. The threshold current density against
Ieciprocal cavity length is shown in F ig. 4.24. The minimum threshold current density was
450A/cm2 and 90A/cm?/QW. The threshold current of infinite cavity length is estimated to be
72A/CmZ/QW. This result is most superior in QW lasers grown in this study. Recently, a low
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threshold current ranging from 100 to 170A/cm2 were reported with strained
GalnAs(P)/InGaAsP single-QW devices for 1.55um wavelength [26, 24, 27]. Though such
single QW structure has a disadvantage of small optical confinement, the result in this study is
considered to be sufficiently low threshold compared with other grown devices.

The estimated gain characteristics are shown again in Fig. 4.25. In this figure, the
vertical axis means the modal gain. The confinement factor of surface emitting laser is defined
‘as ratio of active layer thickness and cavity length considering matching factor. However, the
cavity length is changed for each structure. Therefore, the A-cavity is assumed in the figure.
As described in chapter 2, the most superior quantum well is considered to be GalnAsP

compressively strained QW structure with tensile barrier.

Fig. 4.23 SEM photograph of GalnAsP/GalnAsP strain compensated 5 QW

laser active layer.
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Chapter 5

Fabrication and Performances of

CBE Grown
GalnAsP/InP Surface Emitting Lasers

In this chapter, fabrication processes of surface emitting lasers grown by
chemical beam epitaxy are mentioned, and then lasing characteristics of bulk
active layer surface emitting lasers are discussed.

3.1 Structures of GaIlnAsP/InP Surface Emitting Lasers

In chapter 2, design of active layer and mirror structures for surface emiﬁing lasers are
already discussed. Such structures are directly related with the threshold current density. On
the other hand, threshold current is represented as multiple of the threshold current density
and active region area, and hence the design of device structure is important to obtain low
threshold current devices.

There exist some methods to reduce the active region. The schematic view of current
confinement structures is shown in Fig. 5.1. Usually, the current confinement is performed at
p-side because the mobility of holes is smaller than that of electrons, and hence the electrodes
shown in figures are p-side. The simple limitation of the active region is achieved by localized
tlectrode (a). The mesa capping layer (b) is more effective to limit the active region due to
Small current spreading in capping layer. Further limitation is achieved by limitation in
cladding Jayer (¢). This structure is possible to confine the current without spreading in
cladding layer. However, these limitation techniques still remain the lateral carrier diffusion in
the active layer. The most effective structure for current confinement is limitation in the active
layer (d). Table 5.1 shows the current confinement positions and realized structures. The

electrode confinement structure corresponds to the stripe contact edge emitting lasers as
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Fig. 5.1 Schematic view of current confinement structure. The current

confinement is performed at (a) electrode, (b) contact layer, (c)

cladding layer and (d) active layer.

fabricated in chapter 5 and this structure was realized as the first surface emitting laser [1].
Current confinement at contact layer was reported as mesa cap structure [2]. This structure has
advantages of relatively good current confinement and relatively easy fabrication. The
cladding confinement structure was realized as the selective oxidation technique in the
GaAs/AlAs mirror system of short wavelength surface emitting lasers and achieved the lowest
threshold current [3]. The active layer confinement structures have been studied much and
various techniques are reported such as buried heterostructure (BH) [4], ion implanted [5], air
post structure [6], and buried by insulator material such as polyimide [7], S10,, etc.

A simple structure such as mesa cap structure is enough to evaluate thé lasing threshold
current density. On the other hand, the efficient current confinement structure is necessary to
obtain low threshold current devices.

Next, the geometric arrangement of electrode is considered. The current flow path of
vertical cavity surface emitting laser is parallel to the optical path. Accordingly, the electrode
position is the same or near the mirror position as shown in Fig. 5.2. The first stage of surface
emitting lasers used gold‘ (Au) as both electrode and mirror [8] and hence the geometric
arrangement was straight for electrode, mirror and optical path. As well as the Au mirror, the
Semiconductor multilayer reflectors become both current flow path and mirror. On the other
hand, the ring electrode structure [1] is required for dielectric material mirrors. In this
Structure, the lateral position of optical path is equal to the mirror but the electrode is
Stparated from the mirror. However, I chose the dielectric multilayer mirror for both sides
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because the dielectric multilayer has potentiality of high reflectivity. As a result, the ring
electrode structure was applied for epitaxial side and the holing structure (ring electrode
structure in wide sense) was utilized for substrate side. The worry of the current injection for

the ring electrode is considered in chapter 7.

Table 5.1 Table of confined structure used by surface emitting lasers.

Confinement at structure References
(a) electrode circular electrode | Uchiyama et. al [1], etc.
(b) contact layer mesa-cap (low mesa) | Uchiyama et. al [2], etc.

(¢) cladding layer selective oxidation | Huffaker et. al [3], etc.

buried heterostructure| Okuda et. al [4], etc.

(d) active layer ion (H*) implantation | Y. H. Lee et. al [5], etc.
air post Y. H. Lee, et. al [6], etc.
selective etching Wada et. al [7], etc.
Electrode

Mirror/Electrode Mirror

(@) (b)

Fig. 5.2 Geometrical arrangement of mirror / electrode / optical path. (a)
Mirror and electrode is same lateral position by electrical conductive

mirror. (b) Electrode is separated from mirror by insulating mirror.
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5.2 Mesa-Cap Type Surface Emitting Lasers with Bulk Active Layers

5.2.1 Growth and Fabrication of Mesa-Cap Type Surface Emitting Lasers

From the result of threshold current density analysis discussed in chapter 2, the room
temperature operation is expected by the conventional bulk active layer structure with active
layer thickness of 1pum even if the mirror reflectivity is as low as 99%. Figure 5.3 shows the
wafer structure grown by CBE which was the same wafer grown in chapter 3. Cladding layer
thickness was 1.0um for n-side (n=2x1018cm-3) and 1.5pm for p-side (p=5x1017cm-3),
respectively. The active layer thickness was 1.0um of GalnAsP (Lg=1.55um) and its doping
concentration was 3x1017cm-3 by p-type. The capping layer was p=2x1019cm-3 doped
GalnAsP (Ag=1.3pm) and the thickness was 0.25um. The cavity length of this wafer was
about 4pm and the longitudinal mode spacing was estimated to be 0.07-0.08um (70-80nm).
As described in chapter 3, the edge emitting laser of this wafer showed SkA/ecm2um at room
temperature pulsed condition.

The first fabricated devices were mesa cap type. The current confinement of this
structure is performed by suppression of current spreading at mesa-etched capping layer. The
advantage of this type is relatively easy fabrication processes and sufficient structure to
evaluate fundamental lasing characteristics. Here, the fabrication processes of this mesa cap

structure are mentioned. The corresponding processes are shown in Fig. 5 .4.

p-GalnAsP Active

(Ag=1.45um) | 0-25um
p-InP Cladding 1.0um
p-GalnAsP Active 1.0um
(Ag=1.55um) SHm
n-inP Cladding 1.5um
n-GalnAsP Etch stop |

(Ag=1.45um) 0.25um
n-InP Substrate

Fig. 5.3 Wafer structure for surface emitting laser with bulk active layer.

95
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(1) wafer growth and preparation for fabrication

The wafer for surface emitting lasers was successively grown by CBE as shown in Fig.
5.3. The backside of grown wafers was smeared by indium (In) solder which was utilized to
mount on Mo-block. Indium was removed by HgCl solution in the supersonic cleaner, and
then the substrate was rinsed in acetone. The substrate was then cleaned in boiling
trichroroethylen, acetone, and methanol for about 10 minutes. This cleaning method is named

organic solvent cleaning in this thesis.

(2) mesa-cap formation

As etching mask for formation of mesa-cap structure, positive type resist was used. The
mask was 30um diameter dot with 600um pitch. The mesa-cap structure is formed by
selective ctching technique between capping (GalnAsP) and p-cladding (InP) layer by
solution of H,S0,:H,0,:H,0=3:1:1 at 20°C. Therefore, the mesa height was capping layer

thickness. The resist mask was removed and cleaned by organic solvent.

(3) insulator deposition
As an electrical insulator layer, Si0, was evaporated with the thickness of about 3000A
by RF spattering technique with Ar gas. '

(4) substrate polishing
To success the holing process as mentioned below, the thickness of substrate side was
thinned to about 100um by polishing, and then the backside was finished to mirror like

surface.

(5) n-electrode formation

- N-side electrode metal was evaporated to the substrate side. The n-electrode was gold-
germanium alloy (AuGe), and the thickness was 5000A. The electrode was also used as an
etching mask of the holing process. To form the hole in the metal layer, the photolithography
was performed with 400pm diameter dot mask of 600um pitch. The lithography system was
double-side type and the center of dot was adjusted to the center of p-side mesa. The AuGe
metal was etched by kalium-iodine (KI) solution, and then rinsed in deionized water. After
femoval of photo resist and cleaned by organic solvent, annealing for metalization was
performed at 440°C for 2 minutes and the color of metal was changed from brownish-gold to
silver.
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‘
. (5) n-electrode (10) n-mirror

Fig. 5.4 Fabrication processes of mesa-cap type surface emitting lasers.

(6) p-electrode formation

To expose the contact layer on the mesa, SiO, was removed by photolithography using
ring mask. The ring had inner and outer diameter of 10pm and 20pm, respectively. After
femoving the photo resist, p-side electrode metals were evaporated. The layer structure was
Au/Zn/Au=250A/500A/1000A. Then, the metals were annealed at 410°C for 2 minutes. The
color was changed from gold to gold-silver.
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(7) ~mirror window opening

To open the mirror window at the center of mesa, the photolithography process was
performed using 10pum diameter dot mask. The etching was carried out by two steps. First, the
electrode material was etched by KI solution, and then SiO, was etched by BHF. The SiO,
plays important role to keep the epitaxial surface flatness because annealing process occurs
interdiffusion of semiconductor and metal, and hence the surface may be slightly damaged.

(8) p-mirror formation

The p-side dielectric multilayer mirror was formed by electron beam (EB) evaporation
system [9]. In this study, the mirror materials were Si and Si0, for high and low index
material, respectively. The number of pairs used in this study was four with the first layer of
Si0,, and the finally SiO, layer was evaporated considering the reflection phase of gold. The
evaporation rate and the thickness were monitored by X'tal and optical thickness monitoring:
system because the index of evaporated material was different from bulk material [10]. The
“substrate temperature was set to 250°C and the oxygen (O,) was introduced for the case of
Si0, evaporation with the pressure of 1x10-4Torr. The evaporation rate was about 3A/sec for
Si0, and 0.3A/sec for Si, respectively. The signal of optical monitor system was shown in Fig.
5.5. In this study, the monitoring light source was 1.3um DFB laser and the destination

100

80+t
:\o\ Monitoring Reflectivity
g 60 | (A=1.3um) on Prism+A/4
=
[3)
% 40 t bjective Reflectivity |
o (A=1.55um) on Sub.

20t

O i oot A -
0 - 5000 10000 15000 20000

Total Thickness (A)

Fig. 5.5 Theoretical signal of optical monitoring system. In this study, the
destination wavelength is different from monitoring light wavelength.

The bold line is monitoring and light line is reflectivity of device.
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Fig. 5.6 Measured reflectivity spectrum of Si/SiO, dielectric multilayers. The

number of pair is 5 pair.

wavelength was 1.55um. To form the reflector for 1.55um wavelength range, the 1.55um
wavelength light source is most suitable because the material change of Si and 810, is carried
out at peak and bottom of valley of monitoring signal. If the light wavelength is different from
destination wavelength, the thickness correction is required by X'tal thickness monitor for
each layer.

The reflectivity spectrum is shown in Figure 5.6. High reflectivity of over 99% and
wide wavelength range of high reflectivity was observed as well as theoretical results shown
in chapter 2 because the index difference between Si and S10, are enough large.

As the evaporated mirror covers the whole area of p-side, it is required to remove the
mirror and expose the p-side electrode. This process was simply carried out by
photolithography of 400um diameter adjusted to center of mesa and then the multilayer was
etched away by BHF solution, thought the boundary was unseemly. Finally, the gold (Au)
was evaporated on the dielectric mirror to obtain higher reflectivity. Theoretical reflectivity is
over 99.9% for 4.5 pair SiO,/Si with Au reflector.

(9) Holing process ,

To form a short cavity, holing process was performed [11]. Fortunately, etching
selectivity between InP substrate and GalnAsP etching stop layer is very large, so the etching
Process is very simple. The etching mask is n-side electrode of AuGe. The InP substrate was
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etched by hydrochloric acid (HCI:HQO = 3:1) for 10-15 minutes at 20°C (6-8um/min). The
etching was stopped perfectly at the interface of GalnAsP etching stop layer, and the mirror
like surface was appeared. Then, the etching stop layer was also etched away selectively by
H,50,:H,0,:H,0 = 3:1:1 solution. Due to selectivity of surface orientation, the bottom form
of the hole became like as a cat eye.

(10) n-mirror formation
As well as p-side mirror, Si and SiO, multilayer were evaporated to n-side. The number
of pair was four and the last layer was Si. Theoretically estimated reflectivity was 99.7% for

this configuration. The mirror etching is also performed as well as p-side.

The finished mesa cap laser structure is shown in Fig. 5.7.

AuGe/Au Electrode
|- Si/SiOpMultilayer Reflector

|- n-InP (Sub.)

n-GalnAsP (Eich Stop)
——1—n-InP (Clad.)
— p-GalnAsP (Act.)
— p-InP (Clad.)
= SiO2
p-GalnAsP (Contact)
Au/Zn/Au/Ti/Au Electrode
Si/SiOp Multitayer / Au

p-Side View

, Mesa-capping layer
—_ N W
-S:[ 2 Ring-Electrode
3L 3| 3

Mirror

Fig. 5.7 Schematic view of mesa-cap type surface emitting laser structures

and p-side view.
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5.2.2 Lasing Characteristics of Mesa-Cap Surface Emitting Lasers

The surface emitting laser was successively fabricated to mesa-cap type structure. The
wafer was cleaved or cut to independent devices, and then it mounted to measure the device
characteristics without metal solder.

The lasing characteristic of light output against current (I-L) and lasing spectrum was
measured at 77K under continuous wave (CW) condition. Figure 5.8 shows an I-L curve and"
lasing spectrum of the lowest threshold device in the first fabricated wafer. This is the first
lasing operation grown by chemical beam epitaxy. The threshold current was 2.7mA. The
threshold current density estimated from the area of near field pattern (NFP) at room
temperature was 455A/cm2. The threshold current and its current density were the lowest
value of all the long wavelength surface emitting lasers reported formally. The light output
power was about 90pW at two times of I,. The output power was very small and slope
efficiency was estimated to be about 33uW/mA = 0.03W/A. The differential quantum

efficiency ny was estimated to be 3.8%. Such small output power and small efficiency are due
to large ineffective current of mesa-cap structure because the current flows the area about 10
times of mirror area. The lasing spectrum of this device at 1.1xIy, (~3mA) is also shown in
Fig. 5.8. The lasing wavelength was 1.43um and the linewidth was less than resolution of

spectrum analyzer (2A). The lasing wavelength was far from 1.55 um due to bandgap change

100
77K CW I=1.1k,
Ith=2.7mA
< 80 | Jy,=450A/cm2
= 5
g 60 e
5 £ | Resolution 2A
O 40} 2 —>—
= 3
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— 20}
0 n A L A i i L i
0 2 4 6 1.420 1.430 - 1.440
Current (mA) Wavelength (um)

Fig. 5.8 Light output vs. current and lasing spectrum for 30um diameter
mesa-cap device. This result was the first observation of lasing
operation for surface emitting lasers grown by CBE. Lasing

threshold was 2.7mA under 77K continuous wave operation.
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by temperature of about dEg/dT ~-0.3meV/K. The wavelength shift was good agreement with
estimated value. We can see single mode operation. Such single mode operation is due to
wide longitudinal mode spacing of short cavity surface emitting lasers and it is advantage of
vertical cavity surface emitting lasers as mentioned in chapter 1. From the current voltage
characteristics, the differential resistance was about 70Q2 (1.6x10-4Qcm?) at 77K and 300 (7x
10-5Qcm?) at room temperature. As such high resistance is due to small electrode area, it is
important to reduce the specific contact resistance.

This device was not lased at room temperature CW and pulsed condition. However, I
observed spontaneous emission spectra at room temperature CW condition. Figure 5.9 shows
a spectrum under room temperature CW condition. Three Fabry-Perot modes were observed
due to wide emission spectrum width under room temperature. The mode spacing was
estimated about 75-80nm and this value agrees with the longitudinal mode spacing estimated
from the grown cavity length. '

The temperature characteristics of lasing threshold current are mentioned in next section
with the other devices.

R.T.CW Resolution 5nm
| 1=20mA
= m=19
S
=
wn
[ o=
9
£
m=18

1.35 1.40 1.45 1.50 1.55 1.60
Wavelength (um)

Fig.5.9 Emission spectrum under room temperature. The peaks of 1.42um,
1.50um and 1.58um are Fabry-Perot modes and m means
longitudinal mode number. This device lased at 1.40pm under 77K
CW condition with threshold current of 8mA.
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5.2.3 Surface Emitting Lasers with Low Absorption Capping Layer

Next, a laser wafer with small optical absorption structure was grown and fabricated to
mesa-cap surface emitting lasers. To reduce the optical absorption in highly doped p-capping
layer, the capping layer structure was improved from previous wafer. The thickness was
reduced from 0.25um to 0.10um, and the doping concentration was lowered from 2x1019%¢m-3
to 1x10cm-3. By such configurations, the reduction of absorption loss in capping layer is
expected to be about 1/5. The over all structure except capping layer is the same as the
previous wafer shown in Fig. 5.3. The fabricated structure is also the same as the structure
shown in Fig. 5.7. "

The lasing characteristics under 77K CW condition are shown in Fig. 5.10. The
minimum threshold current was 2.6mA at the lasing wavelength of 1.46pum. The threshold
current density estimated from room temperature NFP was 575A/cm2. Improvement from the
first lasing device mentioned above was not observed. The reason may be that the absorption
loss is very small at low temperature, and the superior gain characteristics under low
temperature also covered the loss difference. The worry of electrical characteristic such as
differential resistance in capping layer was not observed though the hole concentration was
low. However, the diameter of room temperature NFP was reduced compared with previous

structure. The reason may be due to small current spreading in capping layer.

77K CW I=1.1
Ith=2.6mA
_ [ Jin=575A/cm2
5
8 E)
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o %’ . —
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Current (mA) Wavelength (um)

Fig. 5.10 Lasing characteristics for low absorption capping layer structure
device. The threshold current was very slightly lowered against
previous device at 77K CW condition.
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Fig. 5.11 Temperature characteristics of surface emitting lasers. The difference

of two structures is thickness and doping concentration of capping
layer.

Next, the temperature characteristic under pulse condition is discussed for two type
structures. Temperature characteristics were measured in cooled mixture of .methanol and
ethanol for range from about -100°C to room temperature.

The temperature characteristics of threshold current are shown in Fig. 5.11. A former
device which has 0.25um thick capping layer with p=2x101%m-3 operated up to -20°C. The
threshold current and its density was 230mA and 33kA/cm?2, respectively at maximum
operating temperature. Thus any devices with thick capping layer did not lased at room
temperature. On the other hand, the devices with low absorption capping layer structure was
operated up to slightly higher temperature, and the maximum operating temperature was -1°C.
At this temperature, the threshold current of later device was 147mA and the corresponding
current density was 21kA/cm2. The temperature characteristic difference between two devices
seems not so large. However, the threshold current of later device was only 50mA at -20°C
and the value was only about 1/5 compared with former device. The decrease of threshold
current was considered due to reduction of optical absorption in capping layer because the
inter-valence band absorption has large temperature sensitivity. '

From the result, the absorption reduction in the cavity is effective for lowering threshold.
On the other hand, the threshold current and maximum operating temperature was different

from each device on the same wafer. In next section, it is discussed about this phenomenon.
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5.3 Gain-Resonance Matching of Surface Emitting Lasers

5.3.1 Lasing Wavelength Dependence of Threshold Current

In the first fabricated wafers mentioned in previous section, the threshold current was
ranged from 2.7mA to 30mA for tested 42 devices. From the measurement of lasing
characteristics, I had found that there was a tendency which strongly depends on the wafer
position for the threshold current and lasing wavelength. Figure 5.12 shows the threshold
current and lasing wavelength of devices against wafer position. The lasing wavelength looks
like gradually changed for the device positions. The threshold current was high at the
changing position of lasing wavelengths.

As the surface emitting laser is a single longitudinal mode laser because of short cavity
length, the variation of lasing wavelength is considered due to the difference of cavity lengths.
The uniformity of thickness and composition is good enough under the substrate rotation
condition during growth as mentioned in chapter 3. However the laser wafer shown in Fig.
5.12 was grown without substrate rotation to introduce intentional nonuniformity in layer
thickness. Figure 5.13 shows the relation between threshold current and lasing wavelength of
whole devices shown in Fig. 5.12. The tendency is clearly observed from this figure.

I considered the reason of this tendency as the result of a gain spectrum. Conventional
edge emitting lasers have usually very short longitudinal mode spacing comparable with
surface emitting lasers. Hence, the edge emitting laser is possible to lase at almost gain peak
wavelength as shown in Fig. 5.14 (a). On the other hand, the surface em1tt1ng laser doesn't

always lase at gain peak wavelength because of its wide longltudmal spacing as shown in Fig,
3.14 (b).
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Fig. 5.12 Wafer position dependence of lasing wavelength and threshold
current for one wafer. The device pitch is 600um.
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Fig. 5.13 Threshold current against lasing wavelength for devices on one
wafer. The measurement was performed under 77K CW condition.

The active layer diameter is about 30pum.
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Fig. 5.14 Relation between gain spectrum, longitudinal mode and lasing mode
for edge emitting lasers (a) and surface emitting lasers (b).
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Figure 5.15 shows the theoretically calculated result of relation between threshold
current density and lasing wavelength considering gain spectrum. The gain characteristics
were calculated using the density matrix theory with intraband relaxation time. The bandgap
energy of 0.86eV (1.44um) was assumed for the GalnAsP at 77K. The threshold gain was
assumed to be 100cm-! which was calculated by mirror reflectivity of 99.5% and absorption
coefficient of 10cm-! in the 4pum cavity consisting lum active layer thickness. The gain
spectrum is also shown in the figure for minimum threshold current condition. The threshold
current density is gradually increased for below 1.43um and rapidly increased for above 1.43 L
m. The experimental results shown in Fig 5.13 also show such tendency but the increase at
short wavelength region was relatively rapidly. The reason may be due to thermal effect
because the measurement was carried out under CW condition, and hence the bandgap energy
was changed to narrow bandgap energy by heating. As the result, excess current was required
for shorter wavelength region. This phenomena may also effect to reduce the increase of
threshold current for longer wavelength region

Next, the wavelength dependence on threshold current is considered for room
temperature condition. To calculate the threshold current, the bandgap energy of GalnAsP is
assumed to be 0.77eV (1.62um) to obtain peak gain at 1.55pm. The absorption coefficient is
10cm-! for each cladding layer. The carrier density dependence absorption is assumed in the
active layer with absorption cross section of 55x10-18cm2 (see chapter 2). The mirror
reflectivity is assumed to be 99.7%. The results are shown in Fig. 5.16 for nonradiative
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Fig. 5.15 Theoretical threshold current density vs. lasing wavelength at 77K.
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Fig. 5.16 Theoretical threshold current density vs. lasing wavelength at room

temperature for different Auger recombination coefficients.

recombination coefficient C of 0.7x10-28cm6/s and 0 with radiative recombination coefficient
B of 1.0x10-19%m3/s. Though the gain spectrum is relatively wide wavelength range at room
temperature, the low threshold current wavelength range becomes narrow due to non-radiative
recombination. .

3.3.2 Gain-Resonance Matching Effect on Temperature Characteristics

The bandgap energy is changed by temperature as mentioned above. In this section, the
temperature dependence of threshold current is examined in detail for long wavelength surface
emitting lasers.

The temperature characteristics for two devices are shown in Fig. 5.17. These two
devices were chosen from the first lasing wafer. The threshold current for sample A was
increased monotonically as temperature rise. The sample A was lased at short wavelength
compared with gain peak wavelength at 77K. The threshold current change is considered due
t0 not only gain reduction but also mismatching of the gain peak and oscillation wavelength
because the gain spectrum is shifted to long wavelength as the temperature rise. It is
considered that the sample lased at equal or shorter wavelength than gain peak behave such

temperature characteristic and the behavior looks like that of conventional lasers. As the result,

the sample A was oscillated only up to about 110K. On the other hand, the sample B was
oscillated up to 150K though the sample lased at far short wavelength from the gain peak at
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Fig. 5.17 Temperature characteristics of two type lasers. The lasing
wavelength of sample A at 77K is matched or slightly shorten
against gain peak wavelength. Sample B oscillated at far short
wavelength against gain peak wavelength at 77K but the next mode
in long wavelength was oscillated above 80K.

77K. The threshold current is increased as temperature rise at near 77K by the séme reason as
previous device. However, the lasing mode was hopped to next long wavelength mode at 82K
and the lasing wavelength was changed to the longer wavelength than gain peak. As the gain
peak is shifted to long wavelength, the oscillation wavelength match to the gain peak at 90K.
Following behavior is the same as previous device. It is also reported that the temperature
characteristics of threshold behave unique for GaAs system surface emitting lasers [12, 13,
14].

As the summary of this chapter, I realized the first achievement of a CBE grown
GalnAsP/InP surface emitting laser. The lasing characteristic was drastically improved by
lowering absorption loss in capping layer. On the other hand, the threshold current and the
temperature characteristic is much related with gain peak wavelength. To obtain low threshold
and higher operating temperature, the design of lasing wavelength (which is 1.55 pm in this
study) and the gain peak wavelength is very important because the longitudinal mode spacing
is wide for surface emitting lasers. Though the analysis for quantum well active layer is not
carried out in this study, the matching may be more important because the gain spectrum is
considered to be narrow.
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Chapter 6

Low Threshold Current
GalnAsP/InP Surface Emitting Lasers

In this chapter, low threshold current GalnAsP/InP surface emitting
lasers are fabricated and characterized. To reduce the threshold current density,
a hybrid mirror structure was introduced. A current confinement structure was
also fabricated. Furthermore, quantum well surface emitting lasers were
considered for further reduction of threshold current density.

6.1 Hybrid-Mirror Surface Emitting Lasers

6.1.1 Growth and Fabrication of Hybrid-Mirror Surface Emitting Lasers

As described in chapter 2, hybrid mirror structure is effective to increase the effective
reflectivity, and hence the structure is expected to reduce the threshold current density. In this
section, a long wavelength surface emitting laser with hybrid mirror structure was grown and
fabricated to the surface emitting lasers. The schematic view of the wafer structure is shown in
Fig. 6.1. The wafer has 8 pair of GaInAsP (Ag=1.45um)/InP multilayer reflector (DBR) for n-
side. The each layer thickness is corresponding to A/4 (A=1.55um) optical thickness and the
thickness of InP and GalnAsP is 12204 and 11104, respectively. The bottom GalnAsP layer
is also used as an etching stop layer. The n-cladding layer is 3A/4 and 0.36pm. The doping
concentration of n-InP and n-GalnAsP is 2x1018cm-3 and 1x10!8cm-3, respectively. The
active layer is undoped ' GalnAsP (Ag=1.55um) and the thickness is 0.44pum which
corresponds to 4A/4. As the optimum active layer thickness is reduced by higher mirror
reflectivity, the thickness is designed thinner for hybrid-mirror laser wafers than that for
conventional wafer shown in Fig. 5.3. The p-cladding layer has the thickness of 7A/4 and
doping concentration of 1x1018cm-3. The GaInAsP (Ag=1.3um) capping layer is designed as a
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Jow absorption structure with doping concentration of 1x1019¢m-3 and thickness of /4 (0.11p
m). In this way, all the layer thickness is designed as multiple of A/4 and the lasing
wavelength is controlled as A. Such design is important to realize a low threshold surface
emitting lasers because gain-resonance matching is necessary for optimized threshold current
as described in chapter 5.

Figure 6.2 shows a reflectivity spectrum of a hybrid-mirror laser wafer. The reflectivity
was measured from the epitaxial surface side. The dip at 1.55um wavelength is the cavity
resonance mode. The cavity is formed by 8 pair GalnAsP/InP multilayer reflector and
epitaxial layer surface. In the figure, the theoretical reflection spectrum is also shown by
dashed line. The experimental results are good agreement with theoretical results.

The wafers are fabricated to mesa-cap structures as shown in Fig. 6.3. The mesa
diameters are 30pm and 20um for two wafers but wafer structures are the same. The small
mesa diameter structure is fabricated to realize low threshold with small current spreading in
capping layer. The fabrication processes are almost the same as described in previous chapter,
however the holing process is carried out for only InP substrate because the etching stop layer
is designed as a part of multilayer reflector. The mirror is Si/8i0, multilayers for both side
and the number of pairs is 4.5 for p-side with gold (Au) and 4 for n-side. Though the hybrid
mirror is effective for realizing high reflectivity, it does not perform as reflector at low

temperature because the mirror is adjusted to 1.55um at room temperature and the high

p-GalnAsP Active
(Ag=1.45um)

p-InP Cladding

p-GalnAsP Active
(Ag=1.55um)

n-inP
/ GalnAsP (Ag=1.45um)
8 pair DBR

n-InP Substrate

Fig. 6.1 Hybrid mirror surface emitting laser wafer grown by CBE. The wave

form shows the schematic view of standing wave in the cavity.
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" reflectivity band width is not so wide.
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Fig. 6.2 Reflectivity spectrum of hybrid mirror laser wafer. The dashed line
is theoretically calculated spectrum.

AuGe/Au Electrode
- Si/SiO2Multilayer Reflector

L n-InP (Sub.)

|- n-GalnAsP/InP 8.5pair DBR

- n-InP (Clad.)

L— p-GalnAsP (Act.)

— p-InP (Clad.)

p-GalnAsP (Contact)
Au/Zn/AufTi/Au Electrode
Si/SiOz Multilayer / Au

Fig. 6.3 Schematic view of a mesa-cap type surface emitting laser structure

with n-hybrid mirror. This schematic view shows the 30um diameter
mesa type.
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6.1.2 Lasing Characteristics of Hybrid-Mirror Surface Emitting Lasers

The minimum threshold current of 30um diameter devices was 5.4mA. This value was
about two times higher than the device shown in previous chapter. Considering the thinned
active layer thickness, the threshold current is estimated about half of previous devices at low
temperature. The reason of high threshold current is due to effect of gain and resonance mode
mismatching. As the wafers for hybrid mirror devices were grown with substrate rotation, the
thickness uniformity was superior than the wafers grown in chapter 5. Therefore the lasing
wavelength is not so distributed and the lasing wavelength range was from 1.41um to 1.44pum
and from 1.49um to 1.50um. The two wavelength range is considered to be due to difference
longitudinal mode number. This wavelength range is smaller than previous wafers without
substrate rotation. The matching of gain peak wavelength and oscillation wavelength was
considered to be occur in 1.47-1.48um. In this way, it does not always show good lasing
characteristics if the operating temperature is different from deSigned temperature.

The lowest threshold current of 1.0mA was observed for 20um diameter mesa structure
and its threshold current density was 320A/cm?2 as shown in Fig. 6.4. This threshold current
and its density were lower than previous devices. The wafer for 20um diameter devices was

also grown with substrate rotation. Therefore the lasing wavelength of each device was

77K CW
Ith=1 mA
| Jih=820A/cm?
3
&
5
£
-
O
=
B2
— Mirror
Ring electrode / Mesa cap
0 1 2

Current (mA)

Fig. 6.4 I-L characteristic of mesa-cap surface emitting laser with n-hybrid
mirror structure. The threshold current of 1.0mA is the lowest in
mesa-cap type surface emitting lasers. The mesa diameter is 20um

with ring-electrode of outer/inner diameter of 20pm/10pm.
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distributed narrow wavelength range from 1.49um to 1.52um. The gain peak wavelength is
considered to be slightly shorter wavelength. Further reduction of threshold current is
expected if the gain and oscillation wavelength is matched at 77K.

The temperature characteristics of hybrid-mirror structures are follows. The maximum
operating temperature was 11°C for 30pum diameter mesa device and it is the highest
operatioh temperature of CBE grown surface emitting lasers under pulse operation. Figure 6.5
shows the temperature characteristics of the hybrid-mirror device with that of previous
devices. The threshold current was 97mA at maximum operating temperature. The
corresponding current density was 18kA/cm2 which was estimated from the measured NFP of
26um diameter. The estimated reﬂectivity from the threshold current density is about 99.0%
by theoretical calculation described in chapter 2. The maximum operating temperature and its
threshold current exhibit superior characteristics to previous devices. The threshold current at
-20°C and 0°C were about 20mA and 60mA, respectively. These threshold currents are about
half and 1/10 of that of conventional devices. The notable result is due to high reflectivity of
hybrid-mirror structure. The characteristic temperature T, was 20K at near room temperature
for hybrid mirror surface emitting lasers. The temperature characteristics for previous devices
were also not so large at near room temperature. The reported characteristic temperature for
conventional edge emitting lasers are about 40K for GalnAsP (Ag=1.55um) bulk active layer.

1000 ¢
- 30um¢ mesa-cap type
e N n-side hybrid mirror
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Fig. 6.5 Temperature characteristics of n-hybrid mirror surface emitting
lasers (closed circle). Triangle and square makers represent the same
result shown in Fig. 5.11.
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Up to this time, almost reported long wavelength surface emitting lasers which operated at
room temperature indicated small characteristic temperatures at near room temperature. Of
course, characteristic temperatures of long wavelength semiconductor lasers are not so large
comparable with that of short wavelength lasers because the optical absorption is increased as
temperature rise. However, the value is worse for surface emitting lasers than for conventional
edge emitting lasers. I considered that one of the reason may be originated from current.
injection problem of ring-electrode and it is discussed in next chapter. .

The temperature characteristics under CW condition are shown in Fig. 6.6 for 20pm
diameter hybrid mirror structure device. The maximum operating temperature was -84°C and
that was far from the result under pulse operation because of thermal heating of continuous
current. However, this temperature was highest for the GalnAsP/InP surface emitting lasers
under CW condition at that time. The threshold cutrent was varied for temperature but
different from that of conventional edge emitting lasers. The reason is also the same aé
described in chapter 5. On the other hand, the lasing wavelength was changed gradually with
1.1A/K which is less than conventional long cavity lasers and good agreement with
distributed feedback (DFB) lasers [1, 2]. This small wavelength change is common for single

mode lasers and the wavelength change corresponds to the refractive index change against

temperature.
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Fig. 6.6 CW temperature characteristics for 20um diameter mesa-cap
structure with n-side hybrid-mirror. The maximum operating
temperature of -84°C was highest value at that time.
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6.2 Polyimide Buried Mushroom Structure Lasers

6.2.1 Growth and Fabrication of Mushroom Structure Lasers

Next, a current confinement structure was fabricated to demonstrate a low threshold
current. The fabricated current confinement structure is one of current limitation at active
layer and called mushroom structure. The fabrication processes are like as mesa cap structure
except formation process of the mushroom like mesa structure. The wafer for this mushroom
structure is n-hybrid mirror type. First, fabrication processes are shown.

After the wafer growth and cleaning, SiO, for mesa etching mask was deposited by
spattering technique about 1000A. The Si0,, was etched remaining 30pum diameter circle as
well as mesa cap structure. Then the formation of mushroom structure is performed as
follows; 1) GalnAsP capping layer etching by H,50,:H,0,:H,0 = 3:1:1, 2) InP p-cladding
layer etching by HCL:H,0 = 3:1, 3) GalnAsP active layer etching by H,80,:H,0,:H,0 =
3:1:1.

The active layer etching is important to obtain controlled small active area which is
smaller than SiO, mask and p-cladding layer. To control the area, the etching rate is very
important because we can not see the active region through the cladding and capping layer.

SiO2 30umé
; < H2S04:H202:H20=3:1:1
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15 : ' ‘ :
0 1 2

Etching Time (min)

Fig. 6.7 Etching rate of GaInAsP. Etching rate is represented as the remain
dot diameter.
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Table 6.1 Etching rate of GalnAsP <110> direction by H,50,:H,0,:H,0 =

3:1:1 (20°C)
GalnAsP Ag 1.3um 1.45um [.55pm
etching rate 0.6pm/min 1.8pum/min 2.3um/min

To success the formation of small active area, the etching rate of GalnAsP was
measured for H,SO,:H,0,:H,0 solution. The measurement results are shown in Fig. 6.7. To
adjust the condition to the real device, the vertical axis of graph is represented as remained
mesa diameter. The sample for measurement of etching rate consists single GalnAsP layer on
InP substrate and the thickness is about 0.5um. The samples are covered by 810, and the SiO,
is etched remaining 30um diameter area. Then the etching is carried out at 20°C in the
solution. The GalnAsP composition is Ag=1.3um, 1.45um and 1.55pm. From the result,
narrow band gap material (long wavelength material) has high etching rate. As the etching is
progressed unhomogeneously, the remained area is square shape. The etching rate is
summarized in table 6.1.

After formation of mushroom structure, the mesa is buried by polyimide which also

plays an electrical insulator layer. The polyimide used in this study has sensitization as

AuGe Electrode
Si/SiO2 Multilayer Reflector

/
/n—InP (Sub.)

n-GalnAsP/InP 8.5pair DBR

Vs
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==

= p-InP (Clad.)
Polyimide

p+GalnAsP (Contact)
Au/Zn/Au/Ti/Au Electrode

p-GalnAsP (Act.) ws :
Si/SiOp Multilayer / Au

Fig. 6.8 Schematic structure of mushroom type surface emitting laser with n-
side hybrid mirror.
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pegative type for the light, and so the electrode and mirror window at the center of mesa is
opened by conventional photolithography technique. The following processes are like as that
of mesa-cap structures and hence the processes are omitted here. The schematic structure of
mushroom type surface emitting laser with hybrid mirror is shown in Fig. 6.8. The name of
mushroom is from the shape of the active region which is smaller than cladding layer.

6.2.2 Lasing Characteristics of Mushroom Structure Lasers

The lasing characteristics of mushroom type structure are shown in Fig. 6.9. The
threshold current of 0.3mA was obtained under 77K CW condition and this threshold is the
lowest threshold current at 77K for long wavelength surface emitting lasers. The device has
10x10pm? of active area and this area is about 1/3 - 1/7 of the current flow area of mesa-cap
structures. The threshold current density of 300A/cm? is good agreement with that of mesa-
cap structures. However, the yields of completely fabricated devices were very little, and sc;
the lower threshold devices will be expected if the fabrication process is improved. The
temperature characteristic of this device is not so good. The reason of this is also due to

difficulty of fabrication.

77K CW
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Fig. 6.9 Lasing characteristics of a mushroom type surface emitting laser

shown in Fig. 6.8 under 77K CW condition. Threshold current of
0.3mA is the lowest in GalnAsP/InP surface emitting lasers.
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6.3 Strain Compensated Quantum Well Surface Emitting Lasers

6.3.1 Growth and Fabrication of Strain Compensated QW SE Lasers

As discussed in previous section, good lasing characteristics were achieved by bulk
active layer structure. From the lasing characteristics of edge emitting laser, much higher
performance is expected by applying quantum well active layer. I also tried to fabricate the
quantum well surface emitting lasers. |

The grown structure for surface emitting lasers is shown in Fig. 6.10. The active layers
have 8 or 10 quantum wells separated to two regions considering large matching factor as
described in chapter 2. The well is 65A thick and 1.0% compressively strained GalnAsP. On
the other hand, the barrier is 150A thick and 0.6% tensile strained GaInAsP which form the
strain-compensated structure. The strain-compensation is not zero-net strain from the result of
photoluminescence measurement discussed in chapter 4. The Ag of the barrier is 1.2pm. The
separator between two quantum well regions is GaInAsP of Ag=1.2um lattice matched to InP.
The separator thickness is 1258A and 1040A for the structure of 8QW and 10QW,
respectively. This thickness is determined that the two quantum well regions fit to the peak of
standing wave. In this structure, any semiconductor mirror did not exist, however the doping

concentration of p- and n-cladding layer is lowered to reduce the absorption loss. The doping

0.44um | InP

1.25Q

0.65um p-Clad (InP) Well 1.0%cs 65A
Barrier 0.6%ts 150A

4QW or 5QW x 2

1.17um n-Clad (InP)

0.22um

n-Sub. (InP)

Fig. 6.10 Schematic structure of strained QW surface emitting lasers. The
active region has 8 or 10 wells separated to two groups. The active
region structure is strain-compensated strained QWs.
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concentration of n- and p-cladding layer is n=5x1017cm-3 and p=2x1017cm-3, respectively.
The thickness of cladding layer is 1.17um (9xA/4+a) and 0.65 pm (5xA/4+o) for n- and p-side,
respectively. InP of thickness of « is inserted to the side of active layer to adjust the total
cavity thickness to multiple of /4. The capping layer thickness of 0.44um is thicker than that
of previous devices because the capping layer of mirror region is etched away to reduce the
absorption loss. It is more effective to avoid absorption loss than the thin capping layer
thickness and low doping concentration.

The lasing characteristics of this wafer of edge emitting lasers are follows. The
minimum threshold current density was 2.5kA/cm?2 at 500pm cavity length and it
corresponded to be 250A/cm2/QW. The relation between threshold current density and
reciprocal cavity length is shown in Fig. 6.11. The expected threshold current for infinite
cavity length is about 160A/cm2/QW and this value is higher than result of conventional edge
emitting laser wafer with SCH layers as shown in chapter 4. The deterioration of threshold
current density is due to un-optimized structure for edge emitting lasers such as thin p-
cladding layer and nothing of SCH layer.

The fabricated laser structure is mesa cap type and mushroom type as shown in Fig.
6.12. The layers around mesa of the previous devices shown in chapter 5 are etched away
except mesa region, and hence these structures have very thin layer at the hole. The modified

structure fabricated in this section is etched away only around mesa by using ring mask.
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Fig. 6.11 Edge emitting laser characteristics for separate gain region structure.
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Fig. 6.12 Mesa-cap type (a) and mushroom type (b) surface emitting lasers
with strain compensated MQWs. These structures are different from

previous structure at the point of remaining of layers around mesa.

6.3.2 Characteristics of Strain Compensated QW SE Lasers

Up to the present, the lasing operation have not been obtained for QW surface emitting
lasers grown by CBE yet. Figure 6.13 shows spectra under 77K CW condition for 10QWx2
separate gain structure. We can see two Fabry-Perot modes especially in injection current of
3mA. Theoretically calculated longitudinal spacing is about 130nm though the observed value
is 44nm. Thus the unknown peaks are observed. I consider that the origin of short wavelength
peak may be formed between n-side mirror and p-side ring electrode. The wavelength
difference from the destination cavity is due to thickness difference with/without capping
layer. The destination cavity consists 18x(A/4) thickness but the undesirable cavity consists 18
x(A/4) with 4x(A/4) capping layer thickness. The theoretical reflection spectrum is shown in
Fig. 6.14. In this calculation, n-mirror is assumed to be one-pair Si/Si0, and p-mirror is 1.5-
pair Si/SiO, with ygold. The cavity is 18x(A/4) InP. For undesirable cavity, the cavity also
consists GalnAsP (Ag=1.4um) of 4x(A/4) thickness with gold mirror. We can see two
different wavelength modes near 1.4pum as well as experimentally observed mode. Thus
undesirable mode may be due to another cavity mode. The destination icavity is successively
fabricated, however the lasing was not observed due to offset of gain peak wavelength and
cavity mode wavelength under 77K. '

In this study, high performance QW surface emitting laser has not been realized yet.
However, there are some study for QW long wavelength surface emitting lasers [3, 4, 5].

These results show better lasing characteristics than bulk active layer.
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Fig. 6.13 Spectra of 5QWx2 separate gain structure under 77K CW condition.

The device structure is mushroom type but the active layer area is
relatively large (about 25x25um?2).

1 \/r ‘?\/7" ‘\W o v
08} | N _
H g n-mirror / p-mirror
Z o6l | |
s 061 I | I
g3 I ! !
= "' % |
T 04 J v
o i
02| n-mirror / p-electrode
12 . 13 1.4 1.5 1.6

Wavelength (um)

Fig. 6.14 Longitudinal mode wavelength calculation by analysis of reflectivity

spectrum. The assumed cavity structure is described in the text.
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Chapter} 7

Discussions for Improving
Surface Emitting Laser Characteristics

In this chapter, surface emitting laser characteristics are discussed in
detail about current-voltage characteristic for p-type DBR and lateral current
uniformity of ring-electrode structure. Then, future development of high

performance long wavelength surface emitting lasers are considered.

7.1 Electrical Characteristics of p-Type Multilayer Reflectors

7.1.1 Electrical Characteristics of p-GalnAsP/InP DBR

To realize high performance long wavelength surface emitting lasers, it is required to
realize high reflectivity mirrors as described in chapter 2. For long wavelength surface
emitting lasers, a GalnAsP/InP multilayer distributed Bragg reflector (DBR) is important
mirror because of lattice matching material to InP substrate and high productivity by
continuous growth with active layer. I applied the n-type GalnAsP/InP multilayer to the
~surface emitting lasers as hybrid mirror described in chapter 6. The GalnAsP/InP DBRs
applied to the n-side mirror of the long-wavelength surface emitting lasers are also reported
and the lasers show good lasing characteristics [1, 2, 3, 4].

On the other hand, the p-type semiconductor DBR has realized only as fused
GaAs/AlAs mirror structure for long wavelength surface emitting lasers [5]. I also considered
to apply the p-type semiconductor multilayer mirror as a hybrid mirror. The schematic laser
wafer structures are shown in Fig. 7.1 with previously described wafers grown by CBE. The
structure (a) has no DBR structure which is the first lasing surface emitting laser grown by
CBE. The structure (b) consists of an 8-pair GalnAsP/InP DBR for the n-side and the
structure (¢) has a 5-pair DBR for the p-side and an 8-pair DBR for the n-side. The
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composition of GalnAsP layer of DBR is Ag=1.45um and lattice matched to InP. The doping
levels of the p-DBR are 1x1018¢m-3 for InP and 2x1018¢m-3 for GalnAsP, and that of n-DBRs
are 1x1018¢m-3 for InP and 2x1018cm-3 for GalnAsP. The p-capping layers are also grown on
the top of epitaxial layers with p=1x1019cm-3. The active layer is undoped-GalnAsP (Ag=1.55
pum). These wafers were fabricated to mesa-cap type surface emitting laser structures.
However, the lasing operations are achieved only for structure (a) and (b) and double-side
hybrid mirror lasers (c) are not lased even under 77K.

[ considered one of the reasons as its high electrical resistance. Figure 7.2 shows
current-voltage characteristics of each structure at room temperature. The two structures
without DBR and with only n-side DBR show very similar characteristics. The obtained result
indicates that the n-type DBR does not affect to the electric characteristics so much. However,
the p-side DBR causes an excess bias of 0.5V at 5kA/cm2. This value is equivalent to a 0.1V
excess bias for one p-DBR pair. ‘

It is known that the p-type semiconductor DBRs has difficulty of high electrical
resistance at the heterojunction. This high resistance at the p-type DBR had been reported as a
serious problem in short wavelength surface emitting lasers using AlAs/GaAs DBRs. Some
methods to reduce the excess bias at AlAs/GaAs DBR have been reported, for example, using
a graded layer, and high delta doping at the hetero-interface [6, 7, 8, 9]. Although theoretical
study is required to design the optimum DBR structure, the theoretical modeling of electrical
characteristics for p-type DBRs has not been fully cleared yet [10, 11, 12, 13].

In this section, I made proposal of analysis method of the current-voltage characteristic
of p-type GalnAsP/InP DBR structure taking the light- and heavy-hole transmission tunneling

p-InP Clad.

—

p-InP Clad.

n-InP Clad.

InP Sub. InP Sub.

(@) (b)

Fig. 7.1 Laser wafers for examine the current-voltage characteristics in

semiconductor multilayer regions.
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Fig. 7.2 Experimental current-voltage characteristics for various laser

structures.

into account.

7.1.2 Modeling of Current Flow at p-Type Heterojunction

I consider the current-voltage characteristic of p-type DBRs taking the carrier tunneling
at heterointerface into account. Figure 7.3 is a schematic energy-band diagram of a part of p-
GalnAsP/InP DBR. The GalnAsP and InP are high and low index material, respectively. The
heterointerface is assumed to be abrupt. The doping profile in each layer is assumed to be
uniform and any delta- or graded-doping is not considered. In the figure, two kinds of the
heterojunctions marked forward- and reverse-bias is shown. The distinction of the two
heterojunctions is a result from the direction of the current flow, and the current is assumed to
flow from right to left in the figure. At the forward-bias interface, holes move from the wide
band-gap material to narrow one. The reverse-bias means the opposite situation.

The hetero-spikes may exist at these hetero-interface and these spikes obstruct the
transport of holes remarkably for the reverse-bias condition. In the n-type DBR, the hetero-
spikes also exist, but the electrons distribute in wide energy width at near room-temperature
due to small effective mass. On the other hand, holes distribute at near valence-band edge due

to the large density of states. Therefore, both the thermionic emission which means the carrier

transport over the hetero-spikes and the tunneling transport should be considered for the hole
Current. The hole tunneling transmission current of p-GaAs/AlAs DBRs was calculated by
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Fig. 7.3 Band diagram of GalnAsP/InP p-type DBR. The potential spike in
valence band is classified to two types for the current flow direction

as forward bias and reverse bias.

Zeeb and Ebeling [12], however they dealt with only the heavy-hole tunneling current and the
light-hole transmission tunneling is neglected. In considering the tunneling transport, the
tunneling probability is important and it relates with the effective mass of the carriers. Since
the light-holes have smaller effective mass than the heavy-holes, the tunneling probability of
light hole may be large. Then I consider a new carrier transport model of p-type GalnAsP/InP
DBRs which include both light- and heavy-hole tunneling effects.

To calculate the tunneling probability, the potential barrier profile is required for the
biased conditions. At first, the energy band diagram of p-isotype GalnAsP/InP heterostructure
is calculated under bias conditions by using Poisson's equation. We can calculate smoothly
the potential barrier profile of the abrupt interface structure because the depletion region exists
only in the wide band-gap material of InP. The potential profile is calculated by using the
condition of edge energies and the thickness of the depletion region. The edge energies are
defined by equality of the interface electric displacement at two material [14];

12
kT q(V oz ) 1/2
{231‘1]\]1{7(6@’—1)]{}—1“—1 -(Vp1 -1) =[2821qN2(V1)2 “Vz)] (7.1)
where the subscripts of 1 and 2 means narrow and wide bandgap material, respectively. € is
the dielectric constant. ¥, and ¥ are the built-in potential and the applied bias, respectively.
The built-in potential is calculated as the difference of vacuum energy in two materials, and
therefore ¥, = f1— f2 where f1 and /2 are Fermi-energy of each material. V), ¥, V|, and
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7, are the portion of the built-in potential and applied bias (Vj, =V +Vp,, V=V, +V,).
The depletion layer thickness d is calculated as;

12
d = [_Z_SM} (7.2)
qN,

For the calculation of fermi-energy, the density of states of light- and heavy-hole is

taken into account by following reduced effective mass m*;
2
vt )
m :(mlh +mhh> (7.3)
where my, and m,, is the effective mass of light- and heavy-hole, respectively. The relation
between Fermi-energy Ef and hole concentration N is calculated by the following relation,
.

Ev LAY
N=| %(le)z Ev—E 1 dE (7.4)
—=m?\ 7 1 (_E_Ef)
+exp T

where Ev is the edge energy of the valence band. The values of parameters are shown in table
7.1 with the other parameter used in the following calculations. ,

The calculated band profiles are shown in Fig. 7.4 for various bias conditions. The wide
bandgap material is InP and the narrow one is GalnAsP (Ag=1.45um). The hole
concentrations of GalnAsP and InP are both 2x1018cm-3. The potential profile of the
accumulation region in GalnAsP is schematically drown. We can see that the potential barrier
height is slightly changed by reverse bias, but the barrier thickness is changed enormously.

Table 7.1 Material parameters for calculation of I-V characteristics [15].

Material InP GalnAsP (Ag=1.3pm) (GalnAsP (Ag=1.45um)
Band-gap (eV) 1.350 0.954 - 0.855
- Valence band offset (eV) | -we---- 0.238 0.297
Heavy-hole mass my; (m;) 0.56 0.5 0.5
 Light-hole mass my, (mg) | 0.120 0.072 0.068
Dielectric constant 12.4 133 13.6
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Fig. 7.4 Band profiles under bias/non-bias condition. The valence band
energy of GalnAsP is fixed to 0eV.

The transmission probability is analyzed by considering the potential profile of the
depletion region and the accumulation region effect is neglected. However, the tunneling
transport is occur at high hole energy enormously, because the tunneling probability is large at
high hole energy. So the accumulation region which is near band edge may affect very small.

The transinission probability is calculated by using the potential profile of the energy
barrier by the method of the multiple potential approximation [16]. Figure 7.5 shows the
transport probability of the light- and heavy-hole at GalnAsP/InP hetero-interface for OV and -
0.2V bias condition. The transmission probability of the light hole increases at smaller hole
energy than that of the heavy-hole, and the energy difference is about 50meV. From the
comparison of zero and -0.2V bias condition, the transmission probability shifts toward lower
energy for both light and heavy hole under reverse bias condition. The amount of energy
reduction for the light-hole is larger than that for the heave-hole. These phenomena are caused
by the small effective mass of the light-hole.

The current-voltage characteristics are calculated using the transmission probability [16].
Assuming the hole energy E,, which means the longitudinal energy for slanting incidence to
the hetero-interface, the current density for each energy E_ is given by;

J(E,)= ‘;mtzg D(Ez)xln(l;lj (7.5)
T |
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Fig. 7.5 Transmission probability at hetero interface. Light hole transmission
probability is larger at near band edge than heavy hole one.

where D(E) is the transmission probability for the energy E., f; and f, are Fermi-distribution
functions for the wide and narrow band-gap material, respectively. The effective mass m* is;

LY. LYY

my
My + My, (7.6)
* My 11, 11
m = VAL
My, + My,

for the heavy- and light-hole tunneling transmission, respectively. The total current density is
calculated by the integration of J(E,) for all valence band energy;

J=["J(E, e, 7.7

Thus, the total current is related strongly with Fermi-Dirac distribution, transmission

tunneling probability and effective mass.
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(b) p-GalnAsP (Ag=1.3um)/InP heterojunction.

Fig. 7.6 Current-voltage  characteristics of p-GalnAsP/InP  iso-type

heterostructure. The doping concentration of each material is
assumed to be 2x1018¢m-3.

133



e

Discussions for Improving Surface Emitting Laser Characteristics

Figures 7.6 (a) and (b) show the theoretical current-voltage characteristics for the light-
and heavy-hole transmission current and the total current means the sum of these two currents.
Figure 7.6 (a) is a result for the high potential barrier height of GalnAsP (Ag=1.45um)/InP
and (b) is result for the low barrier height of GalnAsP (Ag=1.3um)/InP. The hole
concentrations of GalnAsP and InP are assumed to be both 2x1018cm-3. We can see the large
rectification in total current of GaInAsP (Ag=1.45um)/InP case and little rectification in that
of GalnAsP (Ag=1.3um)/InP case. Though the Fermi-energy and the carrier distributions are
almost the same for two cases, the tunneling probability of GalnAsP (Ag=1.3pm) case is
larger at small hole energy than that of GalnAsP (Ag=1.45um) case. Then the contrast is

‘owing to the difference of the potential barrier height. From the result, utilization of the small

barrier height is effective to reduce the excess bias.

It is noted that the light-hole current is larger than the heavy-hole current for both
GalnAsP cases under the reverse bias condition. The density of states for heavy-hole is larger
than that of light-hole, so the number of the carriers in each hole energy is large for the heavy-
hole. However, the tunneling transmission probability is large for the light-holes (shown in
Fig. 7.5), so the tunneling transmission current for the light-hole is larger than that of the
heavy-hole. From the result, the light-hole current is dominant in the total current for the
reverse bias condition, especially in the case of GalnAsP (Lg=1.45 pm)/InP hetero-structure.
The light-hole current of reverse bias condition may be dominant generally for the large

20
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S 15¢
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Fig. 7.7 Current-voltage characteristics for one pair DBR which consists of

one forward bias and one reverse bias junction.
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potential barrier case. On the other hand, the ddminant current for forward bias condition is
the heavy-hole current because the applied bias reduces the hetero-barrier height and the
thermionic emission current which means the current flow over the potential barrier increase.

The current-voltage characteristics of multiple-pair p-DBR are calculated by considering
the stacks of the same number of forward- and reverse-bias heterojunctions. The calculated
- current-voltage characteristic for the set of one forward- and one reverse-bias heterojunction,
- which means one-pair DBR, is shown in Fig. 7.7 corresponding to the Fig. 7.6 (a) and (b). If
we assume the current density of 5kA/cm2, the excess bias in one pair is required about 0.05V
and 0.2V for the case of GalnAsP (Ag=1.3um) and GaInAsP (Ag=1.45um), respectively. The
total excess bias of multiple-pair DBR is calculated from the sum of number of heterojunction
pairs. Such excess bias is one of the thermal sources, and it should be reduced.

Next, the hole concentration dependence is considered. The Fermi-energy is related with
the current density greatly. Figure 7.8 shows the current-voltage characteristics of various
doping designs for one-pair GalnAsP (Ag=1.45um)/InP DBR. From the figure, two lines
which are the same hole concentration of 2x1018cm-3 in InP show nearly same current-voltage
characteristics, though the hole concentrations in GalnAsP are different. The lines of the hole
concentration of 1x1018cm-3 in InP show larger excess bias than the other lines. This results
show that the high doping in wide band-gap material is effective to reducing the excess bias
and the high doping in the narrow band-gap material is not so necessary. It is important point

20 :
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Q 157}
5 GalnAsP S
- 2x10'%m=  // / InP
= % 1x10"%cm™®
2 10t}
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Fig. 7.8 Current-voltage characteristic of one pair GalnAsP(Ag=1.45um)/InP

DBR for various hole concentration configurations.
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1o realize the low excess bias and low absorption mirror because the narrow bandgap material
has large absorption cross section as described in chapter 2.

As a summary of this section, I characterized the electrical characteristics of p-DBR
structures for the long-wavelength surface emitting lasers. The CBE grown p-DBR structure
indicates 0.1V excess bias for one DBR pair. This excess bias is smaller than the estimated
value theoretically. However, the difference between experimental and theoretical results is
enough small considering the difficulty of measurement of the actual band discontinuity and
fermi levels, because the tunneling probability is very sensitive to these parameters. The
current-voltage characteristic of a p-type GalnAsP/InP heterojunction is calculated by
considering the light- and heavy-hole transmission tunneling current. The light-hole current is
dominant for the reverse-bias heterojunction. The absorption of p-DBR for the long-
wavelength material is much influenced by hole concentration, so the highly acceptor doping
only in InP is effective for low excess bias and high reflectivity mirror. These results may be
helpful for the design of the high performance p-DBR and also high performance
GalnAsP/InP surface emitting lasers.

The calculation program is shown in Appendix E.

7.2 Lateral Current Uniformity of Ring Electrode Structures

7.2.1 Examination of Current Injection for Surface Emitting Lasers

As mentiéned in previous chapters, I selected the dielectric multilayer mirror because of
the potentiality of extremely low absorption loss. As the dielectric mirror is not electrical
conductive material, the electrode arraignment is designed as the ring structure for epitaxial
side. As the result of ring electrode structure, the current flow is not uniform at the active
region which means the region just below the mirror. _

To examine the lateral current injection, a near field pattern (NEFP) of surface emitting
laser structure is observed as shown in Fig. 7.9. The device structure is the same as mushroom
Structure shown in chapter 6, but the mirror is not deposited. The device has 15um diameter
mirror window. The intensity profile of the center line is shown below the NFP. The intensity
profile is measured for various injection current density. The intensity profile is shown in Fig.
7.10. The intensity at low.injected current density is considered to be enough uniform. As

increasing the current density, the nonuniformity is increase.
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Fig. 7.10 Intensity profile for various injection current density.

7.2.2 Modeling and Computerize of Current Flow

To consider the current uniformity, the current flow is calculated by the finite element
method (FEM). The schematic model structure and the schematic arrangement of FEM
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Fig. 7.11 Schematic device model and element arrangement for analysis.

elements are shown in Fig. 7.11. The ring electrode has inner and outer radius of 5 um and 10
pm and the mirror window is opened at the center of the mesa with 10pum diameter. The
cladding layer of InP is 20pum diameter and the active layer is Sum radius. In this calculation,
the active layer is assumed to be the same voltage. As the structure is assumed to be
cylindrical three dimensional structure, the calculation is carried out by two dimension.

Figure 7.12 shows one element cut out from the cladding region. The resistance network
is formed with two kinds of resistance. One is parallel to the surface and another is
perpendicular to the surface.

The resistance perpendicular to the surface R is represented as;

R:= an 1 (7.8)
S, ©

Wwhere m is the number of element against radius direction. Ak is height of element. & is

m

conductivity of material. S, is area of the element and represented as;

‘. 2 2
S, = (wéﬁ) —(r-él) L matae (79
2 2 27

The element for 6 direction is the same condition and hence the resistance is shown as;
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On the other hand, the resistance parallel to the surface R’/ is;

dr 1

RV =2 .= 7.11).
s is represented as;
S/ = 2mr- B A (7.12).
2n

Integration for r direction from r-Ar to r+Ar and 0 direction from 0 to 27, the resistance is

shown as;
R = 21 (7.13)
" m—% 2n-dh-o 7

As a result, the resistance of each element is changed from the material conductivity.

The contact resistance at the interface between cladding layer and electrode is assumed
to be 1x10-5Qcm2. Furthermore, the non-linearity of heterointerface between active layer and
cladding layer is considered using current-voltage characteristic of the tunneling current as
described in previous section.

By placing the each resistance and non-linear element, two dimensional resistance
network is formed and the calculation is carried out by applying the voltage (Appendix F).
Figure 7.13 shows the current density against active layer radius position. The cladding layer
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Fig. 7.13 Lateral current uniformity for different cladding thickness at high
and low injection current.

is assumed to be 1pm or 3um. The injected current is assumed to be 1kA/cm?2 and 5kA/cm2.
The injected current means the averaged current density for the active layer area. The
uniformity at low injected current is good for both cladding thickness structures. However,
non-uniformity is appeared at high injected current condition. Especially, the thin cladding
layer structure shows worse non-uniformity. If the non-linearity element is not considered, the
current flow pattern is not changed by the applied voltage. Hence, the increase of non-
uniformity is due to non-linearity of current-voltage characteristics at hetero-interface between
cladding layer and active layer. In this calculation, I neglected the active layer and n-cladding
layer. The non-linearity of current-voltage characteristics in p-n junction may be more
effective, and therefore the non-uniformity may be large if the p-n junction is considered.

From the figure, increase of p-cladding layer thickness and lowering threshold current
are effective for reducing non-uniformity. Howéver, the current non-uniformity is increased
for high current to obtain high output powér even if the threshold is reduced. Also, the thick
cladding layer structure is not good to reduce the absorption in cladding layer.

As the bulk material has homogeneous resistance, the resistance change by doping
concentration is not effective for uniform current injection because the current flow pattern is
fixed for homogeneous materials though the total resistance is changed. To realize current
spreading, it is required to insert unhomogeneous material. If the material has lower resistance

for the parallel to the surface than perpendicular to the surface, the carriers spread in the layer.
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In this study, I make proposal of the insertion of the narrow bandgap material (GalnAsP) in
the cladding layer as the current spreading layer. The spreading layer is also homogeneous
material but the interfaces between spreading layer and cladding layer have non-linear I-V
characteristics. Figure 7.14 shows the schematic view of surface emitting laser structure with
a current spreading layer. The difference from the conventional structure is only the GalnAsP
layer. The calculated result for the spreading layer structure is shown in Fig. 7.15 with the
result of conventional structure. The current-voltage characteristics at the interfaces are the
same as the result for previous section. The current spreading layer is effectively performed. If
the spreading layers are utilized as the semiconductor mirror such as hybrid mirror, it may be
more effective.

As the other method to avoid the non-uniformity, small active region structure is
effective as shown in Fig. 7.16. The current density at the center of active region with 6um
diameter structure is increased comparable with 10pm diameter structure. The limitation of
minimum active region area is determined by the diffraction loss. The diffraction loss of 6bum
diameter structure may be not serious. As the diffraction loss is related with the cavity length,

more consideration is needed for accurate analysis.

Mirror Window

<-5pm ><5um > e ,
<—p-Ring Electrode

> p-InP Cladding

| <— GalnAsP Active

p-GalnAsP Current Spreading

Fig. 7.14 Schematic view of current spreading layer structure.
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Fig. 7.15 Lateral current uniformity for current spreading layer structure. The

dashed line shows for structure without current spreading layer.
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Fig. 7.16 Lateral current uniformity for different active radius at high and low

injection current.
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7.3 Future Development of High Performance Surface Emitting Lasers

In the previous chapter, some lasing characteristics of long wavelength surface emitting
lasers were described and some problems were cleared as discussed above. The obtained
lasing characteristics were pulsed operation at near room temperature, CW operation with
0.3mA threshold current at 77K and CW operation up to -84°C. These results are extremely
improved compared with results reported formerly of this study. On the other hand, other
research on long wavelength surface emitting lasers achieved room temperature operation
under not only pulsed operation but also CW operation. The highest performance is
considered to be 33°C CW operation, 2.3mA threshold current under CW room temperature
(23°C) condition and 1.8mA threshold under room temperature pulsed operation by Babic et
al. of UCSB in 1995 [17]. The maximum operating temperature is 150°C under photopumped
condition by Lin et al. of Cornell University, in 1994 [18]. Thus the operating temperature of
injection devices is not sufficient for practical use in this time, but the potentiality is
considered to be indicated by photopumped condition. The threshold current of few mA is
sufficiently low compared with commercial edge emitting devices. Thus the long wavelength
surface emitting laser has capability of real use though there are still some problems to realize
high performance operation.

I consider some problems about long wavelength surface emitting lasers consisting

problems considered in above section.

. Intervalence band absorption
. Auger nonradiative recombination

. Lateral current uniformity

1
2
3
4. Uniform carrier injection to each well
5. Carrier leakage from well

6. Carrier leakage to cladding layer

7

. Thermal problem

Intervalence band absorption (IVBA) in cladding layer or capping layer is reduced by
lowering doping concentration as described in chapter 2. The doping concentration in
cladding layer is related with electrical resistance and carrier injection problem of problem #3
and #6. The [VBA and Auger recombination in active layer are expected to be decreased by
strained QWs. In fact, reduction efficiency of IVBA and Auger recombination ratio is not
~completely cleared. Furthermore, the optimum structure such as strain and well thickness is
cofnplicated problem because the optimum condition may be changed by modal gain.

Lateral current uniformity is considered in previous section. The current spreading layer
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and small active region may be effective to reduce the nonuniformity. The design of optimum
structure is important to realize high performance. In short, the current-voltage characteristic
at each heterointerface, carrier diffusion in active layer and lateral (transverse) optical field
should be considered.

For multi-quantum well structure, the uniform carrier injection is one of problems. The
carrier transport is performed by thermionic emission and tunneling transport across the
barrier. GaInAsP/InP system has large valence band offset and small conduction band offset.
As the density of states in valence band is large, low barrier height is required for uniform
carrier injection because the Fermi-energy is near the band edge. However, utilization of
narrow bandgap barrier material is not good for conduction band because the coupling and
leakage to barrier may be increase due to low barrier height for electron. To solve the problem,
there are two approaches. One is using of strained materials. The composition change and
strain deformation of band structure are expected about strain material. Another method is
utilization of the other material. AlGalnAs/InP is considered to be one of superior material for
long wavelength region. This material has the advantage of using only one group V material
of arsenic (As). This material has large conduction band offset and small valence band offset.
Recently, another advantage was proposed for this material by N. Ohnoki of Tokyo Institute
of Technology in 1995 [19]. The strained AlAs ultra-thin layer in the cladding layer has
capability of oxidation as well as AlAs/GaAs system. Using this technique, the current
confinement structure may be achieved. Another interesting material of GalnNAs/GaAs was
proposed in recent time [20]. The advantage of this material is large (small) conduction
(valence) band offset and possibility of using GaAs substrate. This material has been just
started to develop by Kondow et al. and the potential is unknown up to this time.

The electron leakage to cladding layer may also become one of problem. The reason is
follows. The potential spike between active layer and p-cladding layer is large for
GalnAsP/InP system due to large valence band offset. Holes, which are injected from p-
cladding layer, feel the spike, and hence excess bias is required as well as the phenomena
described in previous section. This excess bias reduces the potential barrier height for electron
in the active layer [21]. This problem is expected to be solved by introducing a thin layer
(BDR : band discontinuity reduction layer [22]) which has intermediate bandgap energy
between active layer and cladding layer or by high delta doping at the interface. Furthermore,
multi-quantum barrier (MQB) structure is considered to be effective to suppress the electron
leakage [23, 24].

A thermal problem is important to realize high perfofmance lasers. The excess
temperature rising due to CW operation with small thermal conductivity causes limitation of
maximum operating temperature. Of course, threshold current (density) reduction is effective

to lowering power consumption. However, the other optimization is required to realize good

144



temperature characteristics. One is reduction of electrical resistance at ohmic contact,
heterojunction and structural dependence resistance such as very thin layer of ring electrode
structure and low doping concentration. Another is reduction of thermal resistance. The first
room temperature operation in long wavelength surface emitting laser has magnesium oxide
(MgO)/Si multilayer reflector. This material system has superior thermal conductivity
compared with Si/SiO, mulﬁ layer and GalnAsP/InP multilayer. In addition, the introduction
of buried heterostructure with InP is also effective to obtain the thermal dissipation from
active region. Combining these techniques with optimized heat sink structure, the lasing
threshold and its temperature characteristics are expected to be improved.

A high performance long wavelength surface emitting laser will be realized in near

future by further improvement of device structure and growth/fabrication techniques.
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Conclusion

Chapter 8

Conclusion

[ have performed this study to realize 1.55um GalnAsP/InP surface
emitting lasers. The purpose of this work is, 1) design and optimization of 1.55
pm GalnAsP/InP surface emitting laser structure, 2) establishment of chemical
beam epitaxial technique for applying to surface emitting lasers and 3)
realization of 1.55um surface emitting lasers and investigation of laser

characteristics. The results obtained in this study are summarized as follows.

Design and optimization of GalnAsP/InP surface emitting laser structures

I designed GalnAsP/InP surface emitting laser structures. The threshold current density
of less than 10kA/cm? was possible for bulk active layer structure. Further improvement
is expected by compressively strained quantum wells. The estimated threshold current
density for separate gain structure was less than 2kA/cm2 with 99.5% reflectivity.
Though these threshold currents are slightly high compared with conventional edge

emitting lasers, the room temperature operation is expected.

I suggested that the optical absorption reduction in cladding layer is effective to reduce
the threshold current. By reducing the p-cladding layer doping concentration and its
layer thickness, the estimated threshold current is reduced to about half of previous
values and the performance may become equal or superior compared with the

conventional laser.
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ii1)

I made proposal of a hybrid mirror structure which contains semiconductor and
dielectric multilayer reflectors. The effective reflectivity of hybrid mirror was increased
about 0.2% comparable with conventional dielectric mirror structure at the reflectivity
of over 99% range. This result indicates that the hybrid mirror may effectively reduce
the threshold current.

Establishment of CBE techniques for surface emitting laser

The chemical beam epitaxial (CBE) technique was established for growth of surface
emitting laser wafers. The growth of semiconductor multilayer reflector indicated good
controllability of thickness and composition with good surface morphology.
Furthermore, the lasing characteristic of edge emitting lasers with bulk active layer was
as well as LPE grown devices. Thus the applicability of CBE for surface emitting lasers

were implied.

To apply quantum well (QW) structures to surface emitting lasers, I also investigated
the QW structure grown by CBE. I suggested that GalnAsP/GalnAsP strain-
compensated QWs had optimum compensation condition. Under this condition, the QW
edge emitﬁng laser showed 450A/cm? threshold current density. This result makes
possibility of very low threshold current QW surface emitting lasers.

Realization of low threshold surface emitting lasers in long wavelength region

A GalnAsP/InP surface emitting laser grown by CBE was realized for the first time.
Furthermore, the low threshold and higher temperature operation were accomplished by
low absorption loss structure. By introducing n-type hybrid mirror, the operation
temperature was improved up to 11°C under pulse condition, and -84°C CW operation
was achieved. A mushroom structure showed 0.3mA threshold current at 77K which is
the lowest value for GalnAsP/InP surface emitting lasers. Though the lasing operation
of a QW surface emitting laser has not achieved yet, the low threshold device is
expected by establishing the fabrication process.

I suggested the importance of matching of gain-oscillation wavelengths. The optimized

design about the gain peak wavelength and oscillation wavelength may bring the low

threshold current and superior temperature characteristics.
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Conclusion

iii) I considered a new carrier transport model of p-type DBRs which include both light-
and heavy hole tunneling current. The light hole tunneling current is considered to be
dominant for reverse biased condition. This analysis of current flow model may be

helpful for the design of p-type DBR and bring high performance surface emitting lasers.

iv) I examined about lateral current uniformity of the ring electrode structure. The result
indicated deterioration of lasing characteristics at high injection current conditions such
as high output power, high temperature operation, etc. The current spreading layer and

small active region is expected to reduce the non-uniformity current injection.

I have designed and demonstrated the world level low threshold GalnAsP/InP surface
emitting lasers grown by CBE. The laser characteristics at present are still far from practical
use. However, I believe that the results obtained in this study will become the basis of further
improvement of long wavelength surface emitting laser characteristics and promise the

progress of new generation optical communications and interconnections.
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Appendix

The appendix A-F show the computer programs for calculations in this study. The

followings are the computer hardware and software used for all calculations.

Hardware : IBM-compatible (Dell Computer Corp., TEL 03-5460-4419)
CPU : Intel Pentium (120MHz)
RAM : 32Mbyte

Software : OS : Microsoft Windows 95
Mathcad 5.0 PLUS (MathSoft Inc., TEL 03-5476-9802)

A. Reflection of Multilayer Reflector (Program A)

The theoretical treatment of reflection of multilayer reflector (DBR : distributed Bragg
reflector) is described in detail in Ref. 1-3. Here, the method is summarized simply. The
propagation of plane wave is considered in a homogeneous medium. Using the Maxwell's
equation, the electrical and magnetic fields at the each interface are considered for the forward
and backward propagation wave. From the field continuity at boundary between the medium
(i-1) and (i), the next conditions are obtained:;

BN+ E R =B BT (A.D)

ny ER_ M E-R- n; EE _LEI.“L (A.2)
¢ Ko €U € Ho € Ho

where E is electric field and r is refractive index. ¢ and K, is the light velocity in a vacuum
space and permeability,- respectively. Considering each boundary condition, the relation

between electric field of first (=0) and last (7=N+1) medium is calculated by multiplication of
coefficient matrix for electric field in Eq. (A.1) and (A.2). As the result, the relation is

KE(i)FR ZI:SII SIZ:I E]-\Fle-lil (A3).
Eg®] 1S Sul Bk

From the Eq. (A.3), the power reflectivity R is calculated as;

represented as;
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2 2

EyR
ESR

St
Sll

(A.4)

where the incident light is £ R In the equations, the refractive index # is possible to
exchange the complex index n*(=n-;.k). k is extinction coefficient and related with
absorption coefficient o as k =~ \/47.

The program is possible to calculate any hybrid mirror structure. In this program,
reflectivity spectrum and reflectivity as a function of number of pair are calculated. Reflective
index of dielectric materials is shown in Ref. 4 and refractive index of GalnAsP is shown in
Ref. 5.

B. X-ray Diffraction Pattern from GaInAsP/GalnAsP Superlattice (Program B)

A program to calculate X-ray diffraction pattern from superlattice [6] is presented. The
superlattice structure is assumed to be GalnAsP/GalnAsP and the thickness has monolayer
unit. Elastic constants are shown in Ref, 7. ’

C. Emission Wavelength of GaInAs/InP Quantum Well (Program C)

Quantized energy is estimated from finite energy potential well using effective mass
approximation. The potential profile is assumed to be rectangle. Quantized energies E; satisfy
the next relation.

—W--&ﬂan(KW-L—@—) (n>0) (A.5)

w
* where wave number K, and K, satisfy K, = W/h, K, = 1/2mb(V—E)/h. m,, and m,,
is the effective mass in the well and barrier, respectively. L, is the well width and 7 is
potential barrier height. Integer (#+1) means quantum number. The emission energy 1is
calculated by the sum of bandgap energy of well and the lowest quantized energy in the
conduction and valence band as E = E;,”e” + Ec; + Ev,. The program shows the emission

wavelength and quantized energy of conduction and valence band.

D. Optical Confinement Factor of Multilayer Slab Waveguide (Program D)

The fundamental of theory is like as multilayer reflector. The program is made for
calculating the TE mode. The optical field, confinement factor and propagation coefficient are

~ calculated for the given index, thickness and active layer position.
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E. Hole Tunneling Transmission Current at Heterointerface (Program E)

The hole tunneling transmission current is calculated in the program. The theory is
described in chapter 7. The calculation procedure is follows. First, Fermi energy in both
narrow and wide gap materials is calculated. Then, the built in potentials and depletion width
are computed to obtain the potential profile by using Anderson model [8]. Using multistep
potential approximation [9], the transmission probabilities for each energy are calculated.
Finally, integration for each hole energy is carried out for multiplication of density of states,
- transmission probability and Fermi-Dirac distribution. In the program, the current value is
calculated for one bias voltage, and hence cuxrént-voltage characteristics are drawn by giving

various voltage.

F. Current Flow of Ring Electrode Structure (Program F)

To calculated current spreading characteristics by small computer system, the element
number of FEM is only about few hundred. However, it is enough to estimate current-voltage
characteristics. In this program, the analysis is carried out for regular condition. The
nonlinearity at the heterointerface is calculated by appendix E and the calculation is carried

out until convergence of current and voltage condition.
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Program A
Reflection of Multilayer Reflector

Material ID, Refractive Index and Absorption Coefficient

CAir | fo ] 1 ' [0
sio2 | |1 1.45 0
Si 2 32 150
MgO | |3 D= 1.72 Pho=)
Ti02 | |4 2.42 0
| Auw | |5 0257-j 682 0
InP := rows(DEn) 0.92\ Wavelength 10
DBR ‘= TnP + 1 GalnAsP - | 1.25 | O GaINASP =20
Cap:=InP+2 1.35 50

Refractive Index of GalnAsP
EO(y) = 3.391 - 1.652y + 0.863-y* - 0.123-y°
Bd(y) = 28.91 - 9278y + 5.626-y
Eg(y) = 1.35 - 0.775-y + 0.149-y?
T Ed(y)
2805 (E0(y)? - Bg(%)?)

n{y) =

- 2 2 2
an(E.y) - Re| |1+ Ed(y) , Bd(y) B2, n<y>~E4-Ln 2E0(y)* - Eg(y)* - E >

B oy’ ™ Bg(y)” - B
1.2398
y=0 As_y(rg) :=r00t<Eg(y)~ 13 )
g
1.2398
Index(A,Ag) = nn( 23 ,As__y(?»g))

Wavelength Range of Reflectivity Spectrum
Ae - As

1eso

1

reso = 100 i:=0..reso 7\.i =As +

Refractive Index for Each Layer and Wavelength
j=0..rows(DEn) - 1
-4
}\‘i' 10 he 1074

-DEq. ne. = DEn. -1 -
41 3 J ]

DEc.
1

n . =DEn -1 -
i J

I» 4

j = 0.. rows(GalnAsP) - 1
4
Ay 10 N 1074
. - -OL.
4-m J

- Index <Xi,GaInAst) - ne, , pp = Index <Xc,GaInAst> -1

1. . [0
j+ InP,1 4ot i

J=0.rows(n) - 1
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Appendix

M4 Thickness for Each Layer

d. =
]

Phase Shift for Each Layer and Wavelength

(Dj,i = 2-%-dj-nj,i (ch = Z-X—i-dj»ncj
1
Matrix
Uiy - cos <CDm,i> t-sin(@m,o — cos <<§Dcm> ;jc—m-sin<®cm>
1 ~nm’i‘sin<®m7i> cos <CDm,i> i ~ncm-sin<(Dcm> cos <®Gm>
1 1 1 1
B(m,1) = (n o Be(m) = (nc e
m,t m,1 m m

Layer Structure for Reflectivity Spectrum
S() = B(InP,i)"1-(U(Si02,i)-U(Si,i))N“B(Air,i)

Layer Structure for Reflectivity against Pair Number
SN(N) = Be(InP)" " (Uc(DBR)- Ue(TnP))™-Ue(Cap)-Be(Air)

Reflectivity Spectrum Calculation Reflectivity Calculation
NN:=0..N
Sy |\ SN(NN), , f\?
R, = — -100 RN = | |===—"-|| -100
‘ S(l)o,o v SN(NN)(L0
Conditions and Resuilts
Center Wavelength Ac=1.55
Wavelehgth Range As=1.0 he=22
Number of DBR pairs Nn=4 Pair Number Range N=40
Maximum Reflectivity max(R) =99.68 Reflectivity RN, =95.564
100 I 100
R, 5o ~ RNy 50
-_— ]
0 1 1 0 !
1 L5 2 0 20 40
A NN
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Program B
x-Ray Diffraction Pattern from GalnAsP/GalnAsP Superlattice

Lattice Constant of InP Substrate

Cu : Koty A=1.5405
5.8688
dInP :=

OInP=63.34

Lattice Constant of Free Standing Barrier and Well

1
db0 ‘= (5.4512-xb-(1 - yb) + 5.8688-(1 - xb)-(1 - yb) + 6.0584- (1 - xb)-yb + 5.6533xb-yb)-—

dw0 = (5.4512-xw(1 - yW) + 5.8688-(1 - xw) (1 - yw) + 6.0584- (1 - xw)-yw + 5.6533-Xw-yw)%
Elastic Stiffness Constants

Cbll = 14.12:xb-(1 - yb) + 10.22-(1 - xb)-(1 - yb) + 8.329-(1 - xb)-yb + 11.88-xb-yb

Cb12 = 6.253-xb-(1 - yb) + 5.76-(1 - xb)-(1 - yb) -+ 4.526:(1 - xb)-yb + 5.38-xb-yb

Cwll = 14.12-xw- (1 - yw) + 10.22-(1 - xw)-(1 ~ yw) + 8.329-(1 - W) yw + 11.88-xw-yw

Cwl2 = 6.253-xw (1 - yw) + 5.76-(1 - xw)-(1 - yw) + 4.526-(1 - W) yW + 5.38-xw-yw

Lattice Constant of Strained Barrier and Well

. b0 - .C -
db <1+20b12>‘d dInP dlnp dw::an w12>'dvv0 dinP

+1

1|-dlnP

Cbl1 dInP Cwll dInP
Averaged Lattice Constant of QW

40 - n-db + m-dw

n+m

x-Ray Scattering Factor (Molecule Mass Approximation)

Fb = 69.72-xb + 114.82-(1 - xb) + 74.92-yb + 30.97-(1 - yb)

Fw = 69.72-xw + 114.82-(1 - xw) + 74.92-yw + 30.97-(1 - yw)
Diffraction Pattern Calculation

Be — Os 0
im0, 28 0, = Bs + -0 b= | 2:d0-sin| 2.1
de : 2 180/
n-1 i@
1
A= 21 {N+—|—h
N=0
m- 1
. 1\ dw
B:= exp| 2wl | N+—|-—h
2/ do
N=0
p-1
p ) n-db + m-dw
= exp| 2-wi -s
P do
s=0
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Appendix

A
Oth Diffraction Peak (26)  60th :- 2-asm<—>-18_9
0/ =
b0 - dlnP

0 - d0 - dI
W‘:dvv dInP'1 . 0 an-lOO

Strain (%) eb: 00 : 00 :
db0 dw0 dInP
Conditions and Resulits
Barrier monolayers n=32
Well monolayers m=25 GaX In 1"XAsy P 1 -y
Pairs p=4 Barrier Material xb=0.532  ybsl
Barrier Thickness n-db =93.1 - _
Well Thickness medw =744 4 Strain (%) &b =-0.443
One Period Thickness  n.db + m:dw =167.5 Well Material xw=0365 yw=1
Net Strain g = '
0.136 Strain (%) ew =0.706
10 Oth Diffraction Peak (20)
¥ 00th =63.238
251,
1

6 L[ .

..E_.

5

- Start Angle Bs=60

m ﬂ ﬂ Stop Angle Be=66
ol it RN laa Step Angie d6=0.004
60 62 64 66
0,,0InP, H0th
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Program C

Emission Wavelength of GaInAs/InP Quantum Well

Free Electron Mass  m0=9.1093897-10">! [kg]
Electron Charge e=1.60217733-10°° [C]
Planck's Constant  hbar=6.58212210"1° [eVs]
Band Discontinuity
dEc := offset- (Egb - Egw) dEv = (1 - offset)-(Egb - Egw)
Wave Number

A2 mw-m0-E- 12.mbmo- (V - E)-
Kw(E, mw) := AL W mO Bee Kb(E,mb, V) = W/ mb-m0-(V - E)-e
hbar-e hbar-e

Quantized Energy Calculation Function

E:=10"*

En(L,mw,mb,V) = Re

Kb(E, mb,V .10
root| atan mw Kb(B,mb, V) _ Kw(E,mw)- JE
mb Kw(E,mw) 2

Range of Well Thickness

5.8688
i=0.35 L. = i+ 1)
! 2
Quantized Energy
Ec = En(L,mew, meb, dEc) Eh := En(L, mhw,mhb, dEv)
Emission Wavelength
‘ch - 1.2398
Ec + Eh + Egw
Conditions and Results
Barrier Well
Bandgap Energy Egb=1.35 Egw=0.75 Band Offset Ratio  offset=0.4
Effective Mass mcb=0.08 mew=0.041 Band Discontinuity ~ dEc =0.24
mhb=0.56 mhw=0.50 dEv =036
Emission Wavelength vs. Well Width Quantized Energy vs. Well Width
2 T T 0.4 T T
1.9 .
1.8
1.7
Xchi 1.6
15
1.2398 14
Egw 13
12
1.1
1
| !
0.9
0 50 100 0 50 100
L L
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Appendix

Program D
Optical Confinement Factor of Multilayer Slab Waveguide

Layer Position

N = rows(n) ~ 1 $:=0..N Layer Structure
- ~ N, XxNx. .,n
x, =0 L (o e T B B B B
[ 1 -
XC = 2-Zact‘ chts-@(S X, 1)
3
K TX X LS T T N R

Propagation Coefficient

2 e -
kO := —}jj f3 := kO-nneq Initial Condition

VB, = - k0% (n)? - B
PB.D =y(B.i+ D +y(B,D  m(B,D) = y(B,i+ 1) -y(B,D)

(B, 0-exp(j m(B.0x%, ) mB.D-exp(i wp(Bix, )

M(BD) = =t
29(B.i+ 1) ym(B,D-exp(-] (B0, ) yp(B.D-exp(-j m(B,iyx;. )
N

L =| [ ] MBN-D
1=1 (LD

TOL = 1073 B == root(L(B).B)

TOL = 10* LD B = root(L(B),B)

TOL - 108 UMD B = root(L(B), B)

TOL = 107

Electric Field Calculation
p=1.N

<1>

N
Eplus
( P ):: 1—[ if(p-i20,M(B,p - 1), identity (2))
P

Eminuns /
1=1

EplusO =0 Eminus0 =1 EminusN =

E(s,x) = Eplus-exp(-j -y(B,s)-x) + Eminus_-exp(j -7(B,s)-x)
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Confinement Factor Calculation

X1
Z awts-E(s,X)2 dx
s JX
_ [1 2
L E(s,x)" d&x
s v %

Ngq Graph Curve

k= 0. nreso

maxn - minn

a = k0- | maxn - -k - 0.0001
nreso
—> —_— —
m=—t .1 m =
|L(a)] * max(ID) kO

Conditions and Results

Wavelength (um) A=1.55
Propagation Coefficient B =13.18
Effective Refractive Index neq =3.2514
Confinement Factor £ =0.0367
Optical Field
] —]
| |
-1 0 1
Index Thickness Active
[3.17 ] { 1.0 0
3.34 0.2 0
3.55 0.01 1
n=|3.34 d=| 0.02 act= 0
3.55 0.01 1
3.34 0.2 0
13.17 1.0 | 0|

Field Intensity Curve
q:= 0. xreso - 1
11 := 0. N-xreso + xreso - 1

X - X

s+ 1 3
Xx(s,q) = Xt q'_‘?
Xre:

XS-X[‘CSO +q = XX(an)

- 2
E'Es.xreso +q = E(S,XX(S, CD)

= act ‘E(s,xx(s, q))2

§-Xreso + ¢

neq := E
ko

Graph Resolution :  xres0=50  nreso=100

Index Range minn=3.17 maxn=3.55

Initial Effective Index nneq=3.2

Peak : Eigen Value

32 3.3 34 3.5

161



Appendix

Program E
Hole Tunneling Transmission Current at Heterointerface

Electron Charge e = 1.60217733-10°"° [C]
Free Electron Mass ~ m0 = 9.1093897-10" 3 Ikg]
Boltzmann's Constant k = 8.617386-10° [eV/K]
Planck's Constant hbar = 6.582122-10° ¢ [eVs]
Dielectric Constant =0 = 8.854187817-10"'2-10°% [F/om]
Temperature T:=300 K]

Fermi Level Calculation

i0:20.50  EE, = ({0 - 13)-10-107° j:=0..15
G+ 101 ]
1 [2:mo\!? ﬁz e . ¢
Nn, = | —— Z @0
2-752 hbar2 . <E - Efio) ¢
: . J 1+exp
j-0.1

EF(n,m) = interp (pspline(Nn, Bf) N, Ef, n-m’ 15)

2 2

3 L5 1543 3 1.5 1.5)3
ml = (mlh Fmll ) m2 = <m1h Fmll ) Ef1: Fermi Energy for narrow gap
Efl = -EF(N1,ml) Ef2 := -EF(N2,m2) Ef2: for wide gap

Band Parameters for non-Biased Condition

1
i1:=0.100 vdl,, = ——0.15
i 100

vd, =vdly + ¢ 1k T-|{exp M 1) -vdl,
' Yoe2N2 kT !
AEv = 0.6-(Eg2 - Egl) AEv: Valence band offset
,_ VD: Built in Potential
VD = AEv - Ef2 + Efl VD1: Built in Potential for narrow gap
VD1 = interp(pspline(vd, vd1) ,vd,vd1, VD) VD2: for wide gap

V: Applied Volitage
VD2 = VD - VD1 V1: Applied Voltage for narrow gap

V1 := - interp(pspline(vd, vd1) ,vd,vd1, VD - V) + vD1 V2! for wide gap
V2= V- V1

L J 26280 (VD2 - V2) 2 L: Depletion width [m]

e N2
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Depletion Region Profile
Evl = VD1~ V1 - AEv
5.8688

ML = 2222 g7 10
2

N := floor ~L—>
ML

s =N,N-1.0

L
X = —8
$ N

Potential Profile

Ev2:=VD-V - AEv Band Edge Energy of wide gap

Effective Mass Profile

U =-1 M'(X‘ L)+ Ev2 m,_ = m2t-m0
S L2 S S
U =-(VDI1 - V1) my = mlt-m0
UN+1 = -Ev2 My g = m2t-m0
Tunneling Provability Calculation
i2:=0..100 Et,, := <1102 2+ > (VD1 - V1)
K ms'<Eti2 - Us>'e N ﬁ BN <Et Une 1>'e
2.5 hbare i2,N+1 " hbare
siz’s - m;:—l_ T<i2 8
3 12,5+ 1
M( 2) = Hl <l + SxZ s) eXp[-i -(Kiz,s-kl - Ki2 s)IXJ (1 B SiZ,s).eXp[_i '<Ki2,s+1 * Ki2,8>'xs]
s 2 <1 B Si2,s>-ﬁxp[i ‘<Ki2,s+l Kx2 s) s] <1 * Si2’3>-exp{i -<Ki2,s+1 B Ki2,s>rlxs}
TP, - Re N1 K20 1
27

my Ky g HM(iZ)(IJ)HZ

D(E) = interp(pspline(Et, TP) ,Et, TP,-E)

Tunneling Current-Voltage Characteristics

mlt-m2t
mt = ——————

mlt +m?2t
p:=0.40

21T VD1 - V1-(p+1)0.05 Bl E
J= embekeT D(Ez) mt: hl[ex —(——~—ZW
2-7:2-hbar3‘e3 kT
p -(Ev2 + Ef2 - Ez)
+-mt-In| exp MKT - +

VDI - V1 - p-0.05
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Appendix

Conditions and Results
Narrow gap Wide gap

Bandgap [eV] Egl=0.855 Eg2=1.35 Band offset ABEv=0.297
Dielectric Constant ~ =1=13.6 £2=12.4 Depletion Width ~ L-10'° =122
Heavy Hole Mass mlh=0.5 m2h=0.56
Light Hole Mass mll=0.068 m21=0.12
Hole Concentration ~ N1=2-10'% N2=1-10"8
Fermi Energy Efl =0.038 Ef2 =0.057
Heavy or Light Hale Current mlt=mll m2t=m2l

Bias Voltage [V] V=013

Tunneling Current J10*=3428  [Alem?]

z:=0.10
Hole Energy vs. Transmitivity Potential Profile
I 02717 I I

0 0.5 1 0 50 100
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Program F

Current Flow of Ring Electrode Structure
ORIGIN=1 e = 1.60217733-10"®

Mobility and Conductivity in p-Cladding Layer
Polad = 110" Hi=80 O g = WP glage

Generate Resistance Network

Division Number of Cladding (r, h), Active, Electrode and Mirror

~ E_lffd_ N b olag - Lait Q- W electrode o U mirror
dr dh dr dr dr
Total Node Number S:=MN=+P+Q

Active Region Node Pasition Si(p) = p
Cladding Region Node Position  $2(m,n) := M- (n-D+m+P
Electrode Region Node Position S3(q) = M\N + P + q

Matrix Element A ¢ : Conductivity

Connection in Active Layer

1 0.5-dh\ ]!
p:=1.P A31(p),sz(p,1) = 7 | Phetero_*
w(2p-1)-dr PO ¢lad
AS2(P>1),Sl(p) = ASI(P),SZ(P, 1)
Connection in Radius Direction
n :':_1"N . 2mwdh
m:=1.M-1 AS2(m,n),SZ(m+1,n) - m+05 "9 clad
: In -
<m~ O.5>

Asom + 1,n),52¢m,n) = £A82(m, n), $2¢m + 1,m)
Connection in Thickness Direction
m:=1..M

(2m- 1)-d®
n=1.N-1 A TZm- 1)dr

S2(m,n),S2(m,n+1) ah " ¢lad

Agotmn+ 1),52(m,n) Asz(m,n),sz(m,n+ 1)

Connection in Electrode

171 Agg,s00 g 7

7(2:(0 + @) - 1)-de? S clad

$2(0 +q,N),83(q) ~ 53(q),52(0 + @ N)

1 0.5-dh\ '}
P electrode *

A

Diagonal Element

S
i-1.8 A= Z Iy
, P
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Appendix

Voltage Connection List in Active Region

p=1.P Up’1 = 81(p) Up,2 =0
Voltage Connection List for Electrode
:1.Q Uy =83 Up =V
NB = 1..rows(U) s=1.8 B, =0
A = O A = 1 = U
Yxg, 178 Ung, 1°UnB, 1 Uxp,1  MB.2
w=AlB
! 31
c— = - . Z — P = =
PrlP L= (W, mWA, ; T ave . R:
T (2-p - 1)-dr T act
T ( 0 +1 2 3 4 .5 > T
p(H=18Q -\ J" I 5y~ 1r° r°r P pew p<jp>
p 1,1
Conditions and Results um=10"* (cm)
Element Width dr=0.5-um dh=0.2-um
Clad Thickness h gz Lum Electrode Width W alectrode = 5 UM
Clad Radius T o Jad= 10-um Mirror Radius T irror =5 Um
Active Radius T o= 5 um Specific Resistance p electrode = 1107 5
!
Applied Voltage ~ V=0.33 2:10
Current 10°.21 =4.366 .
T 110 — ]
Current Density ~ J . =5.56-10° P
Resistance R =75.586 JAVe 5000 7
0 | | | !
0 2 4 6 8 10
p-0.5
) ) Coefficients of Least Squares Fit
3417-10°° from Results of I-VV Characteristics
3.323-10°° 4714105 |
3.157-10°° 7.968-10°2
2.93-10° -5.244-10"
s LSQ=
2.663-10° 1.751-10*
P hetero = -5
| 237610 -2.607-10°
P new S
2.09-10° | 1.312:10° |
1.82:107
1.576-10°
11.357-10° |
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