JEANE (ATR Confidential)

TR-ACR-0002

Lateral Junction Light Emitting Devices Fabricated
on GaAs(311)A-oriented Substrates

Yohei Hashizume?*, Pablo O. Vaccaro

and Akira Sugimura**

*Sanyo Electric Co. Ltd. **Konan University

2001.11.28

(FR) 11 1% 2B S B 13 EL B BT R S0 B
BeaIa=r—3 3 YIEFERT
T619-0288 FUARHTHHZEEMIGER XE T H 2 &#h 2
Tel: 0774-95-1501 Fax: 0774-95-1508
Advanced Telecommunications Research Institute International
Adaptive Communications Research Laboratories
2-2-2 Hikaridai, Seika-cho, Soraku-gun, Kyoto 619-0288, Japan
Telephone: +81-774-95-1501  Fax: +81-774-95-1508

©2001 (b%) EMS & FaB 2 LR i i 2E A

©2001 Advanced Telecommunications Research Institute International



Abstract

Light emitting devices with an unconventional structure that includes a lateral p-n junc-
tion were studied. This lateral p-n junction can be formed by taking the advantage of
the crystal orientation dependence of the amphoteric properties of silicon dopant in GaAs.
In this research, the lateral p-n junctions were fabricated with Si-doped GaAs epilayers
grown by molecular beam epitaxy (MBE) on GaAs(311)A-oriented substrates that were
patterned before growth to alternately expose slopes of different orientations. Two types of
lateral junction light emitting diodes (LEDs) and a lateral junction vertical-cavity surface-
emitting laser (VCSEL) were fabricated and measured. LEDs with an active layer composed
of GaAs/Alg5GagsAs 30 periods multiple quantum well (MQW) were fabricated and the
visible electoluminescence (EL) spectra was observed up to room temperature. Modula-
tion doped LEDs with an active layer composed of an Ing2GagsAs/GaAs single quantum
well (SQW) with non-doped GaAs barriers were fabricated and peculiar EL spectra were
obtained. In the EL spectra a flat portion that is nearly independent of measurement
temperature shows the presence of a two-dimensional hole gas in the p-type region. An
optically-pumped VCSEL with an active layer composed of 5 Ing2GagsAs/GaAs quantum
wells (QWs) and non-doped GaAs barriers was fabricated. From PL spectra, high reflec-
tivity tuned DBRs were successfully fabricated with optimized oxidation conditions. On
set of amplified spontaneous emission was obtained with very low excitation laser power of

60.6 mW.
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Chapter 1

Introduction

Conventional (Vertical) p-n junction devices such as laser diodes (horizontal and vertical
cavity types) have electrons and holes injected in the active layer through higher bandgap
layers for optical confinement. Therefore, carriers have unnecessary energy excess and they
have to thermalize before becoming available for radiative recombination. This relaxation
time effect is an intrinsic limitation to the modulation bandwidth in the present design of
semiconductor lasers.[1][2]

In this thesis, we investigate a new solution that consists of a lateral p-n junction struc-
ture. The lateral p-n junction is formed by growing the Si-doped GaAs epilayer with the
molecular beam epitaxy (MBE) process on a GaAs (311)A-oriented patterned substrate
that exposes slopes of different orientations. Due to amphoteric properties of Si in GaAs
grown on high index (nl11)A-oriented substrates,|3][4] p-type doping is obtained on the flat
region of the substrate and n-type doping is obtained on the slopes of the substrate, thus
a lateral p-n junction is formed. v

Basic properties of the lateral p-n junction have been reported,[5] and a few devices
using this lateral junction structure such as lateral tunneling diodes and transistors have
been demonstrated.[6] The processing of lateral junction devices is simpler than that of
conventional vertical devices. Also, the device process simplifies the combination with
other planar devices as the Field Effect transistors (FET) and High Mobility Transistors
(HEMT) in LSIs. However, recent focus is on the superior advantages that the lateral p-n
junction could exhibit when applied laser diodes.[7] This is because, the lateral p-n junction
allows direct injection of electrons and holes in the active layer of a laser diode without
having to pass through any higher bandgap material, therefore, carriers have little energy
excess that reduces relaxation time and increases modulation bandwidth. Moreover, the
applied bias required to inject a given current can be reduced and the power efficiency of
device would improve. Besides, the lateral junction area can be made orders of magnitude
smaller as compared to vertical junctions, with consequent reduction of device capacitance.
This lateral p-n junction can be used for making both horizontal and vertical cavity laser
diodes.

The goal of this research is fabricating this new laser diode successfully. In order to reach
the goal, I first fabricated and measured two types of lateral junction light emitting diodes



(LEDs) to study carrier transport in the lateral p-n junction. One is a visible LED with
an active layer composed of GaAs/AlysGagsAs 30 periods multiple quantum well (MQW)
and a bottom distributed Bragg reflectors (DBR) composed of AlAs (oxidized)/Alg sGag.sAs
4.5 periods multiple layer structure. The other is a modulation doped LED with an ac-
tive layer composed of Ing2GagsAs single quantum well (SQW) with non-doped GaAs
barriers. Each LED was evaluated through electrical and optical measurements, and a
thorough investigation on the electroluminescence (EL) of the devices is reported. Finally,
an optically-pumped lateral junction vertical-cavity surface-emitting laser (VCSEL) with
an active layer composed of 5 Ing2GaggAs quantum wells (QWs) and non-doped GaAs
barriers is fabricated and measured. Si-doped GaAs layers are sandwiched by QWs in the
cavity to make the lateral p-n junction. The top and bottom DBRs are formed by 3 and 4
periods of AlAs (oxidized)/AlysGag.sAs layers, respectively. VCSEL was evaluated through
optical measurement, and a thorough investigation on the photoluminescence (PL) of the
devices is also reported. ‘

This thesis has the following structure. In Chapter 2, the basic theories and background
on which this research is based are reviewed. The Si-doping characteristics in GaAs epi-
layers, the basic mechanism of a semiconductor light emitting device, and the advantages
of a lateral p-n junction laser diode are described in this chapter. Fabrication methods
and characterizations (electrical and optical) used in two types of lateral junction LEDs
are presented in Chapter 3 and 4. Finally, fabrication method and optical characterization
of VCSELs are presented in Chapter 5.



Chapter 2

Lateral p-n junctions

2.1 p-n junction diodes

The p-n junction is the vital component of most semiconductor devices. In this section
I briefly discuss the concept of the p-n junction and the optical phenomena in LEDs.

2.1.1 p-n junctions

A p-n junction is made from a single crystal modified in two separate regions. Acceptor
impurity atoms are incorporated into one part to produce the p-region in which the majority
carriers are holes. Donor impurity atoms in the other part produce the n-region in which
the majority carriers are electrons. The interface region may be less than 107* cm thick.
Away from the junction region on the p-side there are (—) ionized acceptor impurity atoms
and an equal concentration of free holes. On the n-side there are (+) ionized donor atoms
and an equal concentration of free electrons. Thus the majority carriers are holes on the
p-side and electrons on the n-side, Fig. 2.1.

Holes concentrated on the p-side would like to diffuse to fill the crystal uniformly. Elec-
trons would like to diffuse from the n-side. But diffusion will upset the local electrical
‘neutrality of the system.

A small charge transfer by diffusion leaves behind on the p-side an excess of (—) ionized
acceptors and on the n-side an excess of (+) ionized donors. This charge double layer
creates an electric field directed from n to p that inhibits diffusion and thereby maintains
the separation of the two carrier types. Because of this double layer the electrostatic
potential in the crystal takes a jump in passing through the region of the junction.[8]

2.1.2 Principle of LEDs

Photonic devices are those in which the basic particle of light-the photon, plays a major
role. Photonic devices can be divided into three groups: (1) devices that convert electrical
energy into optical radiation-the LED and the diode laser (light amplification by stimulated



emission of radiation), (2) devices that detect optical signals through electronic processes-
photo detectors, and (3) devices that convert optical radiation into electrical energy-the
photovoltaic device or solar cell. Then, I shall review the first group in this subsection.

Radiative transitions

The LEDs and semiconductor lasers belong to the luminescence device family. Lumi-
nescence is the emission of optical radiation (ultraviolet, visible, or infrared) as a result of
electronic excitation of a material, excluding any radiation that is purely the result of the
temperature of the material (incandescence). Type of luminescence may be distinguished
by the source of input energy: (1) photoluminescence involving excitation by optical radi-
ation, (2) cathodoluminescence by electron beam or cathode ray, (3) radioluminescence by
other fast particles or high-energy radiation, and (4) electroluminescence by electric field
or current. Here I shall mention electroluminescence, especially with injection electrolumi-
nescence; that is, optical radiation obtained by injecting minority carriers into the region
of a semiconductor p-n junction where radiative transitions take place.

Figure 2.2 schematically shows the basic transitions in a semiconductor. These transi-
tions may be classified as follows. The first classification type is the interband transitions:
(a) intrinsic emission corresponding very closely in energy to bandgap, where phonons or
excitons may be involved, and (b) higher-energy emission involving energetic or hot carriers,
sometimes related to avalanche emission. The second classification type is the transition
involving chemical impurities or physical defects; (a) conduction band to acceptor, (b)
donor to valence band, (c) donor to acceptor (pair emission), and (d) deep levels. The
third classification type is the interband transition involving hot carriers, sometimes called
deceleration emission.

Not all transitions can occur in the same material or under the same conditions, and not
all transitions are radiative. An efficient luminescencent material is one in which radiative
transitions predominate over non-radiative ones.

Emission spectra

There are three processes for interaction between a photon and an electron in a solid. A
photon may be absorbed by the transition of an electron from a filled state in a valence
band to an empty state in the conduction band. In addition to being absorbed, a photon
can stimulate the emission of a similar photon by the transition of an electron from a filled
state in the conduction band to an empty state in the valence band. Also, an electron in
the conduction band can spontaneously return to an empty state in the valence band with
the emission photon.

The spontaneous emission rate depends in the density of filled conduction band states
and the density of empty valence band states and may be written as

I(hv) ~ V(M) NcNy Fo(E)Fy(E) (2.1)

Where (M) is called the transition matrix element, N¢ is the density of state in the



conduction band, Ny is the density of states in the valence band, Fx(E) and Fy/(E) are,
respectively, the electron and hole Fermi Dirac distribution functions. The spontaneous
emission rate generally has the form

I(hw) ~ V2(hv — E))Y? exp[—(hv — E,) /kT] (2.2)

Where E, is the bandgap.[9]

At the impurity densities often encountered for LEDs and semiconductor lasers, the
representation of localized impurity levels separated from the band edges cannot be used.
Instead, the random distribution of charged impurities in the crystal results in potential
fluctuation, which produce tails in the conduction band and valence band density of states.

LEDs can emit external radiation under proper forward-biased conditions, by utilizing
phenomena mentioned above. Fig. 2.3 shows the basic band diagram of an operating LED.
When a forward bias is applied, electrons are injected from the n-type region into the p-
type region, and holes are injected in a reverse manner, causing the increase of minority
carriers. These carriers recombine with the majority carriers, and if the process is radiative,
an optical radiation is obtained. The wavelength of the radiation is mainly dependent on
the bandgap energy of the material where the recombination takes places and can be

expressed as

12398
=5
where A (nm) is the wavelength and E, (eV) is the energy bandgap.

A

(2.3)

2.2 Lateral p-n junctions

Silicon is widely used as an n-type dopant in GaAs growth using MBE. However, it has
been reported that in GaAs growth on GaAs (n11)A substrate, Si atoms are incorporated as
acceptors when n<3.[3][4] Due to the unique bonding structure on GaAs (n11)A surface, the
condition type of a Si-doped layer for GaAs growth on GaAs(nl1)A (n<3) can be controlled
by the MBE growth conditions and crystal orientations.[10] In this section I shall review
the interesting properties of Si which are used to fabricate lateral p-n junctions.

2.2.1 Incorporation behavior of Si in GaAs

Si, the group IV element, is expected to act either as donors or acceptors in III-V
compound semiconductors such as GaAs depending on which substantial site they occupied.
As shown in Fig. 2.4, If Si atoms are incorporated into Ga sites, they act as donors, so
the conductivity of the GaAs layer becomes n-type (a). Conversely, If Si atoms occupy As
sites, they act as acceptors and the grown layer becomes p-type (b).

This amphoteric characteristic of Si and its incorporation behavior in MBE growth have
been studied and reported extensively.[11]][12][13][14][15] The Si incorporation site is mainly
dependent on the crystal orientation of the substrate, but it is also greatly affected by the



MBE growth conditions such as substrate temperature and the V/III flux ratio as shown
in the following subsections.

2.2.2 Si-doping dependence on crystal orientation

Si-doping characteristics in GaAs are mainly affected by the atomic arrangements of
different surfaces on GaAs substrate orientation. Fig. 2.5 shows a sectional view of the
ideal atomic structure of GaAs.

On GaAs (100) surfaces, If Si atoms bond to the two As bonds, they act as donors and
if Si atoms bond to the two Ga bonds, they act as acceptors. However, under the As-
rich, far from thermodynamical equilibrium conditions found in the MBE growth, Si bonds
preferentially to As and epilayers become n-type. Nearly all Si atoms (up to 6 x 10! cm~3)
occupy Ga sites and the Si doped GaAs layers grown by MBE on (100) oriented substrates
are nearly always n-type.[11] However, as the Si concentration is increased further, Si
atoms begin to occupy As sites and the free-electron carrier concentration n increases only
slightly for standard MBE growth. So, the carrier concentration n reaches a maximum
value (7 x 10'® cm™2) before decreasing for higher Si-doping concentration.

Due to the unique bonding structure on GaAs (nl11)A (n<3) surfaces, the conduction
types of Si-doped GaAs layers can be further controlled. Asshown in Fig. 2.4, GaAs (111)A
surface has single dangling bonds from Ga atoms. The valence band electron density of
this single dangling bond site is believed to be very low. So, little energy is available for
decomposing the incoming As, molecule. Consequently, Si atoms occupy preferentially As
sites, because of the low As atoms population at the surface. Thus, Si atoms usually act
as a p-type dopant in the layer grown on this plane. However, when the (111)A substrate
is tilted slightly toward the (100) orientation, a large number of surface steps with a (100)-
like bonding geometry appear at the surface as shown in Fig. 2.6.[11] These (100) steps
can promote the decomposition of Ass molecules and induce lateral growth from the steps
leading to a (100)-like incorporation of Si atoms.[11] Therefore, the conductivity type is
determined by a competition between Si incorporation in (111)A terrace sites and in (100)
step sites as shown in Fig. 2.6. By misorienting further the (111)A surface, the (100)-step
density increases, resulting in a higher probability of n-type growth. The (311)A surface
clearly shows these two kinds of bonding sites at equal densities: double dangling bond
sites formed on (100) steps and single dangling bond sites formed on (111)A terraces. Due
to this characteristic surface structure, the incoming Si atoms can behave either as donors
or acceptors and they have such the strongly amphoteric property.

The distribution of the Si atoms between these two sites depends not only on the relative
bond strength between Si and Ga or As, but also on the competition that Si atoms encounter
to occupy sites. Si atoms have to compete with incoming Ga atoms or As atoms to occupy
a donor or an acceptor sites, respectively. This competition can be controlled by the MBE

growth conditions.



2.2.3 Si-doping dependence on MBE growth conditions

The conductivity of Si-doped GaAs layers grown on high-index substrates is also greatly
affected by the substrate temperature and V/III flux ratio during MBE growth. By in-
creasing the temperature of the substrate, desorption of the arsenic species from the surface
becomes more important. Consequently, low substrate temperatures enhance incorpora-
tion of Si atoms into Ga sites, then n-type epilayers are produced. In particular, the GaAs
(111)A surface has a stronger dependence on growth temperature regarding the Si-doping
than other surfaces. The V/III flux ratio during the MBE growth is also an important
factor in controlling the surface concentration of As atoms. When the V/III ratio is low,
the plentiful supply of Ga atoms competes with Si for Ga sites; hence, the Si atoms prefer-
ably occupy the As sites. However, by increasing the V/III ratio, the As surface coverage
increases and As atoms are enough to fill the As vacancies. Thus, the incorporation of Si
atoms in As sites can be reduced. The GaAs (311)A surface has the largest dependence on
V/III flux ratio on all Si-doped high index GaAs surfaces. Thus by controlling the V/III
flux ratio, p or n-type epilayers having low carrier compensation can be obtained on GaAs

(311)A substrates.

Based on the interesting properties of Si mentioned above, lateral p-n junctions can be
made on patterned GaAs (nl1l)A-oriented (n<3) substrates and high quality epilayers on
GaAs (311)A-oriented substrates can be grown. Under optimized MBE growth conditions,
we can obtain p-type doping on the flat regions and n-type doping on properly oriented
slope of the patterned substrates. This fabrication method of lateral p-n junctions requires
the MBE growth only once.

Lateral p-n junctions have particular properties that are promising for application in
new devices. Junction area is controlled by the thickness of the Si-doped epilayer that
can be as thin as one atomic single layer; therefore, junction area can be made orders of
magnitude smaller than in conventional p-n junctions. The p-type and n-type regions are
side by side on the sample surface. Therefore, all the electric contacts can be made on
the same side of the sample using a coplanar geometry. Moreover electrically insulating
substrates can be used, simplifying electrical isolation of multiple devices made on the
same substrate. Besides, the junction can be clad between non-doped epitaxial layers that
reduce leakage current and produce carrier confinement. Finally, when undoped quantum
wells are included in the structure, carriers in the lateral p-n junction are transferred inside
the quantum wells (modulation doping) and transported in the plane of the wells, where

carriers have a high mobility.



Chapter 3

Lateral junction visible LEDs

3.1 Fabrication

Conventional LEDs have a large portion of the light emitting area covered by the top
contact. This configuration obstructs light emission and reduces total efficiency. On the
other hand, lateral junction LEDs have contacts placed on the side of the light emitting
area, and light emission is not obstructed. Fig. 3.1 shows the process flow diagram of lateral
junction LEDs. The fabrication process is as follows.

1. Pretreatment -

GaAs (311)A semi-insulating (CrO-doped) substrates were cut to 1.5 em x 2.0 cm for
MBE growth. The substrates were cleaned with acetone for 3 minutes and deionized water
for 3 minutes in an ultrasonic cleaner. After an ultrasonic cleaning, substrates were blown
by N, gas, and then dried at 125 C for 10 minutes.

2. Substrate patterning (Mesa wet etching)

Mesa. of 500 x 250 um? were patterned on GaAs (311)A-oriented substrates using conven-
tional photolithography and wet etching with HaPO,4:Hy02:HoO (3:1:50, 40 C, 18 min.).
(Fig. 3.2) The longest side of mesas was along the [001] direction. The angle § between
the patterned slope and the substrate plane was about 16.7 degrees, and the orientation of

slope was near (100) plane.

3. MBE growth

The patterned substrates were etched in HCI to remove native oxides and
NH,OH:H505:H,0 (2:1:96) to obtain a stoichiometric surface. These processes were taken
just before introducing the patterned substrates into a Varian Modular Gen MBE chamber.
The detailed surface treatment process is shown in Fig. 3.3. And the conditions used in
the MBE growth are listed in Table 3.1.



The MBE layer structure is shown in Fig. 3.4. The substrate was rotated during growth
to obtain even epilayers. First, a 100 nm undoped GaAs buffer layer was grown on the
substrate to make a smooth surface. Then a bottom DBR was formed by 4.5 periods
Alg5GagsAs/AlAs layers. The active layer was composed of AlysGagsAs 30 periods (1.5
nin) MQW with undoped 1.5 nm GaAs barriers. Si-doped (Si-doping concentration: 10'°
cm™3) AlgsGagsAs layers were grown on both sides of the active layer to realize the p-n
junction. And a 50 nm AlAs layer was grown on the top-side of Si-doped AlysGagsAs
layers as a high barrier. Finally, a 20 nm thick undoped GaAs cap layer was grown on the
top of epilayers.

4. Isolation wet etching

After the MBE growth the devices were isolated by removing portions of the epitaxial
layer and forming isolation mesas by using the photolithography and wet etching. The
etching was done in HySO4:Hy09:H20 (1:8:8) at room temperature (R.T.) for 40 seconds.

5. Ohmic electrode fabrication

Fig. 3.5 and Fig. 3.6 are flow charts of the fabrication process of n-type and p-type ohmic
electrodes on the GaAs cap layer, respectively. The lift-off technique was used to make
the electrodes. First, the n-type ohmic electrodes (AuGe/Ni/Au=100 nm/30 nm/200 nm)
were formed on the slopes. Next, the p-type ohmic electrodes (Zn/Au=20 nm/200 nm)
were formed on the flat surfaces using photolithography and metal evaporation. These
electrodes were alloyed at 400 C for 60 seconds in N, gas.

The schematic top view and the optical microscope image of a completed device are
shown in Fig. 3.7. The distance between electrodes, a, and the junction length, b, of the
device are also shown in this figure.

3.2 Characterization

The electrical characteristics of the LEDs were studied by current-voltage (I-V) and
capacitance-voltage (C-V) measurements, and the optical properties were studied by EL
measurements. The experimental apparatus for these measurements are shown in Fig. 3.8
and 9, respectively. :

3.2.1 Current-Voltage characteristics

Fig. 3.10 shows the current-voltage characteristics of the sample, at R.T. and low tem-
peratures. The I-V characteristics at low temperatures were measured at 15 K intervals
from 30 K to 300 K. '

The I-V curves in Fig. 3.10 show rectifying characteristics, indicating that p-n junctions
were successfully formed on the sample. They also have series resistances that decrease
when the temperature is increased. The effect of a Schottky barrier at the contact between



electrodes and the GaAs materials are observed at low temperatures. Under reverse bias
conditions, the reverse breakdown voltage of the sample is —28 V and the breakdown is

abrupt.
The forward current in an actual diode can be represented by the form
qVa > |
Iy =1 —— 1

where ¢ is the magnitude of electron charge and k7" is the thermal energy. The factor n is
the ideality factor of the diode and I is the reverse saturation current. However, an actual
diode will have a series resistance R, that contains the resistance of the semiconductor bulk
material, and a shunt resistance R, that contains the resistance associated with leakage
current as shown in Fig. 3.11. The forward current and voltage in the diode’s junction can
be represented by the following equations

|7
= I(V) - 2
li=1(V) - 35 (3.2)
Vy=V — IR, (3.3)

where (V') and V are the current and the voltage applied to the diode, respectively. The
logarithm of the equation (3.2) has a linear relationship with respect to V. Experimental
data can be fitted to this logarithmic equation by using as fitting parameters R, and Rgp.
The resulting values of R, and R, obtained by this fitting procedure are shown in Fig.
3.12. Decreasing of R, and R, as the temperature increases are due to the increase of
the thermally excited carrier population.

3.2.2 Capacitance-Voltage characteristics

The capacitance-voltage characteristics were measured at 30 K intervals from 30 K to
300 K. The depletion layer capacitance of an abrupt junction is given by

_Es _ qgesNp F
@_W_bM¢V) (34)
29N4Np
_ 2ATD 3.5
77 N4+ Np (3:5)

where W is the depletion layer width, g, is the GaAs permittivity (F/cm), V4, is the built-
in potential, the signs + and — are for the reverse and forward bias, respectively, and
Np is the reduced carrier concentration. The C2-V characteristics of the sample have been
calculated from the measured results, and curves are shown in Fig. 3.13. As the forward bias
is increased, the capacitance of the sample increases due to the reduction of the depletion
width. The weak temperature dependence suggests that there are not large variations in
the free carrier concentration in this temperature range.

10



3.2.3 Electroluminescence characteristics

The visible electroluminescence (EL) spectra of a sample were observed up to R.T. The
EL spectra were measured under two different applied currents to study the influence of
the carrier injection. One of the applied currents was 0.2 mA and spectra were measured
from 10 K to 300 K at 30 K intervals (Fig. 3.14). Two major peaks shown in Fig. 3.14 as
the Peak2 and Peak3 can be observed from the spectra. Another shoulder can be observed
near 1.85 eV. It is also shown in Fig. 3.14 as the Peakl. The intensity and transition energy
of three peaks as a function of the temperature are shown in Fig. 3.15(a) and (b). The
temperature dependence of band-to-band transition energy of GaAs was calculated using

the equation

5.405 x 107% x T2
E. =1.519 — .
g T + 204 (3.6)

and is shown together with the experimental results in Fig. 3.15(b). From this graph it can
be assumed that these peaks are related transitions occurred in the MQW. These peaks
can be explained by the energy band diagram of the MQW structure at 300 K. shown in
Fig. 3.16. When the applied current is 0.2 mA, QW is filled by carriers from the lowest
energy state e; (electronl) for electrons up to the quasi fermi level (e,,) for electrons. At 300
K, the Peakl energy coincides with the transition energy between e; and the AlgsGagsAs
valence band. The Peak2 energy coincides with the transition energy between the e; and
Si-acceptor level of the p-type region. These two peaks indicate that most of the EL is
emitted from the p-type region. The Peak3 energy is due to the fundamental transition
between the e; and the hh; (heavy holel) for heavy holes. At low temperatures, the flat
portion can be observed in Peak3 and is probably due to the presence of a two-dimensional
hole gas.

The other applied current was 2.3 mA and spectra were measured from the 10 K to 300
K at 10 K ~ 50 K intervals. In this condition, the similar EL spectra were obtained and
two major peaks can be observed as the Peak2 and Peak3 shown in Fig. 3.17. Another
weak peak can be observed near 2.0 eV as the Peakl from the spectra. It is also shown
in Fig. 3.17. The intensity and the transition energy of three peaks as a function of the
temperature are shown in Fig. 3.18(a) and (b). The temperature dependence of band-to-
band transition energy of GaAs is also shown together with the experimental results in
Fig. 3.18(a) and (b). Fig. 3.19 shows the energy band diagram of the MQW structure with
the applied current of 2.3 mA at 300 K. The Peakl energy coincides with the transition
energy between AlysGagsAs conduction band and Si-acceptor level of the p-type region.
But, the intensity of Peakl disappears as the temperature decreases, this could imply that
the carriers gain the thermal energy and are able to exist the higher energy level such
as AlgsGagsAs conduction band. The Peak2 energy coincides with the transition energy
between the e; and Si-acceptor level. The Peak3 energy is due to the fundamental transition

between the e; and the hh;.
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Chapter 4

Lateral junction modulation doped
LEDs

4.1 Fabrication

Fabrication processes were almost the same as described in Section 3.1. The MBE
conditions are listed in Table 4.1. The multilayer structure shown in Fig. 4.1 was grown on
GaAs(311)A patterned substrates. A 500 nm undoped GaAs layer was first grown as the
buffer layer. The active layer was composed of an 8 nm Ing,GaggAs SQW with undoped
5 nm GaAs barriers. Si-doped Alg3Gag.7As layers were grown on both sides of the active
layer (modulation doping) to realize the p-n junction. 5 nm thick Si-doped GaAs cap layer
was grown on the top of the epilayers. The schematic top view and the optical microscope
image of a completed device are shown in Fig. 4.2. The distance between electrodes, a,
and the junction length, b, of a device are also shown in this figure.

4.2 Characterization

The electrical characteristics of LEDs were evaluated with I-V and C-V measurements.
Optical properties were evaluated by EL measurements. The experimental apparatus for
these measurements are the same as shown in Fig,. 3.8 and 9, respectively.

4.2.1 Current-Voltage characteristics

Fig. 4.3 shows the current-voltage characteristics of the sample at R.T. and low temper-
atures. The I-V characteristics at low temperatures were measured at 30 K intervals from
30 K to 300 K. The I-V curves in Fig. 4.3 indicate that p-n junctions were successfully
formed. They also have series resistances that decrease when the temperature is increased.
The effect of a Schottky barrier at the contact between electrodes and the GaAs materials
are observed at low temperatures. Under reverse bias conditions, the reverse breakdown
voltage of the sample is —7.42 V.
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Fig. 4.4 shows the series and shunt resistance values of the sample as a function of
the temperature. The parameters R, and R, are the same as described in Section 3.2.1.
Decrease of R, and Ry, as the temperature increases are due to the increase of the thermally
excited carrier population.

The I-V curves after correcting the influence of Ry and Ry, are shown in Fig. 4.5 (a).
Under forward bias a tunneling current for applied voltage lower than 1.0 V is observed in
all the curves measured at several temperatures. This one indication that an abrupt p-n
junction is formed. This tunneling phenomena can be observed more clearly in another
sample with MBE growth temperature of 560 C shown in Fig. 4.5 (b). The tunneling
current in all curves does not decrease when the forward bias increases (negative differential
resistance as it is usual in a tunnel diode (Esaki diode)). The reason of this phenomenon
can be explained by the energy band diagram of an abrupt p-n junction with modulation
doped QW shown in Fig. 4.6 (b). In this figure, a two-dimensional electron gas (2DEG)
and a two-dimensional hole gas (2DHG) exist inside the QW in each side of the junction.
Tunneling current is large not only when the fermi level in each side of the junction is
nearly aligned. It is large as long as there is an energy overlap of the 2DEG and 2DHG.
Therefore, the sum of 2DEG and 2DHG energy depth calculated from diode’s structure
(0.23 eV) coincides with the bias range where a large tunneling current is observed. (Fig.
4.6 (a)) Therefore, the tunneling current with a broad plateau shows the presence of a
2DEG and a 2DHG in the p-n junction.

4.2.2 Capacitance-Voltage characteristics

The capacitance-voltage characteristics of the sample measured at 300 K are shown
in Fig. 4.7 (a). Fig. 4.7 (b) shows the C?-V characteristics calculated from the measured
results and its fitting curve. As the forward bias is increased, the capacitance of the sample
increases due to the reduction of the depletion width.

To determine the detailed distribution of shallow level concentration near the lateral
p-n junction, C2-V characteristics of the sample is analyzed. Actually, since C2-V values
in Fig. 4.7 (b) are not proportional to the applied voltage, it can be assumed that the
lateral p-n junction of the sample is graded. Data are divided at V = —2.4 V into a large
voltage region where C2-V is proportional to V and a small voltage region where C%-V
is not proportional to V. Capacitance values for the applied voltage smaller than (non-
linear region) are plotted as C3-V giving a fairly linear fit shown in Fig. 4.8 (a). Fig. 4.8
(b) shows C%V a fairly linear fitting characteristics of capacitance values for the applied
voltage larger than V = —2.4 V (linear region). This result indicates that shallow level
concentration is graded in the range of the applied voltage smaller than V = —2.4 V. The
graded region has a thickness of about 39.7 nm.

4.2.3 Electroluminescence characteristics

Near infrared EL spectra were obtained from a sample measured at 30 K intervals from
10 K to 300 K for an applied current of 2.0 mA shown in Fig. 4.9. Two major peaks and a
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weak peak can be observed from the spectra shown in Fig. 4.9 as Peak1, Peak2 and Peak3.
We assume that Peakl is related to the e; —hh, transition and shows a plateau that extends
to higher energies. Peak?2 is related to the es—hh, transition and Peak3 coincides with the
GaAs bandgap energy.

To observe more clearly the shape of Peakl, the fitting curves of Peak2 are removed
from all EL spectra as shown in Fig. 4.10. The width of the plateau of Peakl is nearly
independent of measurement temperatures. The shape and position of Peakl and Peak2 can
be explained by the density states diagram of a p-type modulation doped SQW structure
shown in Fig. 4.11. In this figure e;, es and e3 are the energy levels for electrons in
the conduction band QW and hhq, hhy and hhg are energy levels for heavy holes in the
valence band QW. The heavy hole levels are filled from hh; up to the quasi fermi level
FEyp, accordingly to the hole density for this sample shown in Table 4.1. At 300 K, the
left shoulder of Peakl energy coincides with the fundamental transition energy between
e; and hhy (1.27 eV). The difference in energy between hh; and Ep, is 42.3 meV and it
coincides with the width of the plateau of Peakl. This is a clear indication of the presence
of a 2DHG in the p-type region. Peak2 coincides with the transition energy between e,
and hhy (1.37 e€V). This experiment is an original and elegant method to identify and
characterize a 2DHG in the lateral junction.
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Chapter 5

Vertical-cavity surface-emitting
lasers

5.1 Principle of VCSELs

VCSELs are generating intense interest as a light source for optical systems. Their
advantages include simple integration into 2-D arrays, on-wafer testing, and optical disk
memories, as well as efficient optical fiber coupling [16]. In this section I briefly discuss the
some anticipated characteristics of VCSELs. I also briefly discuss the comparison between
conventional QW laser diodes and lateral junction QW laser diodes.

5.1.1 Threshold current and quantum efficiency

The schematic structure of a VCSEL is shown in Fig. 5.1. A circular buried heterostruc-
ture in which the active region is buried in a material with smaller bandgap energy is
considered. And injected carriers are completely confined in the circular active region with
diameter D. The optical loss for the resonant mode must balance the gain to reach the
threshold. That is

1 1
Jih = Qgc + Qeg <'é? - 1) + glal <—R;E> + oy (5.1)

Where g, is the threshold gain, d is the active layer thickness, L is the cavity length, ag,
and a.; are the absorption loss in the active and cladding layers, respectively, Ry and R,
are the reflective of the front and rear side reflector, and ¢y is the diffraction loss. £ is
the energy confinement factor, which is expressed as the product of the longuituditional
confinement factor & and the transverse factor &; as

£=8-& (5.2)

& is expected as
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& = d/L (5.3)

When a very thin active layer (~100A) is placed at the maxima of standing wave, v equals
two, and it is unity for a thick active layer. The concept of reducing the threshold by
placing the active layer at the maxima which is called periodic gain structure is suggested.

If I assume that age = 10 em™, @y = 10 em™!, @g = 10 cm™!, L = 7 pm, d = 3 um
and g, = 200 cm™?! in Eq. (5.1), the necessary average reflectivity must be

R¢R, =0.95 (5.4)
The threshold gain is expressed in terms of the threshold carrier density Ny, as

gtn = AoNin — Qi (5.5)
where «;, is the residual absorption loss, and Ay is the gain coefficient. Thus, the threshold
carrier density Ny, is expressed as

Nth = _w (56)

If T put g = 200 cm™?, ay, = 400 cm ! and Ap = 3 X 10710 cm? for the AlGaAs/GaAs
system, Ny, = 2 x 10'® cm™3. The threshold current density of the surface-emitting laser.
is then expressed as

Ny edBegy L 1 1 2
Jth = T = A% Qge + Qi — Qleg + zi'ae:n + —26 In Rer + ay (57)
where 7, is a carrier lifetime, e is electron charge and B,y is the effective recombination
constant. Here we have used the following relationship:

1

e — 5.8
Bess N (5:8)

Tg =

If there is no guiding structure in a cladding layer of a device, it results in a divergence
of a resonant beam. This causes a diffraction loss, which limits thinning of the diameter
to maintain a small diffraction. Assuming that the transverse field distribution loss, ag4 is

expressed as follows

1 1
1= o (2 ¥ 3(20,/ks?)2 + (2lc/Ks2)4>
where [, is the cladding layer thickness, and k is the propagation constant. The reduction
of a resonant beam, causing a large increase in the diffraction loss «y.

Figure 5.2 (a) shows a calculated threshold current density of a AlGaAs/GaAs surface-
emitting laser against active layer thickness without taking a diffraction loss into account.
When R = 95 % and d = 2-3 um, the threshold current density Jy; is 25 to approximately
30 kA /cm?. This value is the same as that of high-radiance LEDs and is not a suprisingly

(5.9)
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high level. The increase of reflectivity can provide further reduction of the threshold current
density. A similar result is obtained for a InGaAsP/InP surface-emitting laser (A, = 1.3
pm) as shown in Fig. 5.2 (b). We can find that the threshold current density can be reduced
to less than 10 kA /cm? by increasing the reflectivity to 99 % This may be achievable by
employing a suitably controlled dielectric or semiconductor multilayer reflector. In addition,
a quantum well structure can provide a lower threshold by 40 %. By reducing the active
layer thickness to 100 A and increasing the reflectivity to 99.9 %, a threshold current density
of less than 1 kA/cm? can be expected. Fig. 5.3 shows a calculated threshold current
density and threshold current against the diameter of the active region in a AlGaAs/GaAs
surface-emitting laser, in which the spot diameter 2s is assumed to be equal to the active
region diameter D. When the diameter is more than 3 pm, the diffraction loss is negligibly
small. Therefore, the threshold current can be decreased in proportion to the square of the
diameter in this region. The threshold current is a minimum in the range of the diameter
from 1 to 2 um.

Also, we consider the differential quantum efficiency of the surface-emitting laser. If we
use a non-absorbing mirror for the front mirror, the differential quantum efﬁc1ency from
the front mirror is expressed as

In(1/Ry)
Yy n(1/R;Ry)

where 7; is the internal quantum efficiency and « is the internal loss. A calculated result
for the AlGaAs/GaAs surface-emitting laser is shown in Fig. 5.4, in which a dielectric
multilayer reflector and Au-coated reflector are considered for the front mirror. We have
assumed that R, = 1.0 and the internal quantum efficiency 7; = 1. As for the Au-coated
mirror, efficiency deteriorates due to the differential quantum efficiency stays at 40 %
because of its short cavity structure.[16]

(5.10)

5.1.2 Lateral junction VCSELs

The intrinsic limitation of modulation speed in QW laser diodes is given by the electron
relaxation time from the 3-dimensional laser cavity into the 2-dimensional QW.[17] Holes
relax much faster than electrons, and so do not limit modulation speed. Experimental
results indicate that this electron relaxation time is between 3 and 15 ps.[18] Therefore, the
maximum modulation bandwidth that conventional QW laser diodes could reach is roughly
between 60 and 300 Ghz. Tunneling injection of electrons into the QW has been proposed
as a solution to increase the modulation bandwidth.[17] Electron relaxation time from the
cladding layer into the 3-dimensional laser cavity is about 1 or 2 ps, and drift/diffusion
time in the laser cavity is below 0.75 ps.[18] These short times do not greatly influence the
modulation speed of conventional QW laser diodes.

Electrons in lateral junction QW laser diodes are already inside the QW in the n-type
region, outside the p-n junction depletion layer. Therefore, the relaxation time from the
3-ddimensional laser cavity into the 2-dimensional QW and the relaxation time from the
cladding layer into the 3-dimensional laser cavity are eliminated. Only the drift/diffusion
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time (< 0.75 ps) remains. In this case, the modulation bandwidth of the lateral junction
QW laser diodes can be greatly enhanced. Moreover, the applied bias required to inject a
given current can be reduced and the power efficiency of the device would improve. The
lateral junction area can be made orders of magnitude smaller as compared to vertical
junctions, with the consequent reduction of the device capacitance. This p-n junction can
be used for making vertical cavity as well as edge-emitting laser diodes.|7]

5.2 Fabrication

Substrate patterning was the same as described in section 3.2. MBE growth conditions
are listed in Table 5.1. The multilayer structure shown in Fig. 5.4 was grown on patterned
substrates. The active layer is Ing 2 GaggAs 5 periods MQW with non-doped GaAs barriers.
There are Si-doped GaAs layers between QWs to make the p-n junction. The bottom and
top DBRs are formed by 4 and 3 periods of AlAs/AlysGagsAs layers, respectively. AlAs
layer thickness was calculated to have one-fourth laser emission wavelength (A ~ 970 nm)
after oxidation (Al-oxide’s refractive index 1.55) and including a 13 % contraction that was
previously measured in other samples. There are AlysGagsAs layers on both sides of the
cavity (3 A\) as a spacer layer. A 30 nm GaAs cap layer was grown on the top of epilayers.

After MBE growth the devices were isolated to 10 um and 20 pm square mesas by using
isolation wet etching process the same as described in section 3.1. Mesas with one edge
near the (100)-oriented slope were made by wet etching, to expose the edges of the AlAs
layers. The AlAs layers were oxidized at 400 C in a flowing nitrogen atmosphere saturated
with water vapor (wet oxidation process) to form the high-reflectivity DBRs. A schematic
drawing of the wet oxidation system is shown in Fig. 5.5. Figure 5.6 shows the schematic
top view and the microscope image of the completed device. The high reflectance required
for the DBRs is obtained using just a few periods due to the large difference of refractive
index between the AlgsGagsAs and the oxidized AlAs (Al-oxide) layers. This structure
design of the VCSEL was optimized at room temperature.

5.3 VCSEL luminescence dependence on DBR oxi-
dation conditions

Epitaxially grown oxide/semiconductor DBRs formed by wet thermal oxidation have
been used to fabricate VCSELs.[19]{20][21][22] The AlAs in an AlAs/GaAs multilayer
stack is selectively oxidized to form a very low index material, useful for high-contrast
DBRs.[20][23][24][25] The differences in the indexes between these materials are large, and
the DBRs have a high reflectivity and a wide bandwidth.[16] The cavity resonance peak
wavelength of DBRs can be adjusted by oxidation conditions. In this section I study how
the oxidation conditions affect the spectral reflectance of the DBR.
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5.3.1 Wet oxidation

Al-oxide layers are formed by wet thermal oxidation of AlAs through chemical reaction
in a nitrogen and water vapor atmosphere. The expected reaction is represented by the
following chemical formula [26][27].

2AlAs + 3H,0 — AlyOs + 2AsH; (5.11)

The equation shows that two molecules of AlAs react to form one molecule of Al-oxide.
The volume per “molecule” of AlAs, crystallized in a zinc blended structure (lattice con-
stant of 5.662 A) is 45.4 A3, On the other hand, Al-oxide in the y-phase, crystallized with a
cubic Fd3m spinel-like structure, consisting of 32 atoms of oxygen, 21% atoms of Al, and 2
% vacancies per unit cube, has a cube edge of 7.9 A. This coincides with a volume of 46.2 A3
per molecule of Al-oxide. Therefore, the reaction given by Eq. (5.11) implies a shrinkage

of about 50% (by volume) in the AlAs layer if it is converted to compact yv—Al-oxide.

5.3.2 Optical reflectivity of multilayer structures

The reflectivity and transmissivity of a series of slabs of Al,Ga;_;As with x between
0 and 1, separated by abrupt plane boundaries, can be calculated using the transefer-
matrix method. Fig. 5.7 shows the incident, reflected and transmitted light in one slab of
material “1” with thickness d between slabs of materials “0” and “2”. Since the tangential
- components of the electric and magnetic fields pararell to the boundaries are continuous
can be equated at each interface “a” and “b”, and characteristic matrix for each layer is

obtained:
Eg\ _( cosé  i-sinéi/y Eb)
<Ha> - <1:'Sil'161/y1 COS 61 ) (Hb (5.12)

where y; = n; — 4 - k1 is the optical admittance and 01 = 2my1dy1/ Mighe. The results can be
extended to n-layers, and after rearrangement, the following equation is obtained:

(B)-Tr((,. 0, =) (L) e

j=1
where B = E,/E,, C = H,/E;,, and y, is the substrate’s optical admittance. The
reflection coefficient is calculated as:
(yoB — C) (B - C)

= 0B+ O)wB + C) (5.14)

where 1 is the optical admittance of the incidence media (typically, it is air).
The transmission coefficient is calculated as:

= 4y0Re(ysub)
~ wB+O)(wB +C) (5.15)
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A multi-layer structure can be characterized by the PL measurement and comparison
with a simulated spectrum based on this theory.

5.3.3 Optical reflectivity dependence on DBR oxidation condi-
tions

An oxidation model of AlAs/Aly5GagsAs DBRs is proposed to investigate the influence
of DBR oxidation conditions for its optical reflectivity. The AlysGagsAs layer inserted
between two AlAs layers partially oxidizes in the vertical direction as shown in Fig. 5.8.
The oxidation rate of the AlysGagsAs layer is much lower and the AlAs layer completely
oxidizes before any significant oxidation of the AlysGagsAs occurs. The oxidized AlAs
layer supplies the AlgsGagsAs layer with the reactants so that it oxidizes in the growth
direction.

I calculated the optical reflectivity of the VCSEL with the several oxidation conditions
of DBR using the transfer-matrix method mentioned in Section 5.3.2. Fig. 5.9 shows the
calculated reflectance spectrum of the 3 A -cavity VCSEL described in the previous section
as the AlAs layer’s oxidation completed. In this figure three major resonance peaks can be
observed as long wavelength peak (1144 nm), center wavelength peak (995 nm) and short
wavelength peak (891 nm). The stop band with the reflectance of 99.992 % is also observed.
Fig. 5.10 shows the reflectance spectra dependence on an AlysGag.sAs oxidized layer width
of each peak at 5 nm oxidation intervals from non-oxidation up to oxidation completed.
The long wavelength peak and the center wavelength peak shift to shorter wavelengths as
the oxidation width of AlgsGag.sAs layers increased. This shift cannot observed in the short
wavelength peak spectra due to the GaAs absorption. This shift is due to the difference of
the reflective index of materials. The refractive index of the semiconductor is much greater
than that of the oxide, the thickness change of the semiconductor has a proportionally
greater influence over the wavelength shift of the DBR than the thickness change of the
oxide. Since the semiconductor is consumed and becoming thinner, the resonance peak
shifts to shorter wavelength.

The wavelength, resonance depth and full-width at half-maximum (FWHM) of three
peaks and the stop band reflectance as a function of the oxidation width of AlysGagsAs
layers are shown in Fig. 5.11. From these graphs the resonance peak wavelength can
be controlled with good characteristics up to the AlgsGagsAs oxidation width of 30 nm.
Therefore, we can obtain the centered wavelength of the VCSEL’s cavity (A ~ 970 nm)
with the Alg5GagsAs oxidation width of 15 nm.

Fig. 5.12 (a) shows the PL spectra from the cavity of samples oxidized at 400 C for
10 min., 20min., and 40 min. The PL was excited with a He-Ne laser (633 nm). The
peak shifts to the shorter wavelengths as the oxidation time increases. This means that
AlysGagsAs layers were consumed and becoming thinner. Fig. 5.12 (b) shows the PL
spectra from the cavity of samples oxidized at 400 C, 440 C, and 480 C for 10 min. The
peak shifts to the short wavelength stronger than the previous one. In each graphs, the
light intensity of peaks decreases drastically near the wavelength of 970 nm. This is due
to the sensitivity of the monochromator’s detector. Therefore, a 30 nm shift to shorter
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wavelengths is observed with the oxidation temperature of 480 C and time of 10 min. The
optical microscope images of samples are shown in Fig. 5.13. As shown in this figure, the
DBR’s color of all the samples are different and this indicates the DBR'’s reflectivity was
changed by reducing the thickness of AlgsGagsAs layers. The cracked DBR was observed
in the sample with the oxidation temperature of 480 “C. For the reason that it is necessary
to transport HoO molecules inward and AsHj gas outward in the oxidation process. When
the oxidation temperature is high, the reaction rate is larger than the transport rate. Then
the AsHj3 gas remains inward of the mesas and large strain is generated. When the surface
cannot endure this strain, it grooves and the AsHj gas emitted from this groove.

5.4 Photoluminescence characteristics

A lateral junction VCSEL oxidized at 400 C for 10 min. was prepared for optical pump-
ing. These oxidation conditions were chosen based on results of Section 5.3.3. PL mea-
surement was performed by using a Ti-sapphire laser (710 nm) excited with an Ar* laser
under continuous wave (CW) conditions.

Fig. 5.14 compares the active-layer photoluminescence spectrum (a), measured before ox-
idizing the AlAs layers of the DBRs, and measured after oxidizing DBRs (b). The spectrum
(a) is the spontaneous light emission from QWs because DBRs has low reflectivity. After
oxidizing, high reflectivity DBRs are formed, the spectrum (b) shows the light emission
affected by the cavity-resonance. Fig. 5.15 also shows PL spectra with (a), excitation laser
power of 60.6 mW, and 0.63 mW (b). From the shape of spectra and the narrowing the line
width, we can observe onset of amplified spontaneous emission with excitation laser power
of 60.6 mW. The PL peak wavelength shows good matching with the structure design.
Fig. 5.16 shows the PL peak intensity dependence on excitation laser power and Fig. 5.17
shows the line width of spectra dependence on excitation laser power. From these graphs,
the amplified spontaneous emission is observed with very low excitation laser power.

PL spectra dependence on the measured temperature from 225 K to 275 K are shown
in Fig. 5.18. The peak wavelength shifts to shorter wavelengths as temperature decreases
due to the increase of energy bandgap. The tail of the peak could be related to variations
of thickness or composition near the edge of the mesa. The peak light intensity as a
function of temperature are shown in Fig. 5.19. From this graph, the good matching
between spontaneous-light-emission peak wavelength and cavity-resonance peak wavelength
is observed at 260 K.

This lateral junction VOSEL is expected to obtain laser operation by electrical injection.
This device has the advantage of being grown on a semi-insulating substrate, that facilitates
the fabrication of arrays and integrated circuits with coplanar contacts. Besides, it has a
total thickness of 2.75 um, that is much smaller than conventional designs due to the use
of oxidized AlAs DBRs, reducing epitaxial growth time and simplifying device processing.
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Chapter 6

Conclusions

Two types of lateral junction LEDs and a lateral junction VCSEL were fabricated and
measured. The lateral junctions were fabricated with Si-doped GaAs epilayers grown by
molecular beam epitaxy (MBE) on GaAs (311)A-oriented patterned substrates. Each de-
vice takes advantage of the peculiarities of the lateral junction. LEDs have a light-emitting
region unobstructed by contacts.

The visible EL spectra observed from the GaAs/Aly sGagsAs 30 periods MQW structure
up to room temperature and most of EL was emitted from the p-type region.

Peculiar near infrared EL spectra where observed from the Ing.GaggAs/GaAs SQW
structure with non-doped GaAs barriers up to room temperature. In the EL spectra a
plateau that is nearly independent of measurement temperatures shows the presence of a
2DHG in the p-type region. This EL measurement is an original and elegant method to
identify and characterize a 2DHG in the lateral junction.

The optically-pumped lateral junction VCSEL with an active layer composed of 5
Ing2Gag.gAs/GaAs QWs and non-doped GaAs barriers has electrically insulating distributed
Bragg reflectors that simplifies device processing. The cavity-resonance wavelength can be
tuned over a 30 nm range of wavelength by progressive oxidation of the AlGaAs layers in
the Al-oxide/AlGaAs DBRs. The amplified spontaneous emission was obtained with very
low excitation laser power of 60.6 mW. This lateral junction VCSEL shows the best over-
lap between the spontaneous light emission peak wavelength and cavity-resonance peak
wavelength at 260 K.

Further investigation on the lateral junction VCSEL is required to obtain laser operation
by electrical injection. The use of a lateral p-n junction will allow the direct injection of
electrons and holes into the active layer, and is expected to improve the high frequency
characteristics of the semiconductor laser diode.
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Fig. 2.1 (a) Variation of the hole and electron concentrations
across unbiased junction
(b) Electrostatic potential from acceptor (-) and donor
(+) ions near the junction
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Fig. 2.3 Schematic energy band diagram of a LED in operation
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Fig. 2.4 Schematic bond pictures of GaAs with Si-doping
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1. Pretreatment
- wafer cutting
- surface cleaning

[113]A

b

(110]  [332]

2. Substrate Patterning
» photolithography
- wet etching

near (100) slope

GaAs (311)A (CrO) substrate

3. MBE Growth

- Epitaxial growth
* Si doping into GaAs
» lateral p-n junction

epitaxial

—>
layers

DBR

GaAs (311)A (CrO) substrate

Fig. 3.1_1 Fabrication process flow of a lateral junction (LJ) LED (1)



3. Isolation wet etching
* photolithography
* wet etching

GaAs (311 A (CrO) substrate

4. Ohmic Electrode Fabrication
* photolithography
* metal evaporation
* lift off -+ annealing

Zn/Au AuGe/Ni/Au

GaAs (311)A (CrO) substrate

Fig.3.1_2 Fabrication process flow of a LI-LED (2)



‘resist coating

CrO-doped GaAs (311)A semi-insulating substrate

'spincoater: first 300[r.p.m.], 5[sec.]
second  5000[r.p.m.}, 40[sec.]

-prebaking: 85°C, 25min.
- exposure, development
postbaking: 125°C, 30min.

I

RN SRNaR
e Beiny

-etching
e B s

"resist removal

ultrasonic cleaning
(acetone), Smin.

Fig. 3.2 Fabrication process flow diagram of a patterned substrate



Pregrowth Suiface Treatiment

1.  Acetone ultrasonic cleaning: Smin.

2. Deionized water: 3min.

3. N, blow

4.  H,S0,, 60sec., room temperature
(Removal of native oxide)

5. Deionized water: 3min.

6. NH,OH:H,0,:H,0(2:1:96), 80sec., R.T.
(Surface etching)

7. Deionized water: Smin.

8. N,blow

Fig. 3.3 Surface treatment process before MBE growth



Growth temperature

«540°C 311)A
«580°C (100)

As,-BEP (Beam
equivalent pressure)

26.48 X 10-6 Torr (GaAs)
x1.17 X 10 Torr (AlGaAs)

Growth rate

»469.5 nm/h (GaAs)
»471.1 nm/h (AlAs)

Carrier
concentration

x(311)A 6.0 X 106 cm-3 (p-type)
«(100) 2.2 X 10 cm (n-type)

Table 3.1 MBE Growth Conditions

GaAs (30nm)

GaAs buffer (100nm)

GaAs (1.5nm)

GaAs(CrO) substrate

Fig. 3.4 Cross section view of multilayer structures grown by MBE



"resist coating spincoater :  first 300[rpm], 5[sec]
second  3500[rpm], 40[sec]

- prebaking: 85°C. 25min.
~chlorobenzene treatment
»exposure, development

GaAs (311)A (CrO) substrate

metal deposition

AuGe/Ni/Au

GaAs (311)A (CrO) substrate

«1ift off
(acetone ultrasonic cleaning)

GaAs (311)A (CrO) substrate

Fig. 3.5 Fabrication process flow of n-type ohmic electrode



*resist coating spincoater : first  300[rpm], S[sec]

second  3500[rpm], 40[sec]

n-contact

GaAs (311)A (CrO) substrate

=prebaking: 85°C, 25min.
»chlorobenzene treatment
~exposure, development

- ift off
(acetone ultrasonic cleaning)

GaAs (311)A (CrO) substrate

Fig. 3.6 Fabrication process flow of p-type ohmic electrode
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Fig. 3.7 Top view of the LJ-visible LED
(a) Schematic illustration
(b) Optical microscope image
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SEMICONDUCTOR
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DA-1500
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(b) PC9801RX

Cryostat
(Continuous flow)
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Fig. 3.8 Experimental apparatus for
(a) I-V measurements
(b) C-V measurements
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Fig. 3.9 Experimental apparatus for EL measurements
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Fig. 3.10 I-V characteristics of the LJ-visible LED at
(a) room temperature and (b) low temperatures
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Fig. 3.11 Equivalent circuit of an actual diode under forward
bias conditions
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Fig. 3.12 Resistances of the LJ-visible LED as a function
of the temperature
(a) Series resistance, R,
(b) Shunt resistance, R,
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Fig. 3.14 EL spectra of the LJ-visible LED at various temperatures.
The applied current was 0.2mA.
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Fig. 3.15 EL spectrum peaks of the LJ-visible LED with an applied
current of 0.2mA
(a) Peak light intensity versus temperature
(b) Peak band gap energy versus temperature
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Fig. 3.16 Energy band diagram of Al, ;Ga, ;As/GaAs MQW at 300 K.
The applied current is 0.2mA.
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'Fig. 3.17 EL spectra of the LJ-visible LED at various
temperatures. The applied current was 2.3mA.
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Fig. 3.18 EL spectrum peaks of the LJ-visible LED with an applied
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(a) Peak light intensity versus temperature
(b) Peak band gap energy versus temperature



—|

i 0.0518 eV

Peakl &
< 1.997 eV
e e
ORI <3
.:Co‘i & g Peak? ﬁ Peak3 @ clcctron
1.797 eV 1.688 eV O hole
i hh,
O '
O I T O D O O O O .......

Si-acceptor level

Fig. 3.19 Energy band diagram of Al, ;Ga, ;As/GaAs MQW at 300 K.

The applied current is 2.3mA.



Growth temperature

=540°C (311)A
=580°C (100)

As,-BEP (Beam
equivalent pressure)

»7.53 X 10¢ Torr (GaAs)
n1.51 X 10 Torr (AlGaAs)

Growth rate

=800 nm/h (GaAs)
»343 nm/h (AlAs)
»200 nm/h (InAs)

Carrier
concentration

»(311)A 3.81 X 10'8 cm™® (p-type)
»(100) 3.04 X 10" cm™ (n-type)

Table 4.1 MBE Growth Conditions

GaAs buffer (500nm)

Modulation doped
SQW structure

GaAs(CrO) substrate

Fig. 4.1 Cross section view of multilayer structures grown by MBE
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Fig. 4.2 Top view of the LJ-modulation doped LED
(a) Schematic illustration

(b) Optical microscope image



1004 Break down voltage
=742V
=
—
= 0 i
=
o)
@]
-100x10° + |
-8 -6 LA .
Applied Voltage 2[V]
(a)
200x10° + 300K <« 30K 1
Z‘ 150 + 1
:“ measured at
8 : 30K intervals
o 100 i
=
@]
50+ 1
0 i ‘1‘ 'l i { 1

(b)

Fig. 4.3 I-V characteristics of the LJ-modulation doped LED at
(a) room temperature and (b) low temperatures
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Fig. 4.4 Resistances of the LJ-modulation doped LED as a function
of the temperature ‘
(a) Series resistance, R,
(b) Shunt resistance, R
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Fig. 4.5 Fitted I-V curves of the LJ-modulation doped LED with
(a) MBE growth temperature of 540°C
(b) MBE growth temperature of 560°C
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Fig. 4.6  (a) Fitted I-V curve of the L.J-modulation doped LED at 300 K
(b) Energy band diagram of an abrupt p-n junction between two
doped regions at 300 K
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Fig. 4.9 EL spectra of the LJ-modulation doped LED at various
temperatures. The applied current was 2.0 mA.
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Fig. 5.1 A schematic diagram of a VCSEL
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Growth temperature =5 4OOC (3IDA.

x580°C (100)
As,-BEP (Beam 6.6 X 10-% Torr (GaAs)
equivalent pressure) =1.51 X 10~ Torr (AlGaAs)
Growth rate »800 nm/h (GaAs)

x343 nm/h (AlAs)

«200 nm/h (InAs)
Carrier =(311)A 3.81 X 1018 cm?? (p-type)
concentration - =(100) 3.04 X107 cm? (n-type)

Table 5.1 MBE Growth Conditions
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(b) The multilayer structure ‘ - (¢c) DBR

Fig. 5.4 Cross section view of multilayer structures grown by MBE
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Fig. 5.5 A schematic drawing of the wet oxidation system
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Fig. 5.6 Top view of the LJ-VCSEL
(a) Schematic illustration
(b) Optical microscope image
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: Fig. 5.7 Reflection and transmission of a dielectric slab



Oxidation rate of the AlAs layer is much
higher than that of the Al, ;Ga,As layer
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Fig. 5.8 An oxidation model of the AlAs/AlGaAs DBR
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Fig. 5.9 Calculated reflectance spectrum of the LJ-VCSEL
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Fig. 5.12 PL spectra from the LJ-VCSEL with several oxidation conditions
(a) PL spectra dependence on oxidation time
(b) PL spectra dependence on oxidation temperature
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Fig. 5.13 Optical microscope images of oxidized LJ-VCSELs



PL was excited with
Ti-sapphire laser
710nm, cw

1.0 -r=

"y measured at

c’df 08 (b) FWHM 300K

— 1.90 nm

>

=06+
7!

o

Q

= 04t
- p—
=
,5{3 02+

(b)
00 “' } ] } }
850 900 1050 1100

Wazfsé):length] Ofi)lm]
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