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Chapter 1. Introduction
1.1 Background

In the past féw years there has been growing interest
in the heteroepitaxial growth of GaAs on Si (GaAs/si)1r2)
using metalorganic chemical vapor deposition (MOCVD) or
molecular beam epitaxy (MBE). The most important results of
GaAs/Si study are the knowledge gained iﬁ heteroepitaxial
growth that is applicable to other mismatched semiconductor
materials (GaAs/InP, InP/GaAs, InP/Si, etc.)3"6) and the
numerous potential applications of the monolithic
integration of GaAs and Si circuits7“9). More substantial
benefits of monolithic GaAs/Si technology would be realized
by monolithic iﬁtegration of GaAs optoelectronic circuits
and high-speed electronic circuits with Si very-large-scale
integrated (VLSI) circuits. One potential application of
monolithic GaAs/Si integration is in the fabrication of
optical interconnections between Si VLSI chips, where
signals are passed from chip to chip through optical
interconnections rather than electrical wires. Another
potential application is the integration of high-speed
digital and microwave GaAs circuits with Si VLSI circuits to
achieve greatly enhanced system performance.

»The properties of Si and GaAs at 300 K are tabulated in

Table I. The major advantages for the replacement of GalAs

substrates by Si substrates are as follows:



Table I. Properties

of Si and GaAs at 300 K.

Si GaAs
Mobility (cm/V-s) 1500 8500
Electron arrival 1%x10’ 3%10’
velocity (cm/s)
Band gap energy (eV) 1.12 1.424
Thermal conductivity .5 0.46

(W/K-cm)
Thermal expan51qn 2.6x107° 6.86x10°
coefficient (°C
Density (g/cm ) 2.328 5.32
Lattice constant (nm) 0.5431 0.5653
Intrinsic resistivity 2.3x10° 10°
(Q-cm)
Dislocation density 0 <10°
(cm 7)

Band structure Indirect Direct
Crystal structure Diamond Zincblend
Mechanical strength Strong Fragile
Heterojunction Difficult Easy (AlGaAs) .
Wafer size (inches) <8 <4
Price Cheap ‘Expensive




(1)Optical devices such as lasers and light emitting diodes
(LED's) can be grown on GaAs because the band structure of
GaAs 1is direct.
(2)High-speed digital and microwave circuits can be
fabricated because the electron drift velocity of GaAs is
about 5 times larger than that of Si.
(3)The low cost, large diameter and mechanical strength of
Si make the GaAs processing compatible with developed Si
technology.
(4)The higher thermal conductivity of Si 1is useful to
dissipate heat from high power density devices such as power
field effect transistors (FET's) and lasers.
(5)The lower density of Si is useful to solar cells,
particularly those intended for space-based applications.
The mass of the solar cell can be reduced.

However, there are some formidable obstacles that must
" be overcome in the materials in order to realize the above
applications. The first is anti-phase domain generation due

10"13). The second is a high

to the polar on nonpolar system
density of dislocations due to a 4.1 % difference in the
lattice constants and a large difference in the thermal
expansion coefficients between Si and Gaas'4:15)  The third
is residual stress arising from the difference in the
thermal expansion coefficients between Si and GaAs16'17).
The fourth is the relatively low resistivity of undoped
layers caused by unintentional Si autodoping18"21). The

last is the roughness of the surface morphology22"26t



1.2 Heteroepitaxial Growth of GaAs Layers on Si

Many threading dislocations originate at the GaAs/Si
interface due to the difference in the lattice constants and
the thermal expansion coefficients between Si and
GaAs14'15). In the case of minority carrier devices such as
lasers, solar cells and LED's, the threading dislocations
form non-radiative recombination centers and dark-line
defects that cause rapid degradation in the AlGaAs/GaAs
optical device527'28L Numerous dislocation reduction
techniques have been attempted, including the use of a
29-33)

’

strained layer superlattice in-situ and ex-situ

34-36)

thermal cycle annealing , and a combination of these

37,38)

techniques However, none of thesé techniques has

successfully redﬁced the dislocation density to below 1x104
) cm"z, where the material becomes really useful for practical
applications.

The thermal expansion mismatch between Si and GaAs
introduces biaxial tensile stress manifested by wafer bowing
during post-growth cooling. The tensile stress in the
GaAs/Si can be on the order of 108-109 dyn/cmz, depending on
the growth temperature. MBE-grown GaAs/Si tends to have
lower stress than MOCVD-grown GaAs/Si because of the lower
growth temperatures. It is known that the stress applied to
the active layer in the laser structure reduces the

27)

lifetime The large degree of bowing in the GaAs/Si is

undesirable for the photolithography and processing of the



GaAs/Si LSI. To minimize the stress and bowing, selective
area growth39"44) and GaAs on a SOS (Si on sapphire)
substrate45'46) have been proposed. There have been reports
that both stress and dislocation density are reduced within
approximately 10 um of the edge of selectively grown

42). It should also be noted that microcracking in

GaAs/Si
the GaAs/Si due to stress can be suppressed by a selective
area growth, which allows growth of a thicker layer. This
results in the improved quality of the GaAs/Si. The growth
of GaAs on SOS substrate is also effective in reducing the
stress because of better matching of the thermal expansion
coefficients. Recently, Sakai et al.47) have proposed that
more than one order of magnitude in the stress can be
reduced by partially separating the GaAs layer from Si.

It is difficult to grow high resistivity undoped layers

18_21). The carrier

on Si using the MOCVD technique
concentrations in the undoped GaAs layers on GaAs is near
the 1014 cm™3 range. In contrast, MOCVD-grown undoped GaAs
layers on Si have n-type conductivity, with carrier
concentrations typically in the 1016—1017 cm™3 range. The
unintentional Si autodoping affects pinch-off
characteristics of metal-semiconductor field-effect
transistors (MESFET's) and high electron mobility
transistors (HEMT's) on Si, which depend on the background
doping of the undoped GaAs layers beneath the channel
layers48). Freundlish et a1.19) have proposed '"pipe"

diffusion along the high density of threading dislocations.



They have shown that Si diffusion in the GaAs/Si is
concentrated in éhannels with Si cores that correlate with
the dislocation density. In addition to the pipe diffusion
model, Azoulay et al,zo) and Nozaki et al.21) have proposed
gas phase transport of Si atoms to the growing layers. In
order to obtain high resistivity undoped GaAs layers on Si,
Kawarada et al.49) have shown that the acceptor vanadiﬁm
seems to be a suitable candidate as a deep level. George et
al.50) have also shown that the use of passivating layers
such as Si0O, and Si3;N, are useful to obtain the high
resistivity undoped layers on Si. Egawa et al.48) have
recently fabricated an MOCVD-grown GaAs MESFET with a good

pinch-off characteristic on SiO, back-coated Si.
1.3 Device Applications

One of the most cited applications of GaAs/Si is the
optical input/output for Si ICs where signals are passed
from chip to chip through optical signals rather than
electrical wires. For this application, reliable GaAs
optical components on a Si substrate must be developed51"
68). Sakai et al.51'52) have reported for the first time
that an MOCVD-grown double heterostructure (DH) laser on Si
has a pulsed threshold current density of 27 kA/cm2 at room
temperature. Room-temperature continuous-wave (cw)
operation of an AlGaAs/GaAs quantum well heterostructure

laser on Si has been reported by Deppe et a1.57'58), who



grew the buffer layer using the MBE technique and the laser
structure using the MOCVD technique. They have obtained a
cw threshold current density of 1.8 kA/cm? at room
temperature,. Chen et a1.60' 61), who used the MBE
technique for the growth of the buffer layer and the laser
structure, have also reported room-temperature cw operation.
Very recently, by using thermal cycle annealing to reduce
the threading dislocations, Choi et al.64) and Egawa et
al.66"68) have reported roomwtemperature cw operation of
all-MOCVD-grown AlGaAs/GaAs lasers on Si. Growth which uses
MOCVD entirely is an advantage for large-scale production.
In spite of recent progress, however, there is a serious
problem in device lifetime. Even for the most reliable
AlGaAs/GaAs lasers on Si so far reported63), the cw
threshold current increased by a factor of 3 in 10 h. This
rapid degradation is caused by the formation and propagation
of dark-line defects, which take place at high rates because
the active layer on Si is not only subject to high tensile
stress but also contains a high density of threading
dislocations. Yamaguchi et al.28) have fabricated high-
efficiency solar cells on the GaAs/Si with total area
efficiencies of 18.3 % (AMO) and 20 % (AM1.5).

Besides optical devices, the integration of GaAs and Si
digital circuits can take advantage of the two IC
technologies, i.e. the high speed of GaAs and the integrated
Si process. The successful fabrication of MESFET's48'69"79)

and HEMT'SBO_BZ) on Si makes sense as a first step in



applying this technology to manufacturing. Choi et al.69)
have reported that a 2.1—um—gate—léngth GaAs MESFET on a Ge
coated Si with a maximum transconductance of 105 mS/mm was
fabricated using the MBE technique. Nonaka et al.70) have
reported 17 stage MESFET ring oscillators using the MOCVD
technique. In order to grow high resistivity undoped GaAs
layer, they used vanadium and a minimum propagation delay
time of 51 ps/gate has been obtained at a power dissipation
of 1.1 mW/gate. Fischer et al.80) have grown an AlGaAs/GaAs
HEMT on Si using the MBE technique. A transconductance of
170 mS/mm at 300 K, a maximum frequency of 24.5 GHz and a
current gain cutoff frequency of 15 GHz have been obtained
for a 1-um-gate-length HEMT on Si. The most impressive
result using GaAs/Si as yet is the fabrication of a 1-kbit
SRAM consisting of enhancement/depletion (E/D) MESFET's at
the LSI level’®), An access time of 6-14 ns has been
obtained for the GaAs/Si, which is a little inferior to that
for the semi-insulating bulk substrate (4-12 ns). Choi et
al.8) have monolithically integrated a Si driver with 10
MOSFET's and an AlGaAs/GaAs LED. Shichijo et a1.?) nave
also demonstrated the integration of GaAs MESFET and Si CMOS
circuits in a planal structure compatible with IC
processing.

Thus, majority carrier devices provide some fruitful
results and advantages over minority carrier devices.
However, as will be mentioned in chapters 2 and 5,

unintentional Si autodoping is a serious problem in



obtaining a good pinch-off characteristic for MOCVD-grown
GaAs MESFET on Si. There has been little data concerning
the effects of dislocations on the sidegating effect and
uniformity of the electrical property, which are important

for the GaAs LSI on Si.

1.4 Purpose and Organization of Dissertation

Although the GaAs/Si has numerous potential
applications, there still remain some formidable obstacles
that must be overcome in the materials and the device
characteristics of the GaAs/Si. 1In order to realize the
above applications, study of the effect of crystallinity on
optical and electronic devices is necessary and important.
The successful fabrication of lasers and MESFET's on the
GaAs/Si grown entirely using the MOCVD technique makes sense
ds a first step in transforming the GaAs/Si into useful
technology.

The dissertation is divided into six chapters, each of
which is summarized below.

In chapter 2, heteroepitaxial growth and the
characterization of GaAs layers on Si are described. It is
shown that the crystallinity of the GaAs/Si is improved by
using the Alo.SGa0.5As/Alea1_xP intermediate layers, and
affected by the composition of x in the Al ,Gaq_4P
intermediate layer. The Alea1~XP layer grows two-

dimensionally on Si when the composition of x is greater



than or equal to 0.45. - The Alo_5GaO.5As layer also grows
two-dimensionally on the Alo.55Ga0.45P/Si. In this way, the
best crystallinity of the GaAs layer has been obtained for
the GaAs/AlO.SGaO.SAs/Alo_S5Ga0.45P/Si structure.

The main causes of fluctuation in the gquantum well
thickness are three-dimensional growth at the initial stagé
and threading dislocations. A combination of thermal cycle
annealing and the A10.5Ga0_5As/AlO.55Ga0.45P intermediate
layers is effective in obtaining smoother heterointerfaces
on the GaAs/Si.

The effects of selective area growth on the reduction
in the etch pit density (EPD) of the GaAs layers selectively
grown on Si are discussed. The EPD decreases with the
narrowing of the selective area. By using a combination of
strained layer superlattice and thermal cycle annealing, a

-2 can be obtained.

minimum EPD of 1.4x106 cm

The unintentional Si autodoping can be reduced by using
5i0, back coating. An additional mechanism involves gas
phase reaction (Si+H2+SiH4) and transport of Si atoms to the
heteroepitaxial layers during growth.

In chapter 3, laser diodes grown on Si are described.
The topic is room-temperature cw operation of lasers on Si
grown entirely using the MOCVD teéhnique. Data are
presented showing that the laser characteristics have been
improved by use of the AlO.SGao.SAs/Alo_55Gao.45P

intermediate layers, compared with those grown by the two-

step growth technique.



In chapter 4, Schottky diodes grown on Si are
presented. The relationship between crystallinity and
characteristics of Schottky diodes fabricated on the GaAs/Si
with various intermediate layers has been studied. The best
performances have been obtained for the GaAs/Si grown with
the Alo.55Ga0.45P intermediate layer. However, leakage
current is observed under both reverse and small forward
bias, which is caused by recombination and generation
centers associated with a high density of threading
dislocations in the GaAs/Si.

In chapter 5, GaAs MESFET's grown on Si are described.
A combination of SiO, back-coated Si and higher growth
temperature techniques has contributed to the successful
fabrication of GaAs MESFET's on Si by the MOCVD technique.
By using these techniques, a GaAs MESFET on Si has a good
pinch-off characteristic, suppressed sidegating effect and
microscopically uniform property.

In chapter 6, the summary of this research is

described. The scope for future work is also presented.
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Chapter 2. Heteroepitaxial Growth of GaAs Layers on Si
2.1 Introduction

Heteroepitaxial growth of GaAs layers on Si has been
attracting considerable attention because this technology
has the numerous potential applications described in chapter
1. Gale et al.1) first reported the GaAs layer on a Ge
coated Si substrate because the lattice constant and the
thermal expansion coefficient of Ge are almost the same as
those of GaAs. Akiyama et a1.2) reported direct growth of
the GaAs layer on Si, which is the most popular technique
and is the so-called two-step growth technique. However,
the GaAs/Si still has problems such as a high density of

3)

misfit and threading dislocations”’, roughness of surface

4/5) and unintentional Si autodoping6"8). The

morphology
threading dislocations, which are caused by the difference
in the lattice constants and the thermal expansion
coefficients between GaAs and Si, can act as non-radiative
recombination centers in optical devices. The roughness of
surface morphology of the GaAs/Si, especially those grown by
the two-step growth technique, causes fluctuation in the
thickness and roughnesé of the heterointerfaces. The
fluctuation and roughness lead to degradation of the optical
and transport properties of heterostructure devices9'10).

The unintentional Si autodoping into the growing GaAs layers

affects the carrier concentration level and the pinch-off

_20_.



characteristic of GaAs metal-semiconductor field-effect
transistors (MESFET's)'!). 1In order to reduce the threading

dislocations in the GaAs/Si, strained layer superlattice12‘

14) 15-17)
’ 4

in-situ and ex-situ annealing selective area

h18'20) and a combination of these technique521) have

growt
been proposed. It has also been reported that the surface
morphology can be improved by using the A10.55Gao_45P or
A10‘5Ga0.5As/AlO_55Ga0.45P intermediate layers4’5) and that
Si0, back coating is effective in suppressing unintentional
Si autodoping11'22).

In this chapter, the growth and characterization of
GaAs layers on Si are described. This chapter is organized
as follows: In section 2.2, the growth of GaAs layers on Si
is described. The growth of AlGaAs/GaAs quantum wells on Si
is presented in section 2.3. Selective area growth of GaAs
layers on Si is described in section 2.4. 1In section 2.5,

unintentional Si autodoping is presented. This chapter is

concluded in section 2.6.
2.2 Heteroepitaxial Growth of GaAs Layers on Si

GaAs layers have been grown on Si by the two-step
growth technique and by using some kinds of strained layer
superlattices. However, the GaAs/Si reported previously
have shown scalelike morphology. When heterostructure
devices are grown on the GaAs/Si with rough surface

morphology, the devices are degraded. As will be described



in chapter 3, single quantum well lasers on the GaAs/Si
grown by the two-step growth technique have lower
differential quantum efficiencies due to the roughness at
the heterointerfaces. Noto et al.4) have reported that the
GaAs/Si with a specular surface morphology can be grown
using the AlO‘SGaO.SAs/AlO.S5Ga0.45P intermediate layers.
In this section, the heteroepitaxial growth and
characterization of the GaAs/Si grown by the two-step growth
technique and by using the Al,Gaq _ P and the
AlO.SGa0_5As/AlXGa1_xP intermediate layers are discussed.
The effects of the intermediate layers on crystallinity of

the GaAs/Si are also discussed.

2.2.1 Experimental Procedure

All samples were grown on n-type Si substrates oriented
209 0ff (100) toward [011] in an RF-heated horizontal MOCVD
reactor at atmospheric pressure. Trimethylgallium (TMG),
trimethylaluminum (TMA), pure arsine (AsH3)and phosphine
(PH3) were used as the Ga, Al, As and P sources,
respectively. The substrates were degreased in organic
solvents and then cleaned in 4H,S0,4+H5,0, and HF+4H,0
solutions. Prior to the growth, the substrates were heated
in H, atmosphere at 1000 Oc for 10 min to remove native
oxide from the substrate surface. The following describes
the growth details of the samples used in this study. 1In
the two-step growth technique, a GaAs layer with a thickness

of 12.5 nm was first deposited at 400 °C with a V/III ratio



of 80. For the Al Ga,q_,P growth, the total molar fraction
of group III element sources ([TMG]+[TMA]) was maintained at
1.4x10"4 and the ternary alloys of Al Ga,_,P were grown with
various values of x from 0 to 1 by changing their molar
ratio ([TMA]/[TMA]+[TMG]). For the Al; 5Gag gAs growth, a
200-nm-thick Al 5Gay_ 5As layer was grown at 700 °C with a
'V/III ratio of 70. The thickness of the GaAs top layers
were kept 3 um for all samples. The growth rate of the GaAs
layer was 50 nm/min.

The surface morphology and crystallinity of the GaAs/Si
were characterized by a Nomarski microscope, cross-sectional
transmission electron microscopy (TEM), double crystal X-ray
diffraction, photoluminescence at 4.2 K and etch pit density
(EPD) revealed by molten KOH. The electrical property was
obtained from Hall measurement using the van der Pauw

method.

2.2.2 Characterization of GaAs/Si

First, the uniformity of the GaAs layer thickness on Si
was studied. Figure 2.1 shows the uniformity of the GaAs
layer thickness on Si grown at 750 Oc using the two-step
growth technique. The variation of the thickness was less
than +5 %. To evaluate the electrical properties of the
epitaxial layer, the Hall measurements at 77 K were
performed for the GaAs/GaAs. The Hall mobility at 77 K has
been obtained as 64300 and 38700 cm2/V's for the electron

concentrations of 9.8x1014 and 2.4x101° cm"3, respectively.
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GaAs/AlXGa1”XP/Si structures with various compositions
(X) were studied. The lattice mismatch between GaP and Si
is about 0.4 % and that between AlP and Si is about 0.6 %.
The thicknesses of the GaAs and AlyGaq _yP layers were 3 um
and 50 nm, respectively. In this structure, the growth of
AlyGaq _xP on Si is subjected to a small lattice mismatch,
while growth of GaAs on AlXGa1_xP is subjected to a large
lattice mismatch. Figures 2.2 (a), (b), (c) and (d) show
the surface morphology of the GaAs/Si grown by the two-step
growth technique and using GaP, A10.45Ga0.55P and AlP
intermediate layers. A surface of the GaAs/Si grown by the
two-step growth technique and using the GaP intermediate
layer shows scaly morphology with "treads and risers'". When
X is greater than or equal to 0.45, surface morphology
becomes very smooth.

To interpret the results better, the samples were
studied by cross-sectional TEM. The TEM micrographs in
Figs. 2.3 (a), (b) and (c) represent the GaAs/Si grown by
the two-step growth technique and with the GaP and the
Alo_55Ga0.45P intermediate layers, respectively. 1In the
GaAs/Si grown by the two-step growth technique, threading
dislocations originating at the GaAs/Si interface decrease
as the surface is approached. At the initial stage of the
GaAs growth, the GaAs grows three-dimensionally, and GaAs
islands are formed. In the GaAs/Si grown with the GaP
intermediate layer, dislocations originate at the GaAs/Si

and GaAs/GaP interface and decrease as the surface is



(b) GaP

(c) Alo.as Gao.ss P (d) AIP

Fig. 2.2. Nomarski micrographs of the surface morphology of
the GaAs/Si grown by (a) the two-step growth technique and
using (b) GaP, (c) A10_45Ga0 55P and (d) AlP intermediate

layers.



Fig. 2.3. Cross-sectional TEM micrographs of the GaAs/Si
grown by (a) the two-step growth technique and using (b) GaP
and (c) Al ggGap 45P intermediate layers.



approached. The GaP grows three-dimensionally and GaP
islands are formed on Si. On the other hand, the
Alo.55Ga0_45P intermediate layer grown on Si is planar,
which indicates that the A10.55G30.45P intermediate layer
grows quasi-two-dimensionally. Most dislocations originate
at the GaAs/Al, g5Gag 45P interface. The growth of
AlyGaq_xP intermediate layers with the composition (X)
greater than or equal to 0.45 is always planar. It shows
that the growth mode of AlyGaq_yP changes from three-
dimensional to two-dimensional with an increase in the AlP
composition (X). It is speculated that the change of the
growth mode is due to a strong Al-Si bond. Another
possibility is that aluminum strongly attracts oxygen from
the native oxide of the Si substrate when the native oxide
is not completely removed by pre-growth heating. As a
result, an AlyGaq_xP layer can be grown on a fresh Si
surface and nucleation can occur easily. The change of the
surface morphology of the GaAs layer well reflects the
change of the growth mode of AlyGaq_yP layers on Si.

To investigate the crystallinity of the GaAs layers in
the GaAs/AlXGa1”xP/Si structure, double crystal X-ray
diffraction and EPD measurements were performed. Figure 2.4
shows full width at half maximum (FWHM) of the X-ray (400)
reflection peak in the double crystal rocking curve for the
GaAs/Alea1nxP/Si as a function of the A1P composition (X)
in the AlXGa1_xP intermediate layers. The FWHM is greatly

affected by the AlP composition (X). With an increase in
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Fig. 2.4. X-ray FWHM of the GaAs/Alea1“xP/Si as a function

of AlP composition (x) in the Alea1_xP intermediate layer.
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the AlP composition (X), the FWHM decreases drastically and
it has a minimum value of 180 arcs when X is near 0.55.
Once again this well reflects the transition of the growth
mode of the AlXGa1_xP layers on Si. For a higher AlP
composition (X), the FWHM increases gradually. Figure 2.5
shows the EPD of the GaAs layer revealed by molten KOH
etching as a function of the AlP composition (X). 1In the
GaAs/GaP/Si structure; the EPD is about.7x107 cm™2. It is
almost the same EPD obtained by the conventional two-step
growth technique. The EPD has a dependence on the AIlP
composition (X) similar to that seen in Fig. 2.4, and the

2 {5 obtained when X is 0.55. It seems

EPD of 2.5 x 107 cm™
that more crystal defects are generated at the island
boundaries at coalescence. At the transition of the growth
mode from three-dimensional to two-dimensional,
crystallinity of the GaAs layer is improved drastically.
Above the AlP composition of 0.55, crystallinity of GaAs
starts degrading with increases in the AlP composition. One
possible explanation is that aluminum is very active with
residual H,O0 in source and/or carrier gases. Moreover,
aluminum strongly attracts oxygen from SiO, since our MOCVD
system consists of a quartz reactor and quartz wafer tray.
It is considered that the oxidation of AlyGa, _P degrades
crystallinity of the AlXGa1“XP layer with a high AlP
composition (X). |

The optical properties of the GaAs/Si grown with the

Al ,Gaq_4P intermediate layer were studied by PL measurement



oo

(;10 ':- .

£ ®

L l ®
> - ® /.
- i °

g_? i o

L

0

'—

=10’ -

T

'8

|_-.

L

| | | 1
0 0.2 04 06 08 1.0
AlxGa;-xP COMPOSITION X

Fig. 2.5. EPD of the GaAs/Al,Ga,_,P/Si as a function of the

AlP composition (x) in the Al Gaq P intermediate layer.



at 4.2 K. Figure 2.6 shows the FWHM of the exciton-related
peak. The data obtained from the PL measurement support the
findings that the crystallinity improves when x approaches
0.5.

From the above results, it is clear that crystallinity
of the GaAs layer is strongly affected by the composition
(X) in the AlyGaq_yP intermediate layers. The best
crystallinity of the GaAs layer was obtained when X is near
0.55 in the GaAs/AlyGa,_yP/Si structure.

A 10-nm-~thick GaAs was grown on the Alo_55Ga0.45P/Si
and the initial stage of the GaAs growth was studied by
cross-sectional TEM. Figure 2.7 shows a cross-sectional TEM
micrograph of the GaAs/Alo.SSGa0.45P/Si structure. It
shows that GaAs grows three-dimensionally on the planar
Aly. 55Gag 45P layer. The height of a GaAs island is about
50 nm. It seems that three-dimensional island grqwth
degrades crystallinity of the GaAs layer. To avoid the
three-dimensional growth of the GaAs, an AlO.SGaO.SAS layer
was grown as an additional intermediate layer between GaAs
and Al 55Gag 45P/Si. This Al 5Gap_ gAs layer on
A10.55Ga0‘45P/Si was characterized by cross-sectional TEM
observation. Figure 2.8 shows a cross-sectional TEM
micrograph of the AlO.SGaO.SAs/AlO'55Ga0.45P/Si structure.
The thicknesses of the AlGaAs and AlGaP layers were 10 nm
and 50 nm, respectively. In spite of a large lattice
mismatch (3.5 %) between AlO‘SGa0.5As and A10.55Ga0'45P, the

Aly gGag gAs is found to grow on Alg 55Gag 45P/Si two-



ok
o
T

PL FWHM (meV)
Sy
o

o
O
I

>
-

1 1 1 1 I
0O 02 04 06 08 10
AlyGa;_xP COMPOSITION

el §

Fig. 2.6. FWHM obtained from PL spectra at 4.2 K for the
GaAs/Al,Gaq _,P/Si as a function of the AlP composition (x)

in the Al Gaq_,P intermediate layer.



Fige 2ats Cross-sectional TEM micrograph of the

GaAs/AlO_SSGa0.45P/Si.

Fig. 2.8. Cross-sectional TEM micrograph of the

Alg sGag, 5As/Alg 55Gag 45P/Si.

_34_



dimensionally from the TEM observation. Since the GaAs
layer is expected to grow two-dimensionally on the AlGaAs
layer, every epitaxial layer is found to be grown two-
dimensionally in the GaAs/AlO_5Ga0.5As/AlO.SSGa0.45P/Si
structure.

A 200-nm-thick AlO.SGaO.SAS layer was grown between
GaAs and A10.55Ga0.45P/Si. Figure 2.9 shows the surface
morphology of the GaAs layer in the
GaAs/Al, 5Gag sAs/Algy 55Gag 45P/Si structure. The surface
morphology is smoother than that of the GaAs layer directly
grown on A10.55Ga0.45P/Si. In order to further improve
crystallinity of the GaAs layer, thermal cycle annealing was
performed. When a 1.0-um-thick GaAs layer was grown on
Al 55Gag 45P/Si, the substrate was cooled down to 300°C and
then heated up to 800°C. The thermal cycle annealing was
repeated three times in AsH3/H2 atmosphere. After the
thermal cycle annealing, another 2.0-um-thick GaAs‘layer was
grown. Table I shows the FWHMs of the X-ray (400)
reflection peak in the double crystal rocking curve for
GaAs/AlGaP/Si and GaAs/AlGaAs/AlGaP/Si structures. The FWHM
was reduced from 191 arcs to 161 arcs by introducing an
AlO.SGaO.SAs intermediate layer and it was further reduced
to 126 arcs by the thermal cycle annealing. Figures 2.10
(a) and (b) show cross-sectional TEM micrographs of the
'GaAs/AlO_5Ga0_5As/AlO.55Gao_45P/Si structure without and
with the thermal cycle annealing, respectively. In Fig.

2.10 (a), many dislocations are observed in the AlGaAs



Fig. 2.9. Nomarski micrographs of the surface morphology of
the GaAs/Si grown with the Aly gGag gAs/Algy ggGag 45P

intermediate layers.
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Table I. FWHMs of double crystal X-ray rocking curve.

FWHM
structure (arcs)
GaAS/AloossGa0.45P/Si 191
GaAS/Alo_5Ga0.5AS/Alo.55Gao_45P/Si 161
GaAS/AlO.sGaO.5AS/A10'55G30.45P/Si
126

with thermal cycle annealing
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Fig. 2.10. Cross-sectional TEM micrographs of the

GaAs/Alo.SGaO_SAS/Alo_S5Ga0.45P/Sl (a) without and (b) with



layer, and some intrude into the GaAs layer. It is clear
that the number of dislocations in the GaAs layer was
reduced by the thermal cycle annealing, as seen in Fig.

2.10(b).

2.3 Growth of AlGaAs/GaAs Quantum Wells on Si

Heterostructure devices such as quantum well lasers and
high electron mobility transistors (HEMT's) have been
fabricated on Si using MOCVD and MBE techniques. It is
known that variation of band gap with distance through the
interface, fluctuation in the thickness and roughness of the
heterointerface affect the optical and transport properties
of heterostructure devices. The GaAs/Si, especially if it
is grown by the two-step growth technique, shows roughness
in the surface morphology. As a result, the
heterostructures on Si show fluctuation in thickness and
roughness of the heterointerfaces. The fluctuation and
roughness lead to degradation of laser performances9'1o),
namely, higher threshold current, lower differential quantum
efficiency and shorter device lifetime. 1In the HEMT's on
Si, they cause electron scattering and result in decreasing
mobility of two-dimensional electron at the heterointerface.

In this’section, AlGaAs/GaAs single quantum wells
(SOW's) on Si grown by the two-step growth technique and

using the Alo.5Ga0_5As/AlO_55Ga0.45P intermediate layers are

investigated.



2.3.1 Experimental Procedure

The A10.3Ga0.7As/GaAs SQW's were grown on Si in an
atmospheric pressure MOCVD reactor using the two-step growth
technique and the A10.5Ga0.5As/A10_55Ga0.45P intermediate
1aYers. In the two-step growth technique, a 12.5-nm-thick
GaAs layer was deposited on Si at 400 ©C with a V/III ratio
of 80. For the AlGaAs/AlGaP intermediate layers, a 50-nm-
thick Al 55Gag_ 45P layer was grown on Si at 900 Oc with a
V/III ratio of 100, and a 200-nm-thick Aly gGag gAs layer
was grown at 750 ©C with a V/III ratio of 70. The
Al, 3Ga_;,As/GaAs SQW's were grown at 750 Oc. The SQW's
consisted of GaAs layers with well thicknesses from 2.5 to
25 nm separated by 50-nm-thick A10_3Gao_7As barriers. The
SQW's were located 2 um away from the substrate surface.
For comparison, SQW's with the same structure were grown on
GaAs. The SQW's were studied using photoluminescence at
4.2 K and cross-sectional TEM. The 514.5 nm line of an
argon laser whose beam intensity was about 8 mW was focused
onto the sample surface. The excitation density was about

255 mW/cmz.

2.3.2 Characterization of Quantum Wells

Nomarski micrographs of the surface morphology of the
SQW's on Si, grown by the two-step growth technique and with
AlGaAs/AlGaP intermediate layers are shown in Figs. 2.11 (a)
and (b), respectively. The surface morphology of the SQW's

on Si grown by the two-step growth technique is scaly with a



(a) Two-step growth (b) AlGaAs/AlGaP

Fig. 2.11. Nomarski micrographs of the surface morphology
of the SQW's on Si grown by (a) the two-step growth

technique and with (b) the Alo_sGao_SAs/AlO_55Ga0_45P

intermediate layers.



periodic "tread and riser". 1In contrast, the SQW's on Si
grown with the AlGaAs/AlGaP intermediate layers show
smoother surface morphology. Scalelike steps in the surface
are decreased using the AlGaAs/AlGaP intermediate layers.
In the two-step growth technique, as described in section
2.2, the GaAs grows three-dimensionally énd GaAs islands are
formed on Si, which result in scalelike morphology. 1In the
AlGaAs/AlGaP intermediate layers, on the other hand, the
A10.55Ga0.45P layer grows two-dimensionally on Si. The two-
dimensional growth of the Alo.45Ga0.55P layer on Si results
in specular surface morphology of the SQW's on Si grown with
the intermediate layers.

Figure 2.12 shows the PL spectra at 4.2 K of the SQW's
with three single gquantum wells on Si grown with the
AlGaAs/AlGaP intermediate layers. Figure 2.13 shows the
full width at half maximum (FWHM) obtained from the PL
spectra at 4.2 K as a function of the quantum well thickness
for the SQW's on GaAs and Si substrates grown by the two-
step growth techniqué and with the AlGaAs/AlGaP intermediate
layers. The FWHM values of the SQW's on GaAs are 11.9, 7.1
and 3.7 meV for the well thickness of 2.5, 5.0 and 10 nm,
respectively. In the case of the SQW's on Si without
thermal cycle annealing, the FWHM values are 45.7, 35.3 and
21.7 meV for the two-step growth technique and 38.0, 28.2
and 14.7 meV for the AlGaAs/AlGaP intermediate layers,
respectively. This result indicates that the

heterointerfaces on Si grown with the AlGaAs/AlGaP
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Fig. 2.12. Photoluminescence spectra at 4.2 K of the SQW's
on Si grown with the Alo.5Ga0_5As/Alo.55Gao.45P intermediate
‘layers. The SQW's consist of three single quantum wells
with the thickness of 10.0, 5.0 and 2.5 nm, in order from
the Si substrate. The Al, 3Gaj 7As barriers are 50 nm

thick, as is shown in the inset.
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intermediate layers are smoother than those grown by the
two-step growth technique, which are caused by the two-
dimensional growth of the AlGaAs and AlGanlayers. Another
important result is that the values of FWHM are decreased by
performing thermal cycle annealing. The FWHM values of the
SQW's on the AlGaAs/AlGaP/Si with thermal cycle annealing
are 24.7, 17.8 and 7.5 meV for the same structure. In order
to study the effect of thermal cycie annealing on the
heterointerfaces, cross-sectional TEM was performed. Figure
2.14 shows the cross-sectional TEM micrograph of the SQW's
on Si without thermal cycle annealing. Many dislocations
propagate into the quantum wells and causé the fluctuation
of the quantum well thickness. The causes of the
fluctuation in the quantum well thickness of the GaAs/Si are
three-dimensional growth at initial stage and propagation of
dislocations. Comparea with the SQW's grown on GaAs,
however, the SQW's on Si grown with the AlGaAs/AlGaP
intermediate layers have broader PL spectra, which are

caused by poor crystallinity of the GaAs/Si.
2.4 Selective Area Growth of GaAs Layers on Si

One of the major remaining problems of GaAs/Si is a
high density of dislocations resulting from the large
lattice mismatch and thermal expansion coefficient
differénce between GaAs and Si. In order to realize high

quality devices such as lasers, it is necessary to reduce



Fig. 2.14. Cross-sectional TEM micrograph of the SQW's on

Si grown by the two-step growth technique without thermal

cycle annealing.
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the density of dislocations, which act as non-radiative
recombination centers and reduce minority carrier lifetime.
Several dislocation reduction techniques, such as thermal
cycle annealing and inserting a strained layer superlattice
as a buffer layer have been proposed for the GaAs/Si.
Recently, selective area growth has been found to reduce
dislocation density in the GaAs/Si. In this section, it has
been demonstrated that the dislocations can be reduced by a
combination of selective area growth, thermal cycle
annealing and strained layer superlattice.

All samples were grown on Si substrates oriented 2° and
4° of f (100) toward [011] in an RF-heated horizontal MOCVD
reactor at atmospheric pressure. Trimethylgallium(TMG),
pure arsine (AsHj3) and phosphine (PH3) were used as the Ga,
As and P sources, respectively. Prior to the growth, the
substrates were degreased in organic solvents and then
cleaned in 4H,S0,+H,0, and HF+4H,O solutions. After 300-nm-
thick sputtered SiO, films were deposited on the cleaned Si
substrates, 50-2000-um-wide stripes were defined
photolithographically, and the stripes were etched to the Si
substrate by a buffered HF solution. The following is a
description of the growth sequence. The substrates were
heated in H, atmosphere at 1000 ©°C for 10 min to remove
native oxidé from the substrate surface. GaAs layers were
grown on selectively patterned Si substrates by the two-step
growth technique and using the GaAs/GaAsP strained layer

superlattice (SLSs) as intermediate layers. 1In the two-step
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growth technique, a 12.S—nm—thick GaAs layer was deposited
at 400 °C with a V/III ratio of 80. The GaAs/GaAsP SLSs
consisted of five periods of 20-nm-thick GaO'SAso.SP/ZO—nm—
thick GaAs grown at 750 O©C. Thermal cycle annealing was
performed for some samples. Thermal cycle annealing was
performed in an AsHj ambient by varying substrate
temperature from 300 to 850 °C and from 850 to 300 Oc. 3-
um-thick GaAs layers were grown at 750 °C.

Figure 2.15 shows the effect of selective area growth
on the reduction in the EPD of the GaAs layers selectively
grown on Si oriented 29 off toward [011]. For all samples,
the EPD decreases with the narrowing of the patterned width.
A lower EPD has been achieved for the GaAs/Si grown with the
SLSs intermediate layers and thermal cycle annealing. A
minimum EPD of 2.8x10° cm~2 was obtained for the selectively
grown GaAs/Si with a 60-um-width. Figure 2.16 shows the
effect of selective area growth on the reduction in the EPD
of the GaAs layers selectively grown on Si oriented 4° off
toward [011). The minimum EPD of 1.4x10% cm~2 has been
obtained. The reason for the EPD reduction in the GaAs
layers selectively grown on Si is considered to be caused by

stress relief due to the selective area growth.
2.5 Unintentional Si Autodoping

It is difficult to grow high resistivity undoped GaAs

layers on Si using the MOCVD technigque. The carrier
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concentrations in the undoped GaAs layers on GaAs is near
the 1014 cp-3 range. In contrast, MOCVD-grown undoped GalAs
layers on Si have n-type conductivity, with carrier
concentrations in the 1016—1017 cm'3 range. This
unintentional or background doping is caused by a high
concentration of Si in the GaAs layers6"8). As will be
described in chapters 3 and 5, the unintentional Si
autodoping becomes a crucial problem in the fabrication of
many devices such as laser diodes, MESFET's and HEMT's. The
unintentional Si autodoping affects carrier concentration
levels and pinch-off characteristics, which depend on the
background doping of the undoped GaAs layers beneath the
channel layers11h

In this section, it has been shown that 8102 back
coating is useful in growing high resistivity undoped GaAs
layers on Si using the MOCVD technique even at a higher
growth temperature. A new mechanism is proposed for Si
incorporation in GaAs layers on Si.

Al]l samples were grown in an atmospheric pressure MOCVD
reactor using the two-step growth technique. 12.5-nm-thick
initial buffer GaAs layers were grown at 400 ©°C on n-type Si
substrates with various thickness of sputtered $i0, back
coating, prior to the growth of 4-um-thick undoped GaAs
layers at growth temperatures from 650 to 750 ©C. Carrier
concentration profiles were obtained for all samples by
electrochemical capacitance-voltage (C-V) measurements using

a Polaron model PN 4200 system. The atomic Si



concentrations were obtained by secondary-ion mass
spectroscopy (SIMS) measurements using a Riber-M1Q156 SIMS
system wifh Cst primary-ion bombardment. The AsSi~ ion
signal was used to determine the Si content having a
threshold detection limit of 5x1012 cm™3. Concentration and
depth accuracies in both systems are of the order of 30 %.

Figure 2.17 shows the electron concentration profiles
of the.4—um—thick undoped GaAs layers grown at 750 OC on Si
with and without SiO, back coating. For all samples, the
electron concentrations are as high as 1.5x1018 cm™3 at the
interfaces between Si and GaAs. This result is caused by
the Si autodiffusion near the heterointerface because the
heterointerface has a very high density of dislocations and
is strained. The electron concentration of 1x101'7 em™3 is
obtained for the GaAs/Si without SiO, back coating, but the
electron concentration decreases with increases in the S5iO,
thickness. The electron concentration in the GaAs/Si with
Si0, back coatings thicker than 480 nm is as low as 1x1015
cm”3.

Figure 2.18 shows the growth temperature dependence of
the electron concentration in the 4-um-thick undoped GalAs
layers on Si without and with 720-nm-thick SiO, back
coating. The electron concentrations in the GaAs/Si without
S$i0, back coating increase in the range of 1015—1017 cm™3 at
a higher growth temperature. For the GaAs/Si with back

coating, however, the electron concentration is as low as

1x107° e¢m~3 between 650 and 750 ©C. This result indicates
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that SiO, back coating is useful to grow high resistivity
undoped GaAs layers on Si even at higher growth temperature.

Figure 2.19 shows the Si profiles obtained by SIMS
analysis for the GaAs/Si with various thickness of 8102 back
cbating. When the profiles of the electron concentration
(Fig. 2.17) are compared to those of the Si atoms (Fig.
2.19), there is qualitatively good agreement between the two
profiles. However, there is almost one order of magnitude
difference between the Si concentration obtained by SIMS and
the electron concentration by C-V measurements. The reason
for this lack of electrical activity may be related to the
diffusion mechanism of Si. Greiver et al.23) have proposed
that the Si in the GaAs diffuses as a pair (Sipg-Sigy).
resulting in a high degree of self-compensation for large
atomic concentrations. The results obtained from C-V and
SIMS measurements indicate that SiOZ back coating prevents
the Si atoms from transporting into the growing GaAs layers
on Si. However, these results cannot be explained only by
the previously proposed models, which involve pipe diffusion
along the threading dislocations and point defect
mechanisms. One of the probable mechanisms is the gas phase
reaction (Si+H,+SiH,) and transport of Si to the growing
GaAs layers on Si.

It is clear that the use of SiO, back-coated Si
substrate is effective in obtaining a low background
electron concentration in an undoped GaAs layer grown on Si,

particularly at high temperature, using the MOCVD technique.
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The back coating suppresses the gas phase transport of Si
from the substrate and reduces Si incorporation into the
- undoped GaAs layer during the MOCVD growth, even at high

temperature.

2.6 Conclusions

The crystallinity of the GaAs/Si is improved by using
the AlO_SGaO.SAs/AlXGa1_xP intermediate layers and affected
by the composition of x in the Al Ga,_,P intermediate layer.
The Al ,Gaq_,P layer grows two-dimensionally on Si when the
composition (x) is greater than or equal to 0.45. 1In spite
of a large lattice mismatch (3.5 %) between AlO.SGaO_5As and
Alo.55GaO-45P, the Al 5Gag gAs layer grows two-
dimensionally on the Alo.55Ga0_45P/Si. The best
crystallinity has been obtained for the
GaAs/AlO_SGaO.SAs/AlO‘55Gao.45P/Si structure, which has a
specular surface morphology and the FWHM of X-ray of 126
arcs with thermal cycle annealing.

The gquantum wells on Si grown with the
Alo.5Gao.5As/A10.55Gao_45P intermediate layers show smoother
heterointerfaces than those grown by the two-step growth
technique. The causes of the fluctuation in the quantum
well thickness of the GaAs/Si are three-dimensional growth
at the initial stage and propagation of dislocations.

The EPD in the GaAs/Si can be reduced by selective area

growth. By using a combination of strained layer



superlattice and thermal cycle annealing, a minimum EPD of
1.4x10% cm™? was obtained.

The use of SiO, back-coated Si substrate is effective
in obtaining a low background electron concentrétion in an
undoped GaAs layer grown on Si, particularly at high
temperature using the MOCVD technique. By using SiO, back-
coated Si substrate, the undoped GaAs layer with an electron
concentration as low as 1x1015 cm”3 has been grown at 750
Oc. The back coating suppresses the gas phase transport of
Si from the substrate and reduces Si incorporation into an
undoped GaAs layer during the MOCVD growth even at high

temperature.
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Chapter 3. Laser Diodes Grown on Si

3.1 Introduction

Heteroepitaxial growth of GaAs layers on Si offers
important advantages for such applications as monolithic
integration of optoelectronic and microelectronic devices,
and optical interconnections between very-large-scale
integrated circuits. Room-temperature continuous-wave (cw)
operation with a sufficiently low threshold current of
AlGaAs/GaAs laser on Si will become a key technology to
realize the above applications. Room-temperature cw
operations of AlGaAs/GaAs lasers on Si have been reported by
Deppe et alﬂ'z), who grew the buffer layer using the
molecular beam epitaxy (MBE) technique and the laser
structure using the metalorganic chemical vapor deposition
(MOCVD) technique. Room-temperature cw operation has also
been reported by Chen et al.3), who grew both the buffer
layer and the laser structure with the MBE technique.
Recently, Choi et al.4) and Egawa et al.5"7) have reported
room-temperature cw operation of an all-MOCVD-grown
AlGaAs/GaAs laser on a Si substrate. The growth, entirely
using the MOCVD technique is an advantage for high-volume
production.

However, the GaAs/Si still has problems such as a high

density of misfit and threading dislocationsS),

9-11)

unintentional Si autodoping and roughness of surface



morphology12); The threading dislocations, which is caused

by the difference in the lattice constants and the thermal

expansion coefficients between GaAs and Si, can act as non-

radiative recombination centers in optical devices13"17t

The unintentional Si autodoping into the growing GaAs layer

affects the carrier concentration level and the conversion

18)

of the p-type cladding layer to n-type The roughness of

surface morphology of the GaAs/Si, especially grown by the

19)'

two-step growth technique causes nonuniformity and

undulation of the quantum well thickness. These problems

lead to degradation of laser performances, namely, higher

threshold current, lower differential quantum efficiency6'7)

and shorter device lifetime. In order to overcome the above
problems, many efforts have been made. It has been reported

that the high density of threading dislocations can be

20,21)

reduced by using thermal cycle annealing and strained

layer superlatticezz). It has been also reported that SiO,

back coating is effective in suppressing the unintentional

23,24) and the surface morphology can be

cpl12.,25)

Si autodoping

improved using A10.55Ga0.4 or

A10.5Ga0.5As/Alo.55Ga0.45P intermediate layers6'7'26h

In this chapter, room-temperature cw operation has been
demonstrated for lasers on Si grown entirely by the MOCVD
technique. The laser characteristics on Si grown by the
two-step growth technique and using the

AlO.SGaO.SAS/AlO.SSGaO.45P intermediate layers are discussed

in detail. This chapter is organized as follows: The



AlGaAs/GaAs double heterostructure (DH) lasers on Si are
described in section 3.2. In section 3.3, AlGaAs/GaAs
single quantum well (SQW) lasers on Si are presented.

This chapter is concluded in section 3.4.
3.2 AlGaAs/GaAs Double Heterostructure Lasers

3.2.1 Epitaxial Growth and Fabrication Process

DH lasers were grown on n-type (Sb-doped, 0.02 Q-cm) Si
substrates oriented 2° off (100) toward [011] in an RF-
heated horizontal MOCVD reactor at atmospheric pressure
using intermediate layers consisting of GaP/GaAsO.SPO_S and
GaAsO.SPO_s/GaAs strained layer superlattices on GaP
(SLSs/GaP). Trimethylgallium (TMG), trimethylaluminum
(TMA), pure arsine (AsH3) and phosphine (PH3) were used as
the Ga, Al, As and P sources, respectively. The substrates
were degreased in organic solvents and then cleaned in
4H,S04+H,0, and HF+4H,0 solutions. Prior to the growth, the
substrates were heated in a H, atmosphere at 1000 ©°C for 10
min to remove native oxide from the substrate surface. 1In
the structure with the SLSs/GaP intermediate layers, a 0.1-
um-thick GaP layer was grown on Si at 900 °C with a V/III
ratio of 100, followed by five periods of 20-nm-thick
GaP/20-nm-thick GaAsjy gPy 5 SLS and five periods of 20-nm-
thick GaAs( 5Py 5/20-nm-thick GaAs SLS at 750 °C.  After
that, the DH laser structure was grown at 750 ©C. The laser

structure consisted of a 1.5-um-thick Se-doped



(1.3x108 cm~3) GaAs layer, a 1.4-um-thick Se-doped (4x1017
cm"3) Al ,Gaq _,As cladding layer, a 0.08-um-thick undoped
GaAs active layer, a 1.4-um-thick Zh~doped (4x1017 cm'3)
Al,Gaq_,As cladding layer, and a 0.65-um-thick Zn-doped
(1.3x1018 cm"3) GaAs cap layer. |

After the growth, 0.4-um-thick Si02 films were
sputtered and 10-um-wide striped windows were opened by
chemical etching. After the substrates were lapped off down
to about 100-um-thick, Au-Zn/Au and Au-Sb/Au ohmic
electrodes were formed by vacuum deposition on the p-GalAs
cap layer and the n-Si substrate, respectively. The
deposited ohmic electrodes were annealed at 420 ©C for 2
min in N, ambient. The samples were cleaved into chips
about 100 um x 300 um. Figure 3.1 shows the schematic
structure of the DH laser on Si grown with the SLSs/GaP
intermediate layers. Each chip was mounted on a Cu heat
sink with a p-side-up configuration. Injection current-
light output power (I-L) characteristics were measured under
pulsed and cw conditions at various temperatures. The
pulsed width and repetition rate were 100 nsec and 1 kHz,

respectively.

3.2.2 Laser Characteristics

Figure 3.2 shows the I-L characteristics of the
A10.3Ga0.7As/GaAs DH lasers grown on GaAs and Si substrates
under the pulsed condition at 300 K. The laser on GaAs has

the pulsed threshold current (Iy,) of 96 mA, corresponding
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to the pulsed threshold current density (J,p) of 3.20
kA/cmZ. The laser on Si has the pulsed I, of 250 mA
(Jth=8.87 kA/cmz). The I-L characteristics under the cw
condition for the DH lasers on GaAs at 300 K and on Si at
130 K are shown in Figs. 3.3 (a) and (b), respectively. The
laser on GaAs has the cw I,y of 90 mA (J.;=3.00kA/cm?) at
300 K. However, the laser on Si, which cannot be operated
under the cw condition at 300 K, has the cw I} of 100 mA
(Jyp=3-55 kA/cm?) at 130 K.

The polarizations of the Alo.3Ga0.7As/GaAs DH lasers on
GaAs and Si substrates are shown in Figs. 3.4 (a) and (b),
respecfively, under the pulsed condition at 300 K. As shown
in Fig. 3.4, the laser on GaAs emits in the transverse
electric (TE) mode. In contrast, the laser on Si emits in
the transverse and magnetic (TE+TM) modes or the TM mode.
The difference in the polarization selection between these
two lasers is thought to be related to the tensile stress
applied to the active layer. In order to study the effect
of the stress on the polarization selection, the
polarizations of the emissions were measured at low
temperatures for the laser on Si. Figures 3.5 (a), (b) and
(c) show the polarizations of the DH lasers on Si under
pulsed condition at 200, 100 and 30 K, respectively.
Decreasing the temperature, the TE component disappears and
the laser emits only in the TM mode. The higher tensile
stress, which is due to the difference in the thermal

expansion coefficients between Si and GaAs, is applied to

_.68_._
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the active layer on Si at a lower temperature. The change
in the polarization is caused by the higher tensile stress
applied to the active layer. The reason for the TM
polarized mode in the DH laser on Si is that the gain is
higher for the TM mode than that for the TE mode at the
stress of 1.9x107 dyn/cmz.

The polérization selection of the DH laser on Si is
found to depend on the Al composition of x in the Al ,Gaq _,As
cladding layer. Figures 3.6 (a) énd (b) show the
polarization of the emission for the DH lasers on Si with
x=0.5 and 0.7, respectively. As shown in Fig. 3.4 (b), the
laser with x=0.3 emits in the TE+TM modes or the TM mode.
In the case of x=0.5, the laser emits in the TE, TM or TE+TM
modes. In the case of x=0.7, the laser emits only in the TE
mode. These results indicate that the lasers on Si have a
tendency to emit in the TE mode as the Al composition of x
increases.

The refractive index n; of the Alxéa1_xAs cladding

layer is given by27)

ny=3.590-0.710x+0.091x?

where x is the composition of Al. The refractive index n,
of the GaAs active layer is 3.590. As the composition of Al
increases, the difference of the refractive index An
(An=n,-ny) increases. As a result, the facet reflectivity

for the TE mode increases and that for the TM mode
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decreases. Therefore, the increase of the composition of Al

results in the TE mode.
3.3 AlGaAs/GaAs Single Quantum Well Lasers

3.3.1 Epitaxial Growth and Fabrication Process

In order to suppress unintentional Si autodoping in the
epitaxial layer, some 720—nm—thick sputtered SiO, back-
coated n-type (Sb-doped, 0.02 Q-cm) Si substrates were used
for the epitaxial growth. All samples were grown on Si
substrates oriented 2° off (100) toward [011] in an RF-
heated horizontal MOCVD reactor at atmospheric pressure.

In the AlGaAs/AlGaP intermediate layers, a 50-nm-thick
Alg 55Gag_45P layer was grown on Si at 900 Oc with a V/III
ratio of 100, and a 200-nm-thick AlO.SGaO.SAS layer was
grown at 750 ©°C with a V/III ratio of 70. The
,A10.3Ga0.7As/GaAs SQW laser was grown on Si at 750 © c. The
laser consisted of a 2.0-um-thick Se-doped (2x1018 cm_3)
GaAs layer, a 1.0-pm-thick Se-doped (1x10'8 cm3)
Al ;Gag_3As cladding layer, a 70-nm-thick undoped
Alo.3Gao.7As barriér layer, a 9-nm-thick undoped quantum
well active layer, a 70-nm-thick undoped Alo.3Ga0.7As
barrier layer, a 1.0-um-thick Zn-doped (1x10'8 cm~3)
Alo_7Ga0.3As cladding layer, and an 80-nm-thick Zn-doped
(1x1019 cm"3) GaAs cap layer. Thermal cycle annealing was
performed twice in AsHj; ambient by varying substrate

temperature from 300 to 850 Oc and from 850 to 300 °C after



the growth of the 1-um-thick Se-doped GaAs layer. It was
performed three times after growth of the 2-um-thick Se-
dbped GaAs layer. For comparison, similar structures of SQW
lasers were grown on GaAs and Si substrates by the two—stép
growth technique. 1In the twd—step growth technique, a 12.5-
nm-thick GaAs layer was deposited at 400 ©°C with a V/III
ratio of 80.

After the growth, 0.1-um-thick S5i0O, films were
sputtered and 10-um-wide striped windows were opened by
chemical etching. After the substrates were lapped off down
to about 100-um-thick, Au-Zn/Au and Au-Sb/Au ohmic
electrodes were formed by vacuum evaporation on the p-GaAs
cap layer and the n-Si substrate, respectively. The
evaporated ohmic electrodes were annealed at 420 °C for 2
min in-N2 ambient. The samples were cleaved into 300-um-
wide chips. Figure 3.7 shows the schematic structure of the
SOW laser on Si grown with the AlO'SGaO.SAs/Alo.S5Ga0.45P
intermediate layers. Each chip was mounted on a Cu heat
sink with a p-side-up configuration. The laser
characteristics were measured under pulsed and cw conditions
at room temperature.

The surface morphology and crystallinity of the lasers
were characterized by a Nomarski microscope, cross-sectional
transmission electron microscopy (TEM) and etch pit density

(EPD) revealed by molten KOH.
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Fig. 3.7. Schematic structure of the SQW laser on Si grown
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3.3.2 Laser Characteristicss"7)

Figures 3.8, 3.9 and 3.10 show the I-L characteristics
under cw condition at room temperature for the SQW lasers on
the GaAs and Si0, back-coated Si grown by the two-step
growth technique and with the AlGaAs/AfCaP ihtermediate
layers, respectively. The spectra are éiSd shown in the
insets of Fig. 3.8 and 3.10. The laser .on GaAs has the Ity
of 32 mA, corresponding to the J;; of 1.64 kA/cm? under the
cw condition at room temperature. The values:of It and Jiy
of the lasers on Si are 75 mA and 1.77 kA/cm? for the two-
step growth technique, and 60 mA and 1.72 kA/cm? for the
AlGaAs/AlGaP intermediate layers, respectively, under the cw
condition at room temperature. The etch pit density (EPD)
by molten KOH of the lasers on Si is 1.5x107 cm"z, which
contributes to the cw operation at room temperature. In the
laser on Si, single—mbde operation is observed with a peak
waveiength of 860.5 nm. -Radiation is found td be dominated
by the TE mode, since the net gain is higher for the TE mode
than for the TM mode. The difference in the peak wavelength
of lasers between GaAs and Si results from the high tensile
stress experienced by the active laYer on Si.»

The.effects of the thermal cycle.annealing ana S$i0,
back coating on the SQW laser characteristics-pn Si were
investigated. The dependence of the EPD in the GaAs/Si on
the number of thermal cycle annealing is shown in Fig. 3.11.
The EPD in the GaAs/Si without thermal cycle annealing is

about‘9.5x107 cm"z, while that for the sample with more than
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three times of thefmal cycle annealing is reduced to 1.5x107
'cm"z. Figure 3.12 shows the I-L characteristic of the SQW
laser, which has an EPD of 9.5x107 cm"3, on S5i0, back-coated
Si without thermal cycle annealing. The pulsed Ien of 210
mA (Jth=5.83 kA/cmz) has been obtained at room temperature.
This laser could not operate under the cw condition because
of a high density of threading dislocations. In order to
study the propagation of dislocations, cross-sectional TEM
was performed for the lasers grown on Si with and without
thermal cycle annealing. Figures 3.13 (a) and (b) éhow
cross-sectional TEM micrographs of the lasers grown on Si
with and without thermal cycle annealing, respectively.
Note that most dislocations in the sample with thermal cycle
annealing confine into the.Senddped GaAs layer and not
intrude the active layer. This result indicates that
confinement of dislocations into the Se-doped GaAs layer is
useful to obtain the cw operation. Figure 3.14 shows the I-
L characteristic of the laser with thermal cycle annealing
on Si without §i0, back coating. The laser has the cw Iin
of 95 mA (J p=2.4 kA/cmz) at room temperature, which is
higher than that of the laser with thermal cycle annealing
on a SiO, back-coated Si substrate. Another important
effect of SiO, back coating has been observed in the
current-voltage (I-V) characteristic of the laser on Si.
The I-V characteristics of the lasers on Si with and without
Si0, back coating are shown in Fig. 3.15. The lasers on

Si0, back-coated Si show a sharp turn-on, while the lasers
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on Si without 8102 back coating show a gradual turn-on.
This result is thought to be due to the conversion of p-type.
cladding layer to n-type 18), The above results indicate
that Si0, back coating is effective in obtaining an
excellent I-V characteristic and a lower threshold of the
laser on Si.

The average values of Jih (3;;), the standard deviation
of J¢p (0J¢p), the ng and the ong of the lasers on GaAs and
Si grown by the two-step growth technique and with the
AlGaAs/AlGaP intermediate layers are summarized in Table I.
Figures 3. 16 (a) and (b) show the distribution of the
threshold current density and the differential quantum
efficiency of the SQW lasers, respectively. For the laser
on GaAs, the values of 3;;, RN ﬁa and ong are 1.48
kA/cm?, 0.29 kA/cm?, 59.6 % and 9.8 %, respectively. For
the laser on Si grown by the two-step growth technique, the
values of Jip, OJips ﬁa and ong are 2.41 kA/cm2, 0.53
kA/cmz, 29.2 % and 14.4 %, respectively. For the laser on
Si grown with AlGaAs/AlGaP intermediate layers, on the other
hand, the values of 3;;, the 0Tt h the ﬁa and the ong are
2.23 kA/cmz, 0.33 kA/cmZ, 50.3 % and 11.6 %, respectively,
which are superior to those of the laser grown by the two-
step growth technique. Note that significant improvement
with the use of the AlGaAs/AlGaP intermediate layers is
observed in the value of Ng- As discussed in section 2.3,
the heterointerfaces of the SQW's on Si grown with the

AlGaAs/AlGaP intermediate layers are smoother than those



Table I.

Summary of laser characteristics.

SQW laser Jth 2 GJth 2 nd Gnd

[kA/cm”] [kA/cm”] (%] (%]

SQW/GaAs 1.48 0.29 59.6 9.8
SQW/S1i

Two-step growth - 2.41 0.53 29.2 14.4

AlGaAs/AlGaP ILs 2.23 0.33 50.3 11.6
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grown by the two-step growth technique. Figures 3. 17 (a)
and (b) show Nomarski micrographs of the surface morphology
of the SQW lasers on Si grown by the two-step growth
technique and with the AlGaAs/AlGaP intermediate layers,
respectively. The surface morpholbgonf the laser grown
with the AlGaAs/AlGaP intermediate layers is smoother than
that grown by the two-step growth technique. Figures 3.18
(a) and (b) show cross-sectional SEM micrographs of the SQW
lésers on Si grown by the two-step growth technique and with
the AlGaAs/AlGaP intermediate layers, respectively.
Compared with the two-step growth technique, as shown in
Fig. 3.18, the waveguide layer in the lasers growh with the
AlGaAs/AlGaP intermediate layers are‘fiatter, which results
in the decreasé ofvinternal loss of the lasers. The
improvement of ny of the lasers on Si grown with the
AlGaAs/AlGaP intermediate layers is thought to be due to the
decrease of internal loss. The threshold current density
Jip is shown as a function of the cavity length L in Figq.
3.19 for the 300-um-wide SQW lasers. In all cases, the
values of Jeh decreases monotonically as the cavity length
is increased. The values of Jih for the lasers on Si grown
with the AlGaAs/AlGaP intermediate layers are lower than
those of the lasers on Si grown by the two-step growth
technique.

In order to study the effect of the AlGaAs/AlGaP
intermediate layers on the laser characteristics in detail,

the differential quantum efficiency Ng Was measured as a
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(a) Two-step growth (b) AlGaAs /AlGaP

Fig. 3.17. Nomarski micrographs of surface morphology for
the SQW lasers on Si grown by (a) the two-step growth
technique and with (b) the Aly gGag gAs/Aly g55Gag 45P

intermediate layers.
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function of the cavity length L and the internal quantum
efficiency nj and the intrinsic mode loss coefficient oy
were determined. Under conditions in which ny and oy do not

vary with cavity length, ng is given by 28)

1/nd=(1/ni)[1+aiL/ln(1/RH

where R=(R1R2)1/2,is the geometric mean of the two facet
reflectivities Ry and R, andris taken to be equal to 0.32
for uncoated facets. The reciprocal of ng is plotted
against the cavity length in Fig. 3.20 for the lasers grown
on GaAs and Si substrates. The straight line drawn through
the points yields the nj of 87 % and the oy calculatéd from

1

the slope of this line is 21 cm™' for the laser on GaAs.

For the laser on Si grown by the two-step growth technique,
n; is 73 % and a; is 31 cm~™'. For the laser on Si grown
with the AlGaAs/AlGaP intermediate layers, n; and oa; are 84
$ and 22 cm"1, respectively, which are superior to those
figures for the laser on Si grown by the two-step grdwth
technique. Analyzed by fitting the 1/nd vs. L, the data
show the charactefistics of a laser grown on Si with the
AlGaAs/AlGaP intermediate layers are comparable to those on
GaAs.

Figure 3.21 shows the threshold current density Jip as
a function of the mirror loss L“11n(1/R) for the lasers on

GaAs and Si substrates. The threshold current density Jip

is related to differential gain coefficient B8 and
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transparency current J, as given in the following equation

29),.

Ten=Jo/ny+ (380" La; +17 In(1/R)]

where I' is the optical confinement factor. Assuming that T
is 0.03 and using the values of n; and o; obtained from the
relationship of 1/nd vs. L, the values of Jo and B can be
estimated and the laser on GaAs are 102 A/cm2 and 2.0 cm/A,
respectively. The J, and B of the lasers on Si substrates
are 320 A/Cm2 and 1.5 cm/A for the two-step growth
technique, and 278 A/cm2 and 1.7 cm/A for the AlGaAs/AlGaP
intermediate layers, respectively. The values 6fch)and B
for the SQW laser on Si grown with the AlGaAs/AlGaP
intermediate layers are superior to those of the laser on Si
grown by thé two-step growth technique.

The reliability of lasers on Si are required for
practical applications. The aging test was performed at 50
K for the SQW laser on Si grown by the two-step growth
technique because the laser on Si has operated for several
minutes under the cw condition at room-temperature. The
aging characteristic at 50 K of the SQW laser on Si grown by
the two-step growth technique is shown in Fig. 3.22. The
ambient atmosphere was air and the device was not facet
coated. Compared with the laser on GaAs, as will be
described in the following paragraph, the laser on Si

degrades rapidly. For even the most reliable AlGaAs/GaAs



OUTPUT POWER (mW)

50 K | SQW GaAs/Si
1=1.3xIth Lz=90A

1 1 3 ' ] 1 A 1 [] 1 1 1

5 | 10
AGING TIME (min)

Fig. 3.22. Aging characteristic at 50 K for the SQW laser

on Si grown by the two-step growth technique.




laser on Si so far reported, the cw threshold current
increased by a factor of 3 in 10 h. This rapid degradation
is caused by the formation and propagation of dark-line
defects (DLD's), which take place at high rates because the
layers on Si substrate are not only subject to high tensile
stress but alSo contain a higH density of threading
dislocations. k V |

To study the degrad&tign mechanism of the lasers on Si,
aging tests at 300 K were berformed for the lasers oh the
GaAs/GaAs and GaAs( gPg. 5/GaAs. Figure 3 23 shows the
results of the aging tests at 300 K for the lasers on the
GaAs/GaAs and the GaAsO.SPo_S/GaAs. The laser on GaAs/GaAs,
which has an EPD of 5x103 cm”2, operated for over 15 h
without significant degradation. In contrast, the laser on

-2 degrades

GaAso.SPO-S/GaAs, which has an EPD of 1x10’ cm
rapidly. This rapid degradation in the laser on
GaAsO.SPO;S/GaAs is thought to be caused by non-radiative
recombination centers associated with the dislocations
rather than by the stress. Continuous operation, for
periods of up to several hours, was obtained by other groups
using a laser with low threshold and low dislocations in the
active layer. These results suggest that the reduction of

threading dislocations in the active layer is necessary to

obtain reliable laSers on Si.



—001 -

w

N

OUTPUT POWER (mW)

EPD=5 x103cm

AGING TIME (hour)
5 10
300K
I:].ZXIth
GaAs/GaAs

2

GaAsP/ GaAs

L 1

EPD =1x 107 cni?

AGING TIME (

10
min)

Fig. 3.23. Aging characteristics at 300 K for the SQW

lasers on the GaAs/GaAs and GaAsP/GaAs.




3.4 Conclusions

The -characteristics of all-MOCVD-grown AlGaAs/GaAs DH
and SQW lasers on Si have been studied. The DH laser on Si
has been operated under the pulsed condition at room
temperature, The cw operation with the Iy ;=100 mA
(J¢,=3.55 kA/cm?) has been achieved below 130 K. The
polarization of the DH 1lasers can be controlled by the
Al composition in the Al,Ga,_,As cladding layer.

By performing thermal cycle annealing, the cw operation
at room temperature has been achieved for all-MOCVD-grown
SQW lasers on Si by the two-step growth technique and with
the AlGaAs/AlGaP intermediate layers. Thermal cycle
annealing is effective in reducing the number of threading
dislocations in the active layer of the SQW lasers on Si.
The values of Jip, Ngs, Njr @3, B and Jy are 1.72 kA/cmz, 67
%, 84 %, 22 cm"1, 1.7 cm/A and 278 A/cmz, respectively, for
the SQW lasers on Si grown with the AlGaAs/AlGaP
intermediate layers. Compared with the SQW laser on Si
grown by the two-step growth technique, the laser
characteristics have been improved by use of the
AlGaAs/AlGaP intermediate layers, which are caused by the
smoother heterointerfaces. It is clear that the
AlGaAs/AlGaP intermediate layers have played an important
role in achieving the smoother heterointerfaces and the
excellent characteristics of the SQW laser on Si. However,

the SQW lasers on Si still have a problem with short
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lifetime. Major improvements in material quality. are
necessary in order to increase the reliability of lasers on

Si to: the level required- for practical applications.
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Chapter 4. Schottky Diodes Grown on Si

4,1 Introduction

When GaAs/Si is applied to electronic devices such as

metal-semiconductor field-effect transistors (MESFET's)1”9)

and high electron mobility transistors (HEMT's)10“12), it is
necessary to study the electrical characteristics,
especially the Schottky diode characteristics, of the

13-16) is one of the two

GaAs/Si. The Schottky barrier gate
most important elements of GaAs FET's, the other being ohmic
metal. However, such a study has been lacking so far
because it is well known that dislocations affect minority

17-20)
14

carrier devices including laser diodes solar

21:22L 23) rather than majority

cells light-emitting diodes
carrier devices including MESFET's and HEMT's. Although
many electronic devices have been fabricated on the
GaAs/Si1“12), degradation of electrical characteristics of
the devices due to a high density of threading dislocations
(107-—108 cm"z) have not been reported in detail.

In this chapter, Schottky diode characteristics on

24) and

MOCVD-grown GaAs/Si by the two-step growth technique
using intermediate layers consisting of GaP/GaAsO.SPO.S and
GaAsO.SPO'S/GaAs strained layer superlattices on GaP
(SLSs/GaP)ZSL and Alea1_xP15'26"28) are described in
- detail. The relationship between crystallinity and Schottky

- diode characteristics on the GaAs/Si are also reported.
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This chapter is organized as follows: In section 4.2,
epitaxial growth and fabrication process are presented.
Crystallinity and Schottky diode characteristics are
described in section 4.3, and this chapter is concluded in

section 4.4.
4.2 Epitaxial Growth and Fabrication Process'

GaAs epitaxial layers were grown on n-type (Sb-doped,
0.02 Q-cm) Si substrates oriented 2° off (100) towards [011]
in an RF-heated horizontal MOCVD reactor at atmospheric
pressure by the two-step growth technique and using the
Al,Gaq_4P and SLSs/GaP intermediate layers. The source
materials were trimethylgallium (TMG), trimethylaluminum
(TMA), pure arsine (AsH3) and phosphine (PHj). The
substrates were degreased in organic solutions and cleaned
using H202+4HZSO4 and HF+H,O solutions. Then the substrates
were heated at 1000 ©C for 10 min in H, ambient in order to
remove the oxide. In the two-step growth technique, a GaAs
layer with the thickness of 12.5 nm was first deposited at
400 ©°C with a V/III ratio of 80, followed by a GaAs
epitaxial layer doped with Se. 1In the structure with the
Al Gaq_4P intermediate layer, a 50-nm-thick Al ,Gaq _,P layer
was grown on Si at 900 ©°C with a V/III ratio of 100,
followed by growth of a GaAs epitaxial layer doped with Se.
In the structure with the SLSs/GaP intermediate layers, a

0.1-um-thick GaP film was grown on Si at 900 °C witha V/III
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ratio of 100, followed by five beriods of 20-nm-thick
GaP/20-nm-thick GaAsy gPy 5 SLS and five periods of 20-nm-
thick GaAsg 5Pg_ 5/20-nm-thick GaAs SLS at 750 ©c. Then, a
GaAs epitaxial layer doped with Se was grown. In all cases,
3-um-thick GaAs epitaxial layers doped with Se to 5x1010
cm~3 were grown at 650, 700 and 750 ©C with the growth rate
of 50 nm/min and a V/III ratio of 40.

Surface morphology was examined under a Nomarski
microscope and the crystallinity of the GaAs top layers was
characterized by double-crystal X-ray diffraction, the etch
pit density (EPD) revealed by molten KOH etch and electron-
beam-induced current (EBIC) measurements. The EBIC images
were obtained using a scanning electron microscope with an
electron beam current of 2.0x10‘9 A and an accelerating
voltage of 12 kV. The formation of dislocations and
structures of intermediate layers were studied by cross-
sectional transmission electron microscopy (TEM). The solid
compositions (x) of Al ,Ga,_,P ternary alloys were determined
by Auger electron microscopy (AES).

AuGe/Ni/Au ohmic eleétrodes were formed by vacuum
evaporation and alloyed at 380 Oc for 1 min in N, ambient.
After the contacts were etched by chemical solution,
Schottky contacts to Se-doped GaAs were then made by the
lift-off technique using Au as Schottky contact metal. The
area of the Schottky diodes in this study is 7.85%x1073 cm2.
For comparison, a Schottky diode was fabricated on lightly

doped (7x‘l01'6 cm"3) n-type GaAs substrate. Forward and

—108 -



reverse current-voltage (I-V) and capacitance-voltage (C-V)
characteristics of the Schottky diodes were measured. The
ideality factor and the 1I-V barrier height (de"v) were
calculated from the forward I-V at various temperatures from
150 to 313 K. The capacitance‘was measured at 1 MHz, and
the C-V barrier height (ébc"v) was also calculated.

4.3 Crystallinity and Schottky Diode Characteristics15)

Figure 4.1 shows the full width at half maximum (FWHM)
of the (400) reflection peak in the x-ray double-crystal
rocking curve as a function of growth temperature. For all
samples except the GaAs/Si with the Al, gg5Gag 45P
intermediate layer, the FWHM decreases with increasing
growth temperature of the GaAs top layer, which suggests
that the crystallinity of the GaAs/Si improves at higher
growth temperatures. Particularly for the two-step-grown
GaAs/Si, improvement of the crystallinity by increasing the
temperature from 650 to 700 °C is significant. At 750 °cC,
the FWHMs of the GaAs/Si grown by the two-step growth
technique and using Al, gg5Gag 45P and SLSs/GaP intermediate
layers are 210, 188 and 152 arcsec, fespectively.

Figures 4.2 (a), (b) and (c) show Nomarski micrographs
of the surface morphology in the GaAs/Si grown at 750 °C by
the two-step growth technique and using the SLSs/GaP and the
A10_55Ga0_45P intermediate layers; respectively. As shown

in Fig. 4.2, the surface morphology of the GaAs/Si grown at
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Fig. 4.1. Growth-temperature dependence of X-ray FWHM of
GaAs/GaAs and GaAs/Si grown by two-step growth, SLSs/GaP and

A10.55Ga0.45P techniques.
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Fig. 4.2. Nomarski micrographs of surface morphology in
GaAs/Si grown by (a) two-step growth, (b) SLSs/GaP and (c)

A10.55Ga0-45P techniques.



750 ©C with the Aly 55Gag 4sP intermediate layer is smoother
than those of the GaAs/Si grown by the two-step growth
technique and using the SLSs/GaP intermediate layers. As
shown in section 2.2, in the GaAs/Si grown by the two-step
growth technique, threading dislocations originating at the
GaAs/Si interface decrease as the surface is approached.
The EPD revealed by molten KOH etch is 9.5x107 cm"z. At the
initial stage of GaAs growth, the GaAs grows three-
dimensionally, and GaAs islands are formed. In the GaAs/Si
grown with the GaP intermediate layer, the GaP grows three-
dimensionally and GaP islands are formed on the Si.
Dislocations originate at the GaAs/Si and GaAs/GaP interface
and decrease as the surface is approached. On the other
hand, the Alo.55Ga0.45P intermediate layer grown on Si is
planar, which indicates that the A10'55Ga0.45P intermediate
layer grows quasi-two-dimensionally. Most dislocations
originate at the GaAs/AlO.SSGaO.45P interface. However,
most of the dislocations are confined near the
GaAs/Alo.55Ga0.45P interface and do not reach the surface of
the GaAs layer. The EPD of the GaAs/Si grown with the
Alg 55Gag 45P infermediate layer 1is 2.5x107 cm~2, The
planar growth of A10.55Ga0.45P layer on Si is a main factor
for improvement of surface morphology and crystallinity in
the wide range of growth temperature.

EBIC measurement was performed to study the electrical
influence of the dislocations. Figure 4.3 shows the EBIC

images of the GaAs/Si grown by the two-step growth technique
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(a) Two-step growth

(b) SLSs/GaP

Fig. 4.3. EBIC images of GaAs/Si grown by (a) two-step

growth, (b) SLSs/GaP and (c) Alg ggGag 45P techniques.
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and using the SLSs/GaP and the Alo_55Ga0.45P'intermediate
layers. The dark spot dgnSities‘(DSD) of thevGaAs/Si grown
by the two-step growth technique éhdvusing the‘SLSs/GaP and
Al 55Gag 45P intermediate:layérs.are 3;6x107, 3.4x107, and
3.1x‘|07 cm"2, respectively.‘ Table'i summarizes the results
of the x-ray FWHM, EPD, DSD ahd surface morphology. As
will be shown later, Schottky diode characteristics are
degraded by a high density of the dark spots in the GaAs/Si.

Figure 4.4 shows the ideality factor calculated from
the forward I-V characteristics of Schottky diodes on the
GaAs/Si as a function of growth temperature of the GaAs top
layer. For comparison, the ideality factor of a Schottky
diode fabricated on an n-type GaAs substrate is also shown
in the figure. For the Alo.SSGa0'45P intermediate layer,
the ideality factor approaches 1 with increasing growth
temperature. This result suggests that crystallinity and
Schottky diode characteristics of the GaAs/Si improve at
higher growth temperature. The ideality factors for the
GaAs/Si grown at 750 °C by the two-step growth technique
and by using the SLSs/GaP and Alj ggGap 45P intermediate
layers are 1.11, 1.09 and 1.06, respectively. The Schottky
diode characteristic for the GaAs/Si with the Al ggGag 45P
intermediate layer is as good as for the n-type GaAs
substrate.

Figure 4.5 shows the dependence of the ideality factor

. for the GaAs/Si with the Al,Ga;_,P intermediate layer on the

Al composition of x. The ideality factors were averaged
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TABLE I. Crystallinity of GaAs/Si grown by two-step growth,
SLSs/GaP, and Al, s5Gag 4sP techniques.

FWHM EPD DSD Surface
GaAs/Si (arcs) (x10” em™®)  (x10’ cm?) morphology
Two-step growth 210 9.5 3.6 mirrorlike
SLSs/GaP 152 2.0 3.4 mirrorlike
Alo_ssGao_45P 188 2.5 3.1 mirror
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—116—



1.10

1.05

IDEALITY FACTOR

1.00

Fig. 4.5.

GaAs Tg =700 °C

VITL = 40
L AlGaP  Tg =900 °C
VITI =100
l ] ] [l 2 l [] i | [l 4 l
0 0.5 1.0

Aly Ga,,P COMPOSITION X

Al composition dependence of ideality factor of

Au-GaAs/Si Schottky diodes grown with Al ,Gaq _,P intermediate

layer. The area of the Schottky diode is 7.85x1073 cm?.
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over 10 samples for each composition. The ideality factor
depends on the Al composition of x, and the ideality factor
of 1.06 is obtained at the composition of 0.55. This
dependence of the ideality factor on the Al composition is
similar to those of X-ray FWHMs and the surface morphology
discussed in section 2.2.

Assuming the Richardson constant a** is 8.6 Acm"ZK'2
and that the I-V characteristic follows the thermionic
emission modelzg), the I-V barrier height (¢bI"V) was
calculated from the extrapolated current at 0 V in the
forward I-V characteristic, and they are all between 0.86 eV
and 0.87 eV.

Figure 4.6 shows plots of c"2 vs. V. A linear
dependence of c"2 on V was found for all samples in the
reverse bias voltages from 0 to 4 V. The diffusion
potential (V;) of the Schottky diodes was obtained from the
intercept of the horizontal axis in the plots of c 2 ys. V.
The C-V barrier height (dbc"v) from the C-V measurement is

calculated from29)

ébC~V = Vy + & + kT/q

where £ is the energy difference between the Fermi level and
the bottom of the conduction band in the bulk semiconductor.
The ideality factor, the carrier concentration (N) and the
barrier heights, ébI"V and ébC"V, are tabulated in Table II.

The ideality factor, ¢bI"V and ¢bC—V of the Schottky diode
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-119-



Table II. Ideality factor, carrier concentration, and
Schottky barrier heights calculated from forward I-V and
C-V characteristics for GaAs/Si grown by two-step growth,
SLSs/GaP, and Al,_ s55Gag.4sP techniques. The area of the
Schottky diode is 7.85%1072 cm®. |

_ . I-v , C-V
Carrier concentration @, T

GaAs/Si Ideality factor (x10*® cm™3) (eV) (eV)
Two-step growth 1.11 5.5 0.87 0.90
SLSs/GaP. - 1.09 18.0 0.86 0.89
Al, . s55Gag.asP 1.06 6.9 0.87 0.92
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on the n-type GaAs substrate are 1.05, 0.90 and 0.96 eV,
respectively, which indicate that affects of the thin GaAs
native oxide or variation of fabrication process on the
Schottky diode characteristics are negligible.

Assuming that the I-V characteristic of a Schottky
diode is determined by the thermionic emission current (I.)
and the recombination current (Ir), the total current is now

given by29'30)

I=Ite+Ir

Io[exp(qV/kT)—1] + IrO[exp(qV/ZkT)—1]

where I = AA**Tzexp(—qdb/kT) and I,.q = Agn;w/21,.. Here A
is the area of a diode, A**is the Richardson constant, T is
the device temperature, V is the applied voltage, k is
Boltzmann's constant, @é, is the effective barrier height, nj
is the intrinsic carrier concentration, proportional to
exp(—qu/ZkT), w is the thickness of the depletion region,
Eg is the band gap energy and T, is the lifetime within the
depletion region. By measuring the forward current as a
function of temperature, it is possible to determine which
is dominant the thermionic emission or the recombination
current. When the thermionic emission current is dominant,
a plot of ln(Ite/TZ) as a function of 1/T shéuld yield a

straight line with a slope of -g(é,-V), which gives the

activation energy. When the recombination current is

—-121-



dominant, on the other hand, the temperature dependence of
the forward current shows two activation energies, and the
reverse current (Iro)'becomes proportional to the square
root of the reverse bias (Vr1/2) if the concentration of the
recombination centers is uniform across the thickness.

The typical forward I-V characteristics of the Schottky
diodes on n-type GaAs and on the GaAs/Si with the
A10_55Ga0.45P intermediate layer as a function of
temperature are shown in Fig. 4.7. The nonlinearities in
the curves under large forward bias are caused by series
resistance. Note that much larger leakage current occurs
under a small forward bias for the GaAs/Si. Similar
temperature dependence of I-V characteristics are observed
in the GaAs/Si grown by the two-step growth technique and
using the SLSs/GaP intermediate layer. This leakage current
cannot be explained by the thermionic emission current. The
ideality factor in this region is about 2, which suggests
that this leakage current is due to the recombination
current. To further verify that this leakage current is the
recombination current, the values of ln(I/Tz) from the
current at the forward voltage of 0.4 V are plotted as a
function of 1000/T in Fig. 4.8. The plot for the n-type
GaAs substrate shows a single activation energy, while the
plots for the GaAs/Si show two activation energies. The
activation energy for the GaAs substrate is 0.508 eV, while
the activation energy for the GaAs/Si grown with the

Alg 55Gag 45P intermediate layer is 0.407 eV above 180 K and
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0.221 eV below 180 K. This indicates that the leakage
currenf of tﬁe GaAs/Si increases at lower teﬁperétures.
Figure 4.9 shows a plot of lnIrO vs. 1lnV.. 1In the
GaAs/Si, a sharp increase of current at near 4 V is due to
avalanche breakdown. The value is rather small compared
with.that for the GaAs substrate, which may be related to
the higher dislocation density in the GaAs/Si. The slope of
the plot indicates that the reverse curreﬁt (I,9) is
proportional to Vr1'8, which suggests that the reverse
current is caused by the generation current due to the
recombination centers. The genefétion current density
) due to the recombination centers in the deplefion

(Jgen

region is given by

“qnj

gen

0
where Tem1/Nt. Here 1, is the effective lifetime and Ny is

the trap density. The depth profile of Ny to satisfy

o 1.8
IrO Vr ’

is expected that

« 2.6
Nt X R

The depth profile of N near the surface of the GaAs/Si

follows the above relationship.
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Figure 4.10 shows the dependence of the ideality factor
and the ¢bI“V on temperature. The ¢bI"V is reportedly a
decreasing function of temperature31). The ideality factor
and ébI*V for the n-type GaAs substrate are unchanged. For
the GaAs/Si, however, the ideality factor and the ébI"V are
decreasing and increasing functions of temperature,
respectively. The ideality factor approaches 1 at high
temperature where the thermionic emission process becomes
dominant compared with the recombination process. The
observation that the ébI"V for the GaAs/Si is:an increasing
function of temperature may be related to material and

electrical properties unique to the GaAs/Si.
4.4 Conclusions

The relationship between crystallinity of MOCVD-grown
GaAs/Si and characteristics of Schottky diodes fabricated on
the GaAs/Si with various intermediate layers has been
studied. Schottky diode characteristics, which depend on
the intermediate layers, are superior for the GaAs/Si with
the AlO.SSGaO.45P intermediate layer to those for the
GaAs/Si by the two-step growth technique and using the
SLSs/GaP intermediate layers. Taking account of the results
described in chapter 2, it is clear that the intermediate
layer plays an important role in improving crystallinity and
Schottky diode characteristics of the GaAs/Si. Although the

forward and reverse I-V characteristics of the Schottky
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diodes fabricated on the GaAs/Si with the Alj ggGag 45P
intermediate layer are good, significant leakage current is
observed under reverse and small forward bias, in contrast
to the n-type GaAs substrate. - The leakage current under
reverse and small forward bias is unique to the GaAs/Si.
The leakage current is caused by recombination and
generation centers associated with the high density of

dislocations in the GaAs/Si.

—129-



References

1)

2)

3)

4)

5)

6)

7)

8)

9)

H. K. Choi, B.-Y. Tsaur, G. H. Metze, G. W. Turner, and

~J. C. C. Fan, IEEE Electron Device Lett. EDL-5, 207

(1984).

T. Nonaka, M. Akiyama, Y. Kawarada, and K. Kaminishi,
Jpn. J. Appl. Lett. 23, L919 (1984).

T. Ishida, T. Nonaka, C. Yamagishi, Y. Kawarada, Y.
Sano, M. Akiyama, and K. Kaminishi, IEEE Electron
Devices ED-32, 1037 (1985).

H. Morkoc, C. K. Peng, T. Henderson, W. Kopp, R.
Fischer, L. P. Erickson, M. D. Longerbone, and R. C.
Youngman, IEEE Electron Device Lett. EDL-6, 381 (1985).
M. I. Aksun, H. Morkoc, L. F. Lester, K. H. G. Duh, P.
M. Smith, P. C. Chao, M. Longerbone, and L. P. Erickson,
Appl. Phys. Lett. 49, 1654 (1986).

H. Shichijo, J. W. Lee, W. V. MclLevige, and A. H.
Taddiken, IEEE Electron Device Lett. EDL-8, 121 (1987).
J. W. Lee, R. M. McCullough, and R. H. Morrison, Mater.
Res. Soc. Symp. Proc. 126, 137 (1988).

M. N. Charasse, B. Bartenlian, B. Gerard, J. P. Hirtz,
M. Laviron, A. M. de Parscau, M. Derevonko, and D.
Delagebeaudeuf, Jpn. J. Appl. Phys. 28, L1896 (1989).

T. Egawa, S. Nozaki, T. Soga, T. Jimbo, and M. Umeno,
Extended Abstracts of the 22nd (1990 International)
Conference on Solid State Devices and Materials (Sendai,

1990) p. 91.

—130-



10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

R. Fischer, W. Kopp, J. S. Gedymin, and H. Morkoc, IEEE
Electron Devices ED-33, 1407 (1986).

H. Noge, H. Kano, M. Hashimoto,and I. Igarashi, Mater.
Res. Soc. Symp. Proc. 116, 199 (1988).

N. Chand, F. Ren, A. T. Macrander, J. P. van der Ziel,
A. M. Sergent, R. Hull, S. N. G. Chu, Y. K. Chen, and D.
V. Lang, J. Appl. Phys. 67, 2343 (1990).

N. Chand, R. Fischer, A. M. Sergent, D. V. Lang, S. J.
Pearton, and A. Y. Cho, Appl. Phys. Lett. 51, 1013
(1987).

N. Chand, R. Fischer, A. M. Sergent, D. V. Lang, and A.
Y. Cho, Mater. Res. Soc. Symp. Proc. 91, 233 (1987).

T. Egawa, S. Nozaki, N. Noto, T. Soga, T. Jimbo, and M.
Umeno, J. Appl. Phys. 67, 6908 (1990).

T. Egawa, S. Nozaki, N. Noto, T. Soga, T. Jimbo, and M.
Umeno, Mater. Res. Soc. Symp. Proc. 148, 273 (1989).

D. G. Deppe, D. W. Nam, N. Holonyak, Jr., K. C. Hsieh,
R. J. Matyi, H. Shichijo, J. E. Epler, and H. F. Chung,
Appl. Phys. Lett. 51, 1271 (1990).

T. Egawa, H. Tada, Y. Kobayashi, T. Soga, T. Jimbo, and
M. Umeno, Appl. Phys. Lett. 57, 1179 (1990).

T. Egawa, Y. Kobayashi, Y. Hayashi, T. Soga, T. Jimbo,
and M. Umeno, Jpn. J. Appl. Phys. 29, L1133 (1990).

T. Egawa, T. Soga, T. Jimbo, and M. Umeno, 12th
International Semiconductor Laser Conference Digest
(Davos, 1990) p. 180

M. Yamaguchi, A. Yamamoto, and Y. Itoh, J. Appl. Phys.,

—131-



22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

59, 1751 (1986).

M. Yamaguchi and S. Kondo, Mater. Res. Soc. Symp. Proc.
145, 279 (1989).

M. Takeyasu, S. Sakai, T. Soga, and M. Umeno, Jpn. J.
Appl. Phys. 25, 1388 (1986).

M. Akiyama, Y. Kawarada, and K. Kaminishi, Jpn. J. Appl.
Phys. 23, L843 (1984).

T. Soga, Y. Kohama, K. Uchida, M. Tajima, T. Jimbo, and
M. Umeno, J. Cryst. Growth 93, 499 (1988).

N. Noto, S. Nozaki, T. Egawa, T. Soga, T. Jimbo, and M.
Umeno, Mater. Res. Soc. Symp. Proc. 148, 247 (1989).

N. Noto, S. Nozaki, T. Egawa, T. Soga, T. Jimbo, and M.
Umeno, Gallium Arsenide and Related Compounds
(Karuizawa, 1989) p. 117.

T. George, E. R. Weber, S. Nozaki, A. T. Wu, N. Noto,
and M. Umeno, J. Appl. Phys. 67, 2441 (1990).

E. H. Rhodrick, Metal-Semiconductor Contacts, 2nd ed.
(Oxford University Press, New York, 1988).

S. M. Sze, Physics of Semiconductor Devices, 2nd ed.
(John Wiley & Sons, New York, 1981).

N. Newman, M. van Schilfgaarde, T. Kendelwicz, M. D.
Williams, and W. E. Spicer, Phys. Rev. B 33, 1146

(1986).

—132-



Chapter 5. GaAs MESFET's Grown on Si

5.1 Introduction

Although GaAs/Si still has problems such as a high

1,2)

density of dislocations and unintentional Si

autodoping3"6), GaAs metal-semiconductor field-effect
transistors (MESFET's)®~13) ana high electron mobility
transistors (HEMT's)16"18) have been fabricated on Si by
metalorganic chemical vapor deposition (MOCVD) or molecular
beam epitaxy (MBE). Numerous potential applications of the
GaAs/Si can be achieved by the successful fabrication of
GaAs MESFET's or HEMT's as well as laser diodes?r12-21),
Choi et al.8) have first reported that a GaAs MESFET is
fabricated on a Ge coated Si substrate by MBE with a maximum
transconductance of 105 mS/mm for a gate length of 2.1 um.
shichijo et al.'?) have reported that the 1-kbit static RAM
is fabricated on Si by MBE. In spite of this progress,
there has been little data on the characteristics of MOCVD-
grown GaAs MESFET's on Si. 1In particular, realization of
high-performance GaAs LSI's on Si is necessary in order to
obtain a good pinch-off characteristic, suppress the
sidegating effect and obtain uniform threshold voltage of
GaAs MESFET's on Si. The pinch-off characteristics of GaAs
MESFET's and HEMT's grown on Si by MOCVD are often degraded
6)

by unintentional Si autodoping in undoped layers To ease

this problem, Nonaka et a1.7) and Ishida et al.9) doped GaAs
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layers with vanadium, and Lee et~al.13) lowered growth
temperature to increase resistivity of undoped GaAs layers.
Major problems limiting a GaAs LSI's are the sidegating
effect?22-24) and the variation of the threshold
voltage25'26), which are expected to be affected by the
defects. The sidegating effect, where the biasing
conditions of one device influence the output currents of
its neighbors, must be minimiied in order to increase the
complexity. In general, higher growth temperature improves
the crystallinity of the GaAs/Si and is thought to reduce
the sidegating effect. However, an undoped GaAs layer grown
on Si at high temperature by MOCVD has a high electron
concentration due to enhanced Si incorporation,3"5) which
degrades the pinch-off characteristic of a MESFET on si®).
In this chapter, GaAs MESFET's characteristics in terms
of pinch-off, the sidegating effect and the microscopic
uniformity of sheet resistance, which are basic
characteristics for a GaAs LSI's on Si, are described. This
chapter is organized as follows: Epitaxial growth and.
fabrication process are presented in section 5.2. In
section 5.3, DC characteristics are described. Sidegating
effect and microscopic uniformity of electrical property are
presented in section 5.4 and 5.5, respectively. This

chapter is concluded in section 5.6.
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5.2 Epitaxial Growth and Fabrication Process.

All epitaxial layers were grown on (100) p—type (B-
doped, 1.7 Q-cm) Si substrates oriented 20 off toward [011]
in an RF-heated horizontal MOCVD reactor at atmospheric
pressure using the two-step growth technique. The back of
some substrates were coated with 720-nm-thick sputtered 8102
films. The source materials were trimethylgallium (TMG),
trimethylaluminum (TMA) and arsine (AsHj3). The substrates
were degreased in organic solvents and fhen cleaned in
4HZSO4+H202 and HF+4H20 solutions. Prior to the growth, the
substrates were heated in H, atmosphere at 1000 Oc for 10
min to remove native oxide from the substrate surfaces.
For MESFET's, the following layers were successively grown
on p-Si substrates with and without a 720-nm-thick sputtered
Si0, back coating: a 12.5-nm-thick GaAs nucleation layer at
400 ©C, a 0.8-um-thick undoped GaAs buffer layer at 700 °c,
a 1-um-thick p-Al, 3Gay ;As layer at 700 Oc, a 1-um-thick
undoped GaAs layer at 650, 700 and 750 ©C, a 0.3-pm-thick
channel layer doped with Se to 3x1017 cm™3 at 750 Oc, and a
60-nm-thick ohmic contact layer doped with Se to 1x1018 cm"3
at 750 ©°C. The p-Aly 3Gag 7As layer was not inserted for
some MESFET's characterized for the transmission line model
(TLM).

MESFET's were fabricated using the recessed gate

technique. The fabrication process is shown in Fig. 5.1. A

0.1-um-thick SiO, film was sputtered on the top nt-Gaas
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Fig. 5.1. Stages in the fabrication of the GaAs MESFET on Si.
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layer, and a 0.8-um-deep mesa isolation was performed by
chemical etching. AuGe/Ni/Au source and drain ohmic
contacts were formed by evaporation/liftoff and alloyed at
380 °C for 1 min in flowing N, gas. The gate region was
recessed to the depth of about 0.2 uym by chemical etching,
and the gate contact was made by evaporation/liftoff of
Ti/Au. A schematic cross section of the fabricated MESFET
structure on the GaAs/Si is shown in Fig. 5.2. Figure 5.3
shows low- and high-magnification Nomarski micrographs of
the MESFET fabricated on the GaAs/Si. The gate length and
width are 2.5 and 15 um, respectively. The test pattern for
the device isolation consists of two 80-um-long ohmic
contacts to the n*-GaAs layer regions separated by 8 um with
the etched isolation. As shown in Fig. 5.4, the test
pattern of the TLM, which consists of 80 um x 80 um ohmic
contacts to the n*-GaAs layer with various spacings from 10
um to 160 um, was used to study the laterally spreading
current flow. The test structure for the sidegating effect
is illustrated in Fig. 5.5. A 200-um-wide MESFET with a
2.5-um gate length and a 270-um-wide sidegate electrode were
placed 5-30 um away from each other. The sidegate electrode
consisted of an ohmic contact onto the n*-GaAs layer. This
n*-GaAs layer and the MESFET active channel were separated
by the isolation etching. ’The test pattern, which consists
of the n*-GaAs layers arrayed by 50—uh pitch, was used to
study the microscopic uniformity of the electrical property.

Carrier concentration profiles were obtained by

—137—



AuGe/Ni/Au

Ti/Au
s /Si0: l D
— b G .

- GaAs \ :
[ e \.%/ 17
ﬂrn—GaAs 3x10'cm” \%

j \==

undoped GaAs

p-AlGaAs

undoped GaAs
GaAs (400°C)

p-Si sub.
\A\A\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\VVQOGSQL

\si02 cap
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Fig. 5.3. Low- and high-magnification Nomarski micrographs
of the GaAs MESFET on Si. The gate length and width are 2.5

and 15 um, respectively.
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electrochemical capacitance-voltage (C-V) measurement using
a Polaron model PN 4200 system.

5.3 DC Characteristics6)

Figure 5.6 shows the electron concentration profiles of
MESFET's grown at 750 ©°C on the "passivated" and
"unpassivated" Si substrates. In the '"passivated" Si
substrate, the back and side edges of Si were covered with a
Si3N4/8102 stacked layer to suppress the gas phase transport
of Si from the Si substrate during growth. As seen in the
figure, the electron concentration of the undoped GaAs layer
beneath the channel layer for the "passivated" Si is 3x1014
cm"3, as low as that of the undoped GaAs layer grown on
GaAs. However, for simplicity in the experiments, MESFET's
discussed below were fabricated on Si substrates where only
the back was covered with a 720-nm-thick sputtered SiO,
film. These Si substrates back-coated with a sputtered SiO,
film have side edges still exposed to the ambient and are
less effective in suppressing the gas phase transport of Si
during the growth. Nevertheless, as described in section
2.5, the electron concentration of an undoped GaAs layer
grown at 750 ©C has been reduced to 1x10'2 cm™3 from 1x10'7
cm™3 using the Si back-coated with a 720-nm-thick sputtered
Si0, film.

The isolation leakage currents in the undoped GaAs

layers measured at 0.1 V are shown in Fig. 5.7. The undoped
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Fig. 5.6. Electron concentration profiles of MESFET
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"unpassivated" Si. In the "passivated" Si, the back and

side edges were covered with a Si3N4/8102 stacked layer.
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GaAs layers were grown at 650, 700 and 750 °C on Si with and
without 720 nm-thick Si0, back coating. The isolation
leakage is determined by conduction paths in the undoped
layer beneath the channel and near the GaAs/Si interface.
The inserted p-AlO.3GaO.7As prevents the current reaching
the GaAs/Si interface, as will be discussed in detail later.
If the undoped layer beneath the channel is of high
resistivity, the isolation leakage current should be
negligibly small. This measurement tests whether the
resistance of the undoped layer is high enough to isolate
two MESFET's. Without Si0, back coating, the isolation
leakage current greatly increases from 4 nA to 1900 uA when
growth temperature increases from 650 to 750 ©cC. An
increase of the leakage current reflects an increase of the
electron concentration of the undoped GaAs layer with
increasing growth temperature. With $i0, back coating,
however, it remains less than 4 uA, even when the growth
temperature is as high as 750 ©c. The larger 1leakage
observed for the growth temperature of 750 ©C suggests that
the Si incorporation into a GaAs layer by the gas phase
transport of Si from the side edges exposed td the ambient
seems more significant than at lower temperatures.:

The resistance (R) betwéen'the ohmic metal pads
measured in the TLM pattern is shown as a function of
spacing (L) in Fig. 5.8. The calculated specific contact
resistance is also shown. A linear dependence of Ron L is

found for GaAs and Si substrates back-coated with 8102 when
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a p~AlO_3Ga0_7As buffer layer was grown beneath the undoped
GaAs layer. The current reaching the GaAs/Si interface,
which still has a high electron concentration, can flow
laterally to the ohmic metal pad. Use of a Si substrate
back—coated with SiO, cannot prevent such current. Creating
a barrier by inserting a p—AlO;3GaO.7As layer prevents the
current reaching the interface. As long as a p-Aljy 3Gap 7As
is inserted, whether the Si substrate is back-coated or not
does not show a great difference in the plot, although only
a plot for back-coated Si is shown in Fig. 5.8. The TLM
pattern consists of the ohmic metal pads deposited onto the
n*-GaAs ohmic-contact layer which is not mesa-etched.
Therefore, the main current flow is in the n*t-GaAs ohmic-
contact layer, which has a much higher conductivity than the
channel or the undoped layer. However, the conductivity
near the GaAs/Si is comparable to that of the nt-GaAs layer,
and the current reaching the interface can create a parallel
conduction path. As a result, the lineality of the plot is
strongly affected by the current reaching the interface
rather than the current flowing laterally in the undoped
GaAs layer. The specific-contact resistance, Peor for a Si
substrate with or without the back coating is one order
higher than for GaAs substrate, which may be related to the
rough surface of the n*-GaAs on Si.

Figure 5.9 shows the relationship between the gate bias
and the square root of the source-drain current of MESFET's

on Si with and without 8102 back coating. The undoped GaAs
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layers beneath the channel layers were grown at 700 ©C. The
drain current-voltage (I-V) characteristic of the MESFET on
Si with SiO, back coating is shown in Fig. 5.10. The MESFET
structures were grown on the p—Alo_3Gao.7As buffer layer
discussed above. The undoped GaAs layers beneath the
channel layers were grown at:iOO Oc. The MESFET on Si with
Si0, back coating has an improved pinch-off characteristic
because lateral current fldw in the undopéd GaAS layer
beneath the channel layer is suppressed by the 8102 back
coating. Another.significant improvement from the use of

Si0O, back coating is observed in the K-value determined from
Inc = K(Vae - Vip)2
DS GS th

where K=u€Z/2Laeff. Here a_¢¢ is the effective channel
thickness, L is the length, Z is the width of the channel, u
is the electron mobility in the channel, € is the dielectric
constant of GaAs, Ipg is the drain saturation current, Vgs
is the gate bias, and Vi, is the threshold voltage. The
Vihr the maximum transconductance (Ipmax) and the K-value
are -4.4 V, 74 mS/mm and 9.6 mA/Vzmm, respectively, for a
MESFET with a 2.2x15 um gate on Si without the back coating.
However, a MESFET on Si with the back coating shows better
pinch-off and a higher K-value. For a MESFET with a 2.5x15
um gate on Si with Si0, back coating, the Vihe the g nax @and
the K-value are -1.3 V, 160 mS/mm and 46.8 mA/Vme,

respectively. A reason for the higher g .., and K-value is
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that the current flow in the undoped GaAs layer beneath the.
channel layer is suppressed because of its higher

resistance.
5.4 Sidegating Effect

The influence of bias on the drain I-V characteristics
of the neighboring devices is terméd thé sidegating effect.
Figuré 5.11 shows the normalized drain saturation current at
the gate bias (Vgg) of 0 V as a function of the sidegate

bias (V..) for the MESFET on 8102 back-coated Si. The

sg
undoped GaAs layers beneath the channel layers were grown at
650, 700 and 750 ©C. The currents are normalized to their
values at ng=0 V. The sidegating pad is located 30 um away
from the source of the device. As can be seen from Fig.
5.11, higher growth temperature of the undoped GaAs layer
beneath the channel layer reduces the sidegating effect. At
a growth temperature of 750 ©C, the reduction in the drain
current is less than 4 %, even when -10 V is applied to the
sidegate pad. The sidegating effect is strongly affected
by the crystallinity of the undoped GaAs layer beneath the
channel layer. Higher growth temperature improves
crystallinity and reduces the sidegating effect. The
mechanism responsible for the sidegating effect is thought
to be related to the presence of electron traps at the

interface between the channel layer and the undoped GaAs

layer beneath the channel layer. The presence of these
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traps creates a negative space charge layer which is
balanced by positive charge from the channel layer. The
application of a negative bias to a sidegate pad modulates
the width of this space charge layer with a corresponding
decrease in the channel layer Width and the drain saturation
current. Figure 5.12 shows the normalized drain saturation
current as a function of the sidegate bias ng for various
sidegate pad spacing of the MESFET's on GaAs and Si. The
undoped GaAs layers beneath the channel layers were grown at
750°C. For the MESFET on GaAs, the reduction in the drain
current is less than 8 % at the sidegate bias of -10 V and
with the sidegate pad spacing as small as10 um. For the
MESFET on Si, in contrast, the reduction in the drain

current becomes larger with decreases in the sidegate pad

spacing.

5.5 Microscopic Uniformity of Electrical Property

The effect of dislocations on the threshold voltage
uniformity of the GaAs MESFET's is an important factor for
the GaAs LSI's. The electrical properties such as the
threshold voltage and the sheet resistance of the GaAs
MESFET's, which are fabricated on liquid encapsulated
Czochralski (LEC)-grown undoped semi-insulating GaAs
substrates by means of Si ion implantation, depend on the

25,26)

distance from a neighboring dislocation There is a

strong correlation between the threshold voltage and
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dislocation distribution. This dependence can be explained
on the mass action low. The higher carrier density near a
dislocation is a direct result of a higher activation of Si
atoms as a donor, because of a higher probability of
occupying the Ga site. Since the threshold voltage is a
function of activated donor concentration, the higher is the
electron concenttation, the lower becomes threshold voltage.

To study the effect of a high density of dislocations
in the GaAs/Si on the electrical properties, the variation
of sheet resistance was measured for the n*-GaAs layers
arrayed by 50-um pitch. The microscopic variation for the
sheet resistance of the n*-GaAs layers on GaAs and Si
substrates are shown in Fig. 5.13. Note that the standard
deviations of the sheet resistance figures are 17.5 Q/g for
the GéAs/GaAs and 16.6 Q/o for the GaAs/Si, respectively,
which indicate that a high density of dislocations in the
GaAs/Si do not significantly affect the uniformity of
electrical property. Figures 5. 14 (a) and (b) show
Nomarski micrographs of molten KOH etched surface for the
LEC-grown GaAs substrate and the GaAs/Si, respectively. The
EPD is 5x104 cm™2 for the GaAs substrate and 9x107 cm™2 for
the GaAs/Si, respectively. Note that a networked structure
is clearly observed in the GaAs substrate, but the etch pits
in the GaAs/Si are uniformly distributed. In spite of a
high density of dislocations in the GaAs/Si, the reason for
obtaining the uniform distribution of the sheet resistance

on the GaAs/Si is that the dislocations in the GaAs/Si are

—155—



SHEET RESISTANCE (/0O)

50 um pitch L
_ Rs=458.4 (S)/[])
GaAs/Si 6=16.6 (V0)
500 |
....'.......‘......000‘.00.00..0.‘.'.00
400 . ..
300_900000'0 .00.0.00.00...0............0
t _
200 GaAs/HB GaAs Rs=319.0 (C¥/O0)
100 0=17.5 (/O)
ou l | 1 |
0 0-5 1.0 15 20

DISTANCE (mm)

Fig. 5.13. Microscopic variation for the sheet resistance

of the n*-GaAs layers on GaAs and Si0, back-coated Si.

—156—



=481 =

(a) LEC-grown GaAs substrate (b) GaAs/ Si

Fig:. 5.%4s Nomarski micrographs of molten KOH etched

surface for (a) the LEC-grown GaAs substrate and

GaAs/Si.

(b)

the



uniformly distributed.
5.6 Conclusions

GaAs MESFET's have been fabricated on: Si with and
without a sputtere& Sio, back coating. The characteristics
in terms of pinch-off, sidegating effect and;microscopic
uniformity, which are important for the GaAsVLSI's on Si,
are compared. The back coating suppresses.the gas phase
transport of Si from the substrate and reduces Si
incorporation into an undoped GaAs layer during the MOCVD
growth even at high temperature. Since the undoped GaAs
layer beneath the channel grown.even at high ‘temperature has
a low electron concentration, the pinch-off characteristic
of the MESFET has been improved by the back coating of Si
substrates with SiO,. The undoped GaAs layer grown at high
temperature is of good crystallinity and. suppresses the
sidegating effect. The threshold voltage of -1.3 V, the
maximum transconductance of 160 mS/mm and the K-value of
46.8 mA/Vzmm have been obtained for a MESFET with a 2.5x15
um gate on Si with §i0, back coating. The reduction in the
drain current of a MESFET on a SiO, back-coated Si substrate
is less than 4 %, even when the sidegate bias is -10 V and
the sidegate pad spacing is 30 um. The standard deviation
of 16.6 Q/ohas been obtained for the sheet resistance of the
50-um pitch arrayed n*-GaAs layer on Si. The

characteristics of a MESFET on a Si substrate with 8102 back
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coating are comparable to those of a MESFET on GaAs.
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Chapter 6. Summary

In the last few years considerable scientific and
engineering resources have been devoted worldwide to the
heteroepitaxial growth of GaAs on Si by molecular beam
epitaxy (MBE) or metalorganic chemical vapor deposition
(MOCVD). Numerous material advances have been reported; the
two-step growth technique, the use of off-angle substrates
to suppress antiphase domain formation, dislocation
reduction techniques using superlattice buffer layers,
selective area growth and in-situ or ex-situ annealing.
Also, various types of optical and electronic devices such
as lasers, solar cells, light emitting diodes (LED's),
metal-semiconductor field-effect transistors (MESFET's) and
high electron mobility transistors (HEMT's) have been
fabricated on Si. The most impressive results using the
GaAs/Si as yet are room-temperature cw operation of an
AlGaAs/GaAs laser, the integration of a GaAs LED with a Si
MOSFET and a GaAs 1-kbit SRAM grown by MBE or a combination
of MBE and MOCVD. For practical applications, however, it
would be advantageous to grow the entire device structure by
MOCVD, which is generally regarded as a more promising
technique than MBE for high-volume production.

In this research, the heteroepitaxial growth of GaAs on
Si by MOCVD and its application to optical and electronic
devices have been studied. The most noticeable results in

this research are the successful fabrication of room-
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temperature cw operation of AlGaAs/GaAs SQW lasers and GaAs
MESFET's on Si grown entirely by MOCVD. These results are
important for the realization of GaAs/Si technology.

In chapter 1, the background and purpose of this
research, and the current status of GaAs/Si materials and
devices were presented.

The important results in this research are summarized
in the following paragraphs.

In chapter 2, the heteroepitaxial growth and
characterization of GaAs layers on Si by MOCVD were
presented. It is clear that the crystallinity of the
GaAs/Si is improved by using the Alo.5Gao_5As/AlXGa1_xP
intermediate layers and affected by the composition of x in
the Al ,Gaq _4P intermediate layer. The Al ,Gaq_4P layer grows
two-dimensionally on Si when the composition (x) is greater
than or equal to 0.45. In spite of a large lattice mismatch
(3.5 %) between Al gGag gAs and Alg g55Gag_45P, the
A10.5Ga0.5As layer grows two-dimensionally on the
A10.55Ga0.45P/Si. The best crystallinity has been obtained
for the GaAs/Alo.SGaO_SAs/AlO.S5Ga0.45P/Si structure, which
has a specular surface morphology. The full width at half
maximum of the X-ray is 126 arcs by thermal cycle annealing.

The gquantum wells on Si dgrown with the
A10.5Ga0_5As/A10.55Ga0.45P intermediate layers show smoother
heterointerfaces than those grown by the two-step growth
technique. The causes of the fluctuation in the quantum

well thickness of the GaAs/Si are three-dimensional growth
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at the initial stage and propagation of dislocations.

The effect of selective area growth on the reduction in
the EPD of the GaAs layers selectively grown on Si was
studied. The EPD decreases with the narrowing of the
selective area. By using a combination of strained layer
superlattice and thermal cycle annealing, a minimum EPD of
1.4x10% cm™2 has been obtained.

The use of a SiO, back-coated Si substrate is effective
in obtaining a low background electron concentration in the
undoped GaAs layer grown on Si, particularly at high
temperature by MOCVD. Using SiO, back-coated Si, the
undoped GaAs layer with an electron concentration as low as
1x101% cm~3 has been grown even at 750 ©C. The back coating
suppresses the gas phase transport of Si from the substrate
and reduces Si incorporation into the undoped GaAs layer
during the growth, even at high temperatures.

In chapter 3, the characteristics of all-MOCVD-grown DH
and SQW lasers on Si were studied. The DH laser on Si has a
pulsed threshold current of 250 mA (8.87 kA/cm?) at room
temperature. The cw operation with a threshold current of
100 mA (3.55 kA/cm?) has been achieved below 130 K. The
polarization of the DH laser can be controlled by the Al
composition in the Al ,Gaq _,As cladding layer.

By using the techniques of thermal cycle annealing and
Sioz back-~coated Si, room-temperature cw operation has been
achieved for all-MOCVD-grown SQW lasers on Si. The §i0,

back coating is effective in obtaining the excellent I-V
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characteristic. The thermal cycle annealing is also found
to improve the crystallinity of the GaAs/Si and contribute
to room-temperature cw operation. Compared with the laser
on Si grown by the two-step growth technique, the laser
characteristics have been improved by the use of the
AlO.SGaO_SAs/Alo.S5Ga0.45P intermediate layers, which are
caused by the smoother heterointerfaces. The laser on Si
grown with the AlO.SGao.SAs/Alo.55Gao.45P intermediate
layers exhibits a cw threshold current as low as 60 mA (1.72
kA/cmz) and a differential quantum efficiency as high as 67
% at room temperature. However, the lasers on Si still
have a problem with lifetime, due to many threading
dislocations. Major improvements in the material quality
are necessary in order to increase the reliability to the
level required for practical applications.

In chapter 4, the relationship between the
crystallinity of MOCVD-grown GaAs/Si and the characteristics
of Schottky diodes fabricated on the GaAs/Si with various
intermediate layers was investigated. Schottky diode
characteristics, which depend on the intermediate layer, are
superior for the GaAs/Si with the Alj ¢5Gap 45P intermediate
layer to those for the GaAs/Si fabricated by the two-step
growth technique and using the SLSs/GaP intermediate layers.
It is clear that the intermediate layer plays an important
role in improving the crystallinity and the Schottky diode
characteristics of the GaAs/Si. The Schottky diode on the

GaAs/Si with the A10.55Ga0‘45P intermediate layer shows good
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forward and reverse I-V characteristics with an ideality
factor of 1.06, which is as good as for an n-type GaAs
substrate. However, unique to the GaAs/Si, significant
leakage current is observed under reverse and small forward
bias. This leakage current is caused by recombination and
generation centers related to a high density of dislocations
in the GaAs/Si.

In chapter 5, the characteristics of GaAs MESFET's
grown by MOCVD on Si with and without SiO, back coating were
studied. The SiO, back coating suppresses the gas phase
transport of Si atoms from the substrate and reduces Si
incorporation into an undoped GaAs layer during the growth,
even at high temperatures. Since the undoped GaAs layer
beneath the channel grown even at a high temperature has a
low electron concentration, the pinch-off characteristic of
the MESFET has been improved by the use of the SiO, back-
coated Si. The undoped GaAs layer grown at high temperature
is of good crystallinity and suppresses the sidegating
effect. Threshold voltage of -1.3 V, maximum
transconductance of 160 mS/mm and a K-value of 46.8 mA/VZmm
were obtained for a 2.5-um-gate-length MESFET on SiO, back-
coated Si. The reduction of the drain current of a MESFET
on SiO, back-coated Si is less than 4 %, even when the
sidegate bias is -10 V and the sidegate pad spacing is 30
um. The standard deviation of 16.6 Q/o has been obtained
for the sheet resistance of the 50-um pitch arrayed n*-GaAs

layer on Si. The characteristics of the MESFET's grown at
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high temperature on Si with SiO, back coating are comparable

to those of the MESFET's on GaAs.
Scope for Future Work

The heteroepitaxial growth of GaAs on Si by MOCVD and
its applications to optical and electrical devices were
studied. Room-temperature cw operation of AlGaAs/GaAs SQW
lasers and GaAs MESFET's on Si have been grown entirely by
MOCVD. The successful fabrication of lasers and MESFET's
on Si grown entirely by MOCVD makes sense as a first step
towards transforming GaAs/Si technology into reality.

For minority carrier devices such as lasers, LED's and
solar cells, further work is needed to improve the
reliability of the devices. The main obstacles which
degrade the reliability of optical devices are a high
density of dislocations and stress in the GaAs/Si. The
degradation is attributed to a high density of non-radiative
recombination centers associated by dislocations. The
lasers are one of the most challenging, demanding a low
dislocation density (less than 1x104 cm"2) and a low stress
(less than 108 dyn/cmz). The lasers would require a
significant breakthrough in the material properties to
attain room-temperature cw operation of 20000-100000 hours
which is at least a factor of 1000 above the current best
result. One possible technique to improve the reliability

of lasers is the selective area growth method, which reduces
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the dislocations and stress in the GaAs/Si.

In contrast, majority carrier devices such as MESFET's
and HEMT's are less susceptible to dislocations. The
effects of dislocations and stress on the electrical
properties and the yield of GaAs LSI}s on Si have not been
studied in detail. For example, it is expected that a
significant influence might occur due to piezoelectricity,
which affects the threshold voltage of GaAs MESFET's on Si.

Undoubtedly, a significant progress in the
heteroepitaxial growth has already been made in both the
material and the device applications. Promising and
potentially useful devices have also been made from other
mismatched heteroepitaxy (InP/Si, InP/GaAs, etc.). Indeed,
a deeper understanding of the art and science of mismatched
heteroepitaxial growth is needed to turn the potential into

reality.
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