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Chapter 1. Introduction

| GaSb has a band gap of 0.72 eV at room temperature ( and 0.81 eV at 35 K ) and a cubic lattice
constant 6.095 A that is appreciably larger than for GaAs ( 5.654 A)and 0.6% larger than for
InAs (6.058 A). GaSb has a mélting point of 712 °C which is substantially lower than the 1240
°C of GaAs." Undoped bulk grown GaSb is p type with a hole concentration of the order of 10'°
~10"" cm™. The native defect responsible is Ga on an Sb site and a complexes. There is a report
that center is doubly ionized with the first and second levels lying 33 and 80 meV above the valence
band edge.” GaSb is direct band gap material and so of interst for electro optical devices. Liking
GaAs, GaSb also exsits a problem to achieve good oxides with low interface state density,
high-resistivity, high break-down field strength and suitable for high temperature processing.

Electron mobilities in the range 4000-5000 cm®/V's may be expected for 10" cm™ doping in bulk
GaSb at 300 K.>* This is comparable to the electron mobilities for GaAs. The hole mobility is
500-600 cm’/Vs for 4 x 10'® cm™> doping and so tends to be at least as high as for GaAs.’
Photoluminescence of shallow defects in GaSb has been studied by Nicholas.®

The optical properties of GaSb homojunctions have particular potential for high-speed low-noise
avalanche photodiode detectors (APDs). The ratio of ionization coefficients of holes and electrons
k,/k,is large.®® High detectivity has also been reported for InAs, 4.Sb, ,s/InAs detectors in spite of
1% lattice mismatch.”'® Detection of longer wavelengths, 8-14 um, is possible with inter-subband
absorption in Ga, Al Sb/AISb superlattices''. For the lasers and waveguides,'”"” the
(AlInGa)(AsSb) set of alloys offer excellent performance in the wavelength range 0.8-2.3 um
which includes some atmosphere transmission windows and the 1.3-1.55 wm optical fiber
preferred wavelengths. Further improvement may be expected in GalnAsSb injection laser

performance since many features found in GaAs laser structure have not yet been thoroughly
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explored. This includes quantum wells and graded index confining layers to improve the linewidth

1617 Even though large research has been done on this material the device quality

and efficiency.
material is yet to develop. It is well known that the device-like material is limited by- high undoped
background carrier density.

In Chapter 2, we have given the detailed process of GaSb growth by MBE. High quality
epilayers with excellent morphology were grown.

In Chapter 3, we analyzed the electric transport properties of undoped GaSb. A very detail model
is used, which is including various lattice scattering and ionized impurities scattering mechanisms.
We found that limitation of device quality is not only high unintentional carrier density, but also
high compensation degree 1n this material. We present the results of the PL and I-V measurement.
PL also indicated that high quality epilayers were grown. I-V measurement demonstrated that the

tunnel current is dominant. at a large temperature region, results from narrow energy band and high

carrier density and compensation.

Recently, group III nitride-based semiconductors have emerged as the leading material for
short-wavelength optoelectronic devices. The (AlGaIn)N alloy system forms a continuous and
direqt bandgap semiconductor alloy spaning ultraviolet (UV) to blue/green wavelengths.'® Unlike
Si, GaAs technologies, devices based on group-III nitrides are capable of operating at high

temperatures and hostile environments as well as emitters and detectors.'” *°

As for coherent
sources, they are crucial for high density optical read and write technologies. Because the
diffraction limited optical storage density increasing roughly quadratically as the probe laser
wavelength is reduced, nitride based coherent sources at wavelengths down to UV are attracting a
good deal of attention. The recent past and to some extent recent difficulties in growing III-V
nitrides manifested themselves as poor crystalline quality and high n-type background carrier

concentrations,”’ which resulting from native defects through to by some as nitrogen vacancies.

Also, no suitable substrate material with reasonably close lattice match and more stacking order
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match- could not be easily found. MOCVD has emerged as the leading growth technology for
depositing high-quality GaN/InGaN heterostructure-based devices.’? GaN-based blue LED's with
external quantum efficiencies of 10% and 5 mW output power at 20 mA have recently been
demonstrated, and the achievement of the shortest wavelength laser diode using InGaN MQW's
indicates that these materials have a pronﬁsing future in optical recording and displays.” In oder for
further development of these materials to be realized, doping incorporation (especially p-type) and
ohmic contact technologieé to p-type material have to be improved.

But such material and related optoelectrical devices are still in the preliminary sta;ge, and many
physical mechanisms affecting their active medium behavior are not understood in detail.

Due to the large exciton binding energy (27.5 meV) of GaN, which is larger than room
temperature (26 meV), and with wide band-gap and small exciton radius (2.76 nm, comparing to
screening length KD‘]=2.6 nm, at 10'® cm™) (screening effect will be reduced), the many body
effect is very important for this material.

In Chapter 4, we investigated the band-gap narrowing of current injected InGalN/AlGaN surface

emitting diode, caused by many body effect.

The development of gréup 111 nitride-based short-wavelength lasters may make them the best
potential optical devices to complete the optical computation. Optical bistable and no;llinear devices
have many advantage for applications in optical logic and signal processing. In Chapter 5, the
thermo-optical nonlinearity was studied. This material demonstrated very large thermo-optical
nonlinearity near band-gap edge, the thermo-optical coefficient increases with increasing the
temperature. Kramers-Kronging transformation was used to verify our results, a qualitative
consistency was obtained.

Finally, in Chapter 6, we outline the conclusions drawn from this work.
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Chapter 2. MBE Apparatus and GaSb Epitaxial Growth

2.1 Introduction

Molecular beam epitaxy (MBE) is a versatile technique for thin epitaxial semiconductor
structures, optical and microwave devices preparing."3 In MBE, thin films crystallizes via
reactions between thermal atomic and molecular beam and a heated substrate under ultra-high
vacuum (UHV) conditions. The composition of the grown epilayer and its doping level depend
on the evaporation rates of the appropriate sources. The film growth rate is typically 0.5 -1.0
um/h. It is chosen low enough that dissociation and migration of the impinging species on the
growing surface to the appropriate lattice sites are ensured without incorporating crystalline
defects. Consequently, the surface of the grown film is very smooth. Due to the slow growth
rate, change in composition and doping can thus be abrupt on an atomic scale alternative wording
the eptaxial layers can be grown in atomic layer upon atomic layer.

The MBE mainly distinguishes from previous vacuum deposition techniques is:

1) MBE can significantly more precisely control the fluxes and growth conditions, due to its
slow growth rate ( 0.2~1 um/h ).

2) Because of the vacuum deposition, MBE growth is carried out under conditions far from
thermodynamic equil_ibrium and is governed mainly by the kinetics of the surface processes
occurring when the impinging beam react with the outermost atomic layers of the substrate
crystal. This is in contrast to other epitaxy growth techniques, such as liquid phase epitaxy

(LPE) or vapor phase epitaxy (VPE), which proceed at conditions near thermodynamic

equilibrium and are most frequently controlled by diffusion processes occurring in the

crystallizing phase surrounding the substrate crystal.
3) Crystal growth can be carried out by MBE at lower temperature than other epitaxy growth

techniques (i.e. LPE and VPE)
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4) Simple mechanical shutters in front of the beam sources are used to interrupt the beam
fluxes, therefore, very abrupt composition and doping profiles are possible.

5) MBE is realized in an ultrahigh vacuum environment, it may be controlled in situ by
surface sensitive diagnostic methods such as reflection high energy electron diffraction
(RHEED), Auger electron spectroscopy (AES) or ellipsometry. These powerful facilitie for
control and analysis eliminate much of the guesswork in MBE, and enable the fabrication of

sophisticated device structures using this growth technique.

2.2. MBE apparatus

The advanced MBE system mostly consists of three basic UHV building blocks, i.e. the
growth chamber, the sample preparation chamber, and load-lock chamber, which are
independently pumped and interconnected via large-diameter channels and isolation valves.
Therefore the UHV can be maintained while changing substrate. The substrates can be moved
between the chambers using magnetically coupled transfer rods. A liquid-nitrogen-cooled shroud
is used to enclose the entire growth area in order to condense the residual water vapor and
carbon-containing gases in the growth chamber during epitaxy. The substrate holder can rotate
continuously to achieve extremely uniform epitaxial layer. Our MBE growth chamber for III-V
~ compounds is shown in Fig. 2-1, which is pumped to a pressure of approximately 10” Torr after
extensive bake out (200 °C, 72 h). Rough pumping is achieved using rotary pumps. Then liquid
nitrogen cooled, Ti sublimation pump, turbo molecular pump, ion pump and diffusion pump are
used to perform final UHV pump.

The growth systems are equipped with in situ surface analytical techniques. The most
common facilities in the growth chamber are a quadupole mass spectrometer, which is
convenient to have for detecting a leak in the vacuum system or to measure the water vapor

background in the residual gas at all times, and a reflection high energy electron diffraction
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(RHEED) system, which gives important information about surface cleanliness, structure and
proper growth conditions.

The experimental geometry of RHEED is illustrated in Fig. 2-2. Electron having energy of
typically 5-50 keV are incident on the substrate in a small glancing angle (1-3°) reflection mode.
The diffraction pattern on the fluorescent screen mostly taken in [110] azimuth of (100) oriented
substrate, contains information from the topmost layers of the deposited material and it can thus
be related to the topography and structure of the growing surface. The diffraction would give
streaks perpendicular to the shadow edge of the pattern, the spot diffraction implies that the
surface texture is rough and the diffraction is from transmission through the protuberances.
Additional features in RHEED pattern at fractional intervals between the bulk diffraction streaks
manifest the existence of specific surface reconstruction, which are correlated to the surface
stoichiometry and thus directly to MBE growth conditions. Figure 2-3 shows a diffraction in the

[110] azimuth of the reconstructed GaSb (1 X 3) surface. The threefold periodicity is evident
from the appearance of fractional-order (1/3, 2/3) streaks between the integral- order streaks, the
surface structure depends on the incident fluxes of Ga and Sb as well as the substrate
temperature.4 The (1 X 3) surface is usually adopted for crystal growth.

Another characteristic feature of RHEED pattern is the existence of periodic intensity
oscillations during MBE growth.5 The period of these oscillations corresponds exactly to the
time required to deposit a lattice plane of epitaxial layer. It can be used to calibrate beam fluxes

and control alloy composition and the thickness of quantum wells and superlattice layers.

2.3. The process of GaSb growth
GaSb (001) and GaAs (001) substrate are first organically cleaned with ‘trichloroethane,
acetone and methanol sequentially. After rinsing in deionized water, for GaSb,the substrate is

then etched in solutions of CH,COOH:HNO,:HF=20:9:1 at room temperature for 40 sec., rinsed
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Fig. 2-3 Diffraction pattern from the GaSb (001)-(1 X 3) surface,
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Fig. 2-4 Growth sequence of GaSb.
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again in deionized water and then etched in HCI:HNO,=30:1 (at 5 °C for 5 min.), for GaAs is
etched in solutions of H,0:H,0,:H,SO,=1:1:5 at room temperature for 2 min., to remove any
oxide and organic materials on the substrate surface. Finally it is rinsed in deionized water for
passivation > and blow dried with filtered nitrogen gas, the passivated oxide layer serves as a
protection for the freshly chemically etched substr_ate from atmospheric contamination before
epitaxial growth. The substrate is then mounted on a preheated (160°C) molybdenum sample
holder with indium solder and load into the MBE system immediately. To grow high quality
epitaxial layers, one mﬁst take meticulous care in substrate preparation, all above operation
should perform in a clean ambiance and the MBE system has to be leak-free.

The epitaxial growth sequence of GaSb is shown in Fig. 2-4. After a pump down of 107

Torr, the substrate were transferred to the preparation chamber and heated to 300 °C for 15 min.

“to be rid of moisture and air bubbles trapped in the In. Then the sample is entered to growth

chamber, after the MBE system is pumped down , the liquid nitrogen shroud cooled and the
effusion cells heated to the desired temperature (for Ga at 1000 °C; for Sb at 380 °C). In order
for oxide desorption and surface reconstruction, the substrate is heated at 590 °C for 30 min. in"
antimony ambiance. At this point, the substrate is nearly atomically clean and ready for epitaxial
growth. Next, the Ga beam is opened to begin the epitaxial growth.

The basic process for MBE epitaxial growth of III-V semiconductor consists of a
co-evaporation of the constituent elements of the epitaxial layer and of dopants onto the heated
substrate where react chemically UHV conditions. The composition of the layer and its doping
level depend mainly on the relative arrival rates of the constituent elements which in turn depend
on the evaporation rates of the respective sources.

Joyce and coworkers % have described the kinetic processes leading to the growth of GaAs
from Ga and As, or As, fnolecules. The group III elements are always supplied as monomers by
evaporation from the respective liquid element, and they have a unity sticking coefficient over

most of the substrate temperature range used for film growth (500-630°C). The group V
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elements that are supplied as tetramers or dimers are more complex. It was found that, in
general, group V molecular stick only when group III elements adatom plane are already
established. The stoichiometric III-V semiconductors can be grown over a wide range of
substrate temperature as long as excess group V molecular are impinging on the growing
surface. The excess group V molecular do not stick on the substrate, and the growth rate of the
film is only determined by the flux of the group III elements beam. The model is also valid for
GaSb, a number of other III-V compounds. According to the model, under excess Sb/Ga flux
ratios (5~10), substrate temperature over 430~530°C range, we have grown single crystalline
GaSb, while the Ga beam flux was controlled to give a growth rate of 0.76 um/h. A good
control of ternary III-III-V alloys can be achieved’ by supplying excess group V elements and
adjusting the flux densities of the impinging group III beams. Unintentionally doped GaSb
which growth by MBE is p-type. The Hall effect was measured using van der Pauw method for
the epitaxial GaSb layer grown on SI GaAs substrate. The hole mobility and density are 2700
cm’/Vs and 2.0X 10'® cm™ at 77 K, and 630 cm’/Vs, 1.5 X 10" ecm™ at 300 K, respectively.
The mobility is high as that reported by other workers.” Photoluminscence (PL) spectra of
MBE-grown GaSb on undoped GaSb substrate was alsb studied, PL spectra implies that the

epilayer have a good crystalline (PL measurement will be described on Chapter 3 in detail).

2.4. Conclusion

The MBE apparatus and growth process of GaSb were described in detail. It was found that
mirror-like surface of GaSb epilayer can be obtained over large substrate temperature range
(430~530°C), and Sb/Ga flux ratios (5~10). High quality epilayers with excellent morphology

WwEre growi.
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「川一V化合物の電気的及び光学的特性の解析と結晶成長」Chapter　1．　Introduction　GaSb　has　a　band　gap　of　O．72　eV　at　room　temperature（and　O．81　eV　at　35　K）and　a　cubic　la面ceconstant　6．095　A　that　is　apPreciably　larger　than　for　GaAs（5．654　A）and　O．6％larger　than　forInAs．（6．058　A）．　GaSb　has　a　melting　polnt　of　7120C　which　is　substantially　Iower　than　the　12400C　of　GaAsll　Undoped　bdlk　grown　GaSb　isρtype　with　a　hole　concentration　of　the　order　of　lO16〜1017cm層3．　The　native　defect　respohsible　is　Ga　on　an　Sb　site　and　a　complexes．　T五ere　is　a　reportthat　center　is　doubly　ionized　with　the　first　and　second　levels　lying　3きand　80　meV　above　the　valenceband　edge．2　GaSb　is　direct　band　gap　material　and　so　of　interst　for　electro　optical　devices，　LlkingGaAs，　GaSb　also　exsits　a　problem　to　achieve　good　oxides　with藍ow　interface　state　density，high−resistivity，　hlgh　break−down　fie藍d　strength　and　suitable　for　high　temperature　processing．　　Electron　mobilities　in　the　range　4000−5000　cm2／Vs　may　be　expected　for　lO17cm’3　doping　in　bhlkGaSb　at　300　K．3’千This　is　comparable　to　the　electron　mobilities　for　GaAs．　The　hole　mobility　is500−600cm2／Vs　for　4×1016　cm−3　doping　and　so　tends　to　be　at　least　as　high　as　for　GaAs．5Photoluminescence　of　shallow　defbcts　in　GaSb　has　been　studled　by　Nicholas．6　The　optical　propertles　of　GaSb　hom（junctions　have　part孟cular　potential　for　high−speed　low−noiseavalanche　photodiode　detectors（APDs）．　The　ratio　of　ionization　coefficients　of　holes　and　electronsんノん。i・1・・g・．6璽8　High　d・tect童吻h・・al・・been・ep・沈・d　f・・1曲・。．85Sb。．15／1帆・d・tect・rs　i・・pit・・f1％latdce　mismatch．9’10　Detection　of　longer　wavelengths，8−14μm，　ls　possible　with　inte卜subband・b・・lpti・n童・Gal−xN。Sb／AISb・up・・1・面ces11．　F・・血・1asers　and　waveg・id・・，12”5血・（AIInGa）（AsSb）set　of　alloys　offer　exceUent　pe�ub�oance　in　the　waVelength　range　O．8−2．3μmwh董ch　includes　some　atmosphere　transmission　windows　and　the　1．3−1．55　μm　optical　fiberprefbrred　wavelengths．　Further　improvement　may　be　expected　ln　GalnAsSb　i可ection　laserpe�ubrmance　since　many　features　found　in　GaAs　laser　structure　have　not　yet　been　thoroughly一113一explored．　This　includes　quantum　wells　and　graded　index　confining　layers　to　improve　the　linewidthand　efficiency．豆6’17　Even　though　large　research　has　been　done　on　this　material　the　device　qualitymaterial　is　yet　to　develop．　It　is　well　known　that　the　device−like　material　is　limited　by　high　undopedbackground　carrier　density．　　In　Chapter　2，　we．have　given　the　deta丑ed　process　of　GaSb　growth　by　MBE　High　quality・p丑・yers　with・xcell・nt．香E叩h・1・9γw・・e　g・・w・・　　In　Chapter　3，　we　analyzed　the　electric　transport　properties　of　undoped　GaSb．　A　very　detail　modeli、u、ed，　w�q、h　i・i・・1・di・g・飢i・u・1・眈ice・catt・・i・g�pd　i・�uzed　imp・・iti・9・catt・・i・g　mech・ni・m・・We　found　that　1�qitation　of　device　quality　is　not　only　high　unintentional　carrier　density，　but　alsohgh・・mp・n・ati・n　d・g・ee　i・thi・m・t・・i飢・W・p・e・ent　th・・e・ul…f・h・PL�pd　l−V　m・a・u・em・nl・PL組・・i繭cat・d血・t�qgh　q・烈i取・pil・yers　w・r・g・・w・・1−V　mea・田・m・nt　d・m・n・1・at・d血・t　th・tu�oel　current　is　domihant　at　a　Iarge　temperature　region，　results　from　narrow　energy　band　and　highcarrier　density　and　compensatlon・　　　　　　　　　　　　　　　　　　　　　　　　・　Recently，　group　III　nitfide−based　semiconductors　have　emerged　as　the　leading　material　fbrshort−wavelength　optoelectronic　devices．　The（AIGaIn）N　alloy　system　fbrms　a　continuous　anddk。、t　bandg・p・e�u・・nd・・t・・烈1・y・p・ni・g・1甘・vi・1・t（UV）t・blue／きeen　w・vel・ngth・．18U・lik・Si，　G訟・tec�q・1・gi・・，　d・vice・b・・rd・n　g・・up−III・it・id・・肛e　ca圃・・f・P・・ati・g・t　hight・mp・・at肛・・�pd　h・・tile　envi・・nm・nt・a・w・ll・・emitters�pd　d・tect・rsj9’20　A・鉛・c・h・・e・tsources，　they　are　crucial　for　high　density　optical　read　and　write　technologies．　Because　thedif翫action　hmited　optical　storage　density　increasing　roughly　quadratically　as　the　probe　laserwavelength　is　reduced，　nitride　based　coherent　sources　at　wavelengths　down　to　UV　are　attractlng　a9。。d　d・訓・f・tt・nti・n．　Th・・ecent　p・・1・nd・…me　ext・n・・�t・nt　di茄・ulti・・i・g・・wi・g　IH−Vnitrides　manifbsted　themselves　as　poor　crystalline　quality　and　high　n−type　background　carrierconcentrations，21　which　resulting　ffom　native　de奪cts　through　to　by　some　as　nitrogen　vacancies・Also，　no　suit註ble　substrate　material　with　reasonably　close　lattice　match　and　more　stacking　order一114一match・could　not　be　easily　found．　M�ohas　emerged　as　the　leading　growth　tec�qology　for　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　22depositing　high−quality　GaN∠【nGaN　heterostructure−based　devices．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　GaN−based　blue　LED’s　withextemal　quantum　ef且ciencies　of　10％and　5　mW　output　power　at　20　mA　have　recently　beendemonstrated，　and　the　achievement　of　the　shortest　wavelength　laser　diode　using　InGaN　MQw　sindicates　that　these　materials　have　a　promising　future　in　gptical　recording　and　displays。231n　oder　fbrfUrther　development　of　these　materials　to　be　realized，　doping　incorporation（especiallyρ一type）andohα亘。　contact　tec�qologies　toρ一type　matehal　have　to　be　improved．　But　such　material　and　related　optoelectrical　devices　are　still　in　the　prel�qinary　stage，　and　manyphysical　mechanisms　affbcting　thehl　active　medium　behavior　are　not　understood　in　detail．　　Due　to　the　large　exciton　binding　energy（27．5　meV）of　GaN，　which　is　larger　than　roomtemperature（26　meV），　and　with　wide　band−gap　and　small　exciton　radius（2．76　nm，　comparing　toscreening　length　KD一L2．6　nm，　at　1018　cm’3）（screening　ef飴ct　will　be　reduced），　the　many　bodyef藍bct　is　very　important　for　this　material．　　In　Chapter　4，　we　investigated　the　band−gap　narrowing　of　current　i切ected　InGaNIAIGaN　surfaceemitting　diode，　caused　by　many　body　effbct．　The　development　of　group　In：nitride−based　short−wavelength　Iasters　may　make　them　the　bestpotential　optical　devices　to　complete　the　optical　computation．　Optical　bistable　and　nonlinear　deviceshave　many　advantage　fbr　applications　in　optical　logic　and　signal　processing．　In　Chapter　5，　the由e�oo−optic副nonlineariW　was　studied．　This　mateh組demons曾ated　very　large　the�oo−optic記nonlinearity　ne継band−gap　edge，　the　the�oo−optic組coef丘cient　increases　with　increasing　thetemperature．　Kramers−Kronging　transfo�oation　was　used　to　veri旬our　results，　a　qu訓ita廿veconsistency　was　obtained・　　Finally，　in　Chapter　6，　we　outline　the　conclusions　drawn　f士om　this　work．一115一ReferencelR．　C．　Sha�oa，　T．　Leo　Ngai　and　Y．　A．　Chang，　J．　Ellectron．　Mater．16，307（1987）．2R．　P．　Nanavati　and　M．　Eisencraft，　Proc．　Int．　Conf　on　the　Phsics　of　Semiconductors，　Kyoto，1966・J・Phy・・S…J・pan　21・S・pPl・・603（1966）・3M．　E．　Lee，1．　Poole，　W。　S．　Truscott，1．　R．　Cleverley，　K．　E．　Singer　and　D．　M．　Roh1且ng，　J．Appl．　Phys．68，131（1990）．40．Madelung，　P塀5c3（ザ111−y　Co即。醜45．　Wiley，　New　York（1964）．5D．　J．　Nicholas，　M　Lee，　B．　Hamilton　and　K．　E．　Singer，　J．　Cryst．　Growth　81，298（1987）．6H．　Luquet，　M．　Perotin，　L，　Gouskov，　C．　Llinares，　H．　Archidi，　M。　Lahbadi，　M．　Karim　and　B．Mbov，　J．　Appl，　Phys．68，3861（1990）．7S．　Miura，　T．　Mikawa，　H．　Kuwatsuka，　N．　Yasuoka，　T．　Tanahashi　and　O．　Wada，　Appl．　Phys．Lett．54，2422（1989）．81．A．　A・d・eev，　A．　N．　Bar�p・v，　M・Z・Zhi・g・・ev，　V・1・K…11ﾕ・v，　M・P・M曲樋1・va�pd　Y・P・Yakovlev，　Sov．　Phys．　S6micond．19，987（1985）．9S．　M．　Bedair，　J．　ElectrochemSoc．22，1150（1975）．10`．　M．　Fox，　A．　C．　Maciel，　J．　F．　Ryan　and　T．　Kerr，　Appl．　Phys．　Lett．51，430（1987）．11g．　Xi・，　J．　Pia・，　J．　K・t・�pd　W．1．　W油9，　J．　ApPl．　Phys．70，3152（1991）．12b．　Alibert，　M．　Skouri，　A．　Joullie，　M．　Benouna　and　S．　Sadiq，　J．　Appl．　Phys．69，3208（1991）．13s．　H．　Wood，　E，　C，　Carr，　C．　A．　Burrusr　R　S．　Tucker，　T．　H．　Chiu　Imd　W．一T．　Tsang，　Electron．Lett．23，540（1987）．14x．　Horikoshi，　Semiconductors　and　Semimetals，　Vol．22，　Part　C，　p．93．　Academic　Press，　NewYork（1985）．15r．　Adachi，　JL　Appl．　Phys．61，4869（1987）．一116一16m・T・b・�pd　K・N・・u，．Elect・・n．　L・tt．23，．188（1986）．17`．　N．　B　aranov，　App工Phys．　Lett．59，2360（1991）．18S．Nak�oura，　M　Senoh，　S」．　Nagahama，　N．　Iwasa，　T．　Yamada，　T．　Matsushita，　H．　Kiyokuand　Y．　Sugimoto，　Jpn．　J．　Appl．　Phys．，　Part235，　L74（1996）．19S．Nakamura，　T．　Mukai，　and　M．　S『noh，　Appl．　Phys．　Lett．，64，1687（1994）．20l．　A．　Khan，　D．　T．01son，　J．　N．　Kuznia　and　W．　E．　Carlos，　J．　Appl．　Phys．745901（1993）．21r．　Nakamura，　N．　Iwasa，　M．　Senoh，　S．1．　Nagahama，　T．　Yamada　and　T．　Mukai，　Jpn．　J．　Appl．Phys．　Lett．34，　L　1332（1995）．22r．　Nakamura，　T．　Mukai，　and　M．　Senoh，　Jpn．　J．　Appl．　Phys．　Lett。31，2883（1992）．23r・N・M・h・�o・d，　A．A・S・1・・d・・，�pd　H・M・・k・・，　P…．IEEE．83，1306（1995）．一117一Ch紐pter　2．　M：BE　App紐r日tus劉nd　GaSb　Epitaxial　Growth2．1　1ntrod｛1ction　　　　　Molecular　beam　epitaxy（MBE）is　a　versatile　technique　fbr　thin　epita）dal　semiconductor　　structures，　optical　and　microwave　devices　preparing．董’31n　MBE，　thin　films　crystallizes　viareactions　between　the�o回忌omic　and　molecul訂beam　and　a　heated　substrate　under　ultra−high　　vacuum（uHv）conditibns．　The　composition　of　the　grown　epilayer　and　its　40ping　level　depend・nthe　ev・p・・ad・n・at…fthe　apP・・pn・t…u・ce・．　Th・負�q9・・wth・at・i・域pl・誕1y　O．5−1．0　　μmlh．　It　is　chosen　low　enoμgh．t瞬dissociatiQn　and　migration　of　the　impinging　species　on　the　　growing　surface　to　the　appropriate　lattice　sites　are　ensured　without　incorporating　crystalline　　de艶cts．　Consequently，　the　surface　of　the　grown且�qis　very　smooth．　Due　to　the　slow　growth　　rate，　change　in　composition　and　doping　can　thus　be　abrupt　on　an　atomic　scale　altemative　wording　　the　eptaxial　layers　can　be　grown　in　atomic　layer　upon　atomic　layer・　　　　Th・MBE画・ly　di・ti・g・i・h・・丘・m　p・6・i・u・vacuum　d6P・・iti・n　tech加q…i・・　　　　1）MBE　can　significantly　more　precisely　control　the　fluxes　and　growth　conditions，　due　to　its　　slow　growth　rate（0．2〜1μnソh）．　　　　2）Because　of　the　vacuum　deposition，　MBE　growth　is　carded　out　under　conditions　far　ffom血・�o・dy・翻。　eq・illb・i・m・nd　i・g・vem・d　m副y　by血・�qneti…fth・・u・face　p…esse・　　occ�oling　when　the　impinging　beam　react　w．ith　the　oute�oost　atomic　layers　of　the　substrate　　crystal．　This　is　in　contrast　to　other　epitaxy　growth　techniques，　such　as　liquid　phase　epitaxy　　　（LPE）or　vapor　phase　epitaxy（VPE），　which　proceed　at　conditions　near　the�oodynam直。　　equilibrium　and　are　most　ffequently　controlled　by　diffUsion　processes　occurring　in　the　　crystallizing　Phase　surrounding　the　gubs虹ate　crystal．　　　　3）Crystal　growth　can　be　carried　out　by　MBE　at　lower　temperature　than　other　epitaxy　growth　　tec�qiques（i．e．　LPE　and　VPB）一118一　　4）S�qPle　rnechanical　shutters血ffont　of血e　beam　sources　are　used　to　interrupt　the　beamnuxes，　therefore，　very　abrupt　composition　and　doping　profiles　are　possible．　　5）MBE　is　reaHzed　in　a血ultrahigh　vacuum　envh’onment，　it　may　be　controlled加5枷bysurface　sensitive　diagnostic　methods　such　as　re且ection　high　energy　electron　diff士action（RHEED），　Auger　electron　spectroscopy（AES）or　ellipsometry．　These　powerfUl　facihtie　fbrcontroI　and　analysis　eh：血nate　much　of　the　guesswork　in　MBE，　and　enable　the　fabrication　ofsophisticated　device　structures　using　this　growth　tec�qique．2．2．MBE　apparatus　　The　advanced　MBE　system　mostly　consists　of　three　basic　UHV　building　blocks，　i．e．　thegrowth　chamber，　the　sample　preparation　chamber，　and　load−lock　chamber，　which　areindependently　pumped　and　interconnected　via　large−diameter　channels　and　isolation　valves．Therefbre　the　UHV　can　be　maintained　while　changing　substrate．　The　substrates　can　be　movedbetween　the　chambers　using　magnetically　coupled　transfbr　rods．　A　liquid−nitrogen−cooled　shroudis　used　to　enclose　the　entire　growth　area　in　order　to　condense　the　residual　water　vapor　andcarbon−containing　gases　in　the　growth　cha］mber　during　epitaxy．　The　substrate　holder　can　rotatecontinuousIy　to　achieve　extremely　unifbml　epitaxial　layer．　Our　MBE　growth　chamber　for　HI−V・・mp・und・is　sh・w・i・Fig・2−1・whi・h　i・p・mp・d　t・ap・essu・e・f・pP・・xim…1γ10”T・π誼・・extensive　bake　out（2000C，72　h）．　Rough　pumping　is　achieved　using　rotary　pumps．　Then　liquidnitrogen　cooled，　Ti　subIimation　pump，　turbo　molecular　pump，　ion　pump　and　diffusion　pump　areused　to　pe血�o且n副UHV　pump．　　The　growth　systems　are　equipped　with加5枷su�uace　analytical　techniques．　The　mostco�oon血ciIi廿es血the　growth　ch�ober肛e　a　quadupole　mass　spectrometer，　w�qch　isconve�uent　to　have　for　detecting　a　leak　in血e　vacu�osystem　or　to　measure　the　water　vaporbackground　in　the　residual　gas　at　a11　times，　and　a　reflection　high　energy　electron　dif匠action一119一（RHEED）system，　which　gives　importaat　infbmlation　about　surface　cleanliness，　Stmcture　andproper　growth　conditions・　　The　experimental　geometry　of　RHEED　is　mustrated　in　Fig．2−2．　Electron　having　energy　of取pi・組ly　5−50　k・V蝕・i・・id・・t・n　th・・ub・仕・t・i…m記l　gl・n・ihg�p91・（1−30）・e且�tU・n　m・d・・The　diffraction　pattem　on　the　fluorescent　screen　mostly　taken　in［110］azimu血of（100）orientedsubstrate，　cont証ns　infb�oadon丘om　the　topmost　layers　of　the　deposited　mate認and　it　c�pthus．be　related　to　the　topography　and　structure　of　the　growing　surface．　The　difffaction　would　give．streaks　perpendicular　to　the　shadow　edge　of　the　pattem，　the　spot　dif廿action�qplies　that　the・u�uace　t・x加・e　is　r・ugh・・d血・di缶acti・n　i・丘・m舳・�ussi・n　th・・u琴h　t耳・p「・ゆe「ances・A醐・n曲・膿・血R甲ED　p・tt・m・t丘acd・n瓠i・t・w副・b・tween血・bUlk曲acti・n・な・欲・mani飴st　the　e虹・t・n6e・f　speci負・・u・魚ce　rec・nstructi・n，　whi・h飢e　c・m・lated　t・the　su・蝕cestoichiometry　and　thus　dhlectly　to　MBE　growth　conditions．　Figure　2−3　shows　a　dif翫action　in　the［110］azimuth　of　the　reconstructed　GaSb（1×3）surface．　The　threefbld　periodibity　is　evident仕om　the　appearance　of　ffactiona1−order（113，213）streaks　between　the　integral−order　streaks，　thesurface　structure　depends　on　the　incident　fluxes　of　Ga　and　Sb　as　well　as　the　substratetemperature．4　The（1×3）su�uace　is　usually‘≠р盾垂狽?ｄ　fbr　crystal　growth．　　Another　characteristic　fbature　of　RHEED　pattem　is　the　existence　of　periodic　intensity・・c叫・廿・n・d・・i・g柵Eg・・w・h・5　T与r　P・d・d・fΦ・・e・・cill・・i・n・c・π・・p・nd・exactly　t・th・tiエne　required　to　deposit　a　lat口ce　plane　of　epitaxial　layer・It　can　be　used　to　cahbrate　bearn　fluxesImd　control　alloy　composiUommd血e　thic�qess　of　quImtum　wells｛md　superla血ce　layers．2．3．The　process　of　G紐Sb　growth　　GaSb（001）and　GaAs（001）substrate　are　first　organically　cleaned　with’trichloroethane，acetone　and　methanol　sequenti田ly．　A負er　rinsing　ln　deionlzed　water，　fbr　GaSb，the　substrate　isth・n　et・h・d　i…1・ti・n・・f　CH，COOH・HNO，・HF＝20・9・1．Et…mt・即・・蹴・飴・40・ec・，・i・・ed一120一QuadnlpoleMassSpectrometer／　　　　　　　　View　PortViewPort＼†口Qδ田§臣茎陀＼，．国　　　　　　　　SUBSTRATE　　　　　　．，一『、，　，　’　　　　　　　　　　　　　　、　＼　　　　　　　　　　　　　　　＼こ　　　Gate／　　　Valve＼＼　　　＼＼7To　PreparatiQn　ChamberFluorescent　　Screen　　　　　／／Effusion　CellsLiquid　NitrogenCooled　ShroudsFig2−1　S　chematic　cross−section　of　MBE　growth　champer．一121一FluorescentScreen01　Spot　ofSpecutar　Beam＼00励Shadbw　EdgehcidentBeama（1×3）surface◎o　o◎o　o◎o　o◎o　●◎◎。。◎．。。◎●。◎。。◎◎o　o◎o　o◎o　o◎o　o◎◎◎。◎・・◎◎。◎。。◎bCFig．2−2　S　chematic　diagram　of　RHEED　geometry　with　grazing−angle　　　incidence　used　as’η諺配analytical　tool　in　MBE（a）；Surface　unit　　　　cell（b）；dif丘action　patterns　of（1×3）reconstruction．一122一Fig．2−3　Diffraction　pattem　ffom　the　l　GaSb（001）一（1×3）su�uace，　　　　the［110］azimuth，　taken　at　an　electron　energy　of　20　keV．βτ旨範巴∈i出590　300−400Main　ChamberPreparation　Chamber300Sb　openGrowth　Temperature　500−560℃　　　MBE　Growth鴇一一一一一一一一一一一一一一一蟄■）｛　　　300−400Ga　openGa　o鉦Sb　offFig．2−4　Growth　sequence　of　GaSb．一123一again　in　deionized　water　and　then　etched　in　HC1：HNO3＝30：1（at　50C　for　5　min．），　fbr　GaAs　is・t・h・di…1・ti・n・・fH、o・H、o、・H、s6、＝1・1・5翫…mt・即・伽・e鉛・2mi・．，　t・・em・v・�pyoxide　and　organic　materials　on　the　substrate　surface，　FinaUy　it　is血sed　in　deionized　water　fbrpassi…i・n　3鋤d　bl・舳i・壁wi血m…ed・il・・9・n　g…血・passi・…d・虹d・1・yer　se・v・・a・aP・・tecti・n鉛・山・廿・・姐y・h・�u・訓ly・t・h・d・hb・即t・丘・m・tm・・ph・・ic　c・nt副・・d・n　b・鉛・e．epita）dal　growth．　The　substrate　is　then　mounted　on　a　preheated（1600C）molybdenum　sampleholder　with　i繭um　solder�pd　load　into血e　M3E　system　i�oediately．　To　grow　high　q幽epitaxial　Iayers，　one　must　take　motiCulous　care．in　substrate　preparation，　al急bove　operationshould　per鉛�oin　a　cle皿ambi�pce　and　the　MBE　system　has　to　be　Ie〜虚一曲ee．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一7　　The　epita）dal　growth　sequence　of　GaSb　is　shown　in　Fig．2−4．　After　a　pump　down　of　10T。E，車・、ub・杜・te『浴E・e　t・�p・艶π・d　t・th・p・ep組・ti・n・h�ob・・md　heat6d　t・3000C　f・・15血・．to　be　rid　of　moisture　and　air　bubbles　trapped　in　the　In．　Then　the　sample　is　entered　to　growthchamber，　after　the　MBE　system　is　pumped　down；the　liquid　nitrogen　shroud　cooled　and　thee血sion　cells　heated　to　the　desired　temperature（fbr　Ga　at　10000C；fbr　Sb　at　3800C）．　In　order飴，。xld。　d。、。叩ti・n�pd・肛飴ce・ec・n・tm・ti・n，血・・ub・仕・t・i・heat・d航5900C飴・30血・．　i・・antimony　ambiance．　At　this　point，　the　substrate　is　nearly　atomicaUy　clean　and　ready　fbr　epitaxialgrowth．　Next，　the　Ga　beam　is　opened　to　begin　the　epita】dal　growth．　　The　basic　process　for　MBE　epitaぬal　growth　of　m−V　semiconductor　consists　of　aco−evaporadon　of　the　constituent　elements　of　the　epitaxial　layer　and　of　dopants　onto　the　heatedsubstrate　where　react　chemica皿y　UHV　conditions．　The　composition　of　the　layer　and　its　dopinglevel　depend　mainly　on　the　relative　arriva1τates　of　the　constituent　elements　which　in　tum　dependon　the　evaporation　rates．of　the　respective　sources・Joyce　and　coworkers　6　have　described血e�qetic　processes　lea出ng　to　the　growth　of　GaAs丘om　Ga　and　As20r　As4　molecules．　The　group　III　elements　are　always　supplied　as　monomers　byevaporation　ffom　the　respective　liquid　element，　and　they　have　a　unity　sticking　coefficient　overmost　of　the　substratb　temperature　range　used　fbr　f丑m　growth（500−6300C）．　The　group　V一124一elements　that　are　supplied　as　tetramers　or　dimers　are　more　complex．　It　was　fbund　that，　ingeneral，　group　V　molecuIar　stick　only　when　group　HI　elements　adatom　plane　are．　aheadyestablished．　The　stoichiometdc　m−V　semiconductor『can　be　grown　over　a　wide　range　of・ub・t・at・t・mp・・a加・e　a・1・ng・・exce＄・g・・up　Y　m・lecul翻6　impi・gi・g・n　th・g・・wi・gsurface．　The　excess　group　V　mQlecular　do　not　stick　on　the　substrate，　and　the　growth　rate　of　the且�qis　only　dete血ined　by　the　nux　of　the　group　III　elements　beam．　The　model　is　also　valid　forGaSb，　a　nulhber　of　other皿一x　compounds．　According　to血e　model，　under　excess　Sb1Ga且uxratios（5〜10），　substrate　temperature　over　430〜5300C　range，　we　have　grown　single　crystallineGaSb，　while　the　Ga　beam　flux　was　controlled　to　give　a　gfowth　rate　of　O。76μmlh．　A　goodcontrol　of　temary　IH−III−V　alloys　can　be　achieved　by　supplying　excess　group　V　elements　anda（恥sting　the　flux　densities　of　the　impinging　group　m　beams．　Unintentionally　doped　GaSb面hi・h　g・・wth　by　MBE　i・p−typ・・Th・H創1・価�tt　w・・mea・u・ed・・i・g・�pd・・P・uw甲・th・d艶・the　epita）dal　GaSb　layer　grown　op　SI　GaAs　substrate．　The　hole　mobiIity　and　density　are　2700cm2^Vs　and　2．0×10】6cm’3　at　77　K，　and　630　cm2／Vs，1．5×1017�p輔3　at　300　K，　respectively．The　mobility　is　high　as　that　reported　by　other　workers．7　Photoluminscence（PL）spectra　ofMBE−grown　GaSb　on　undoped　GaSb　substrate　was　also　studied，　PL　spectra　implies　that　theepilayer　have　a　good　crystalIine（PL　measurement　will　be　described　on　Chapter　3　in　detail）．2．4．Conclusion　　The　MBE　apparatus　and　growth　process　of　GaSb　were　described　in　detail．　It　was　fbund　thatmirror−hke　surface　of　GaSb　epilayer　can　be　obtained　over　large　substrate　temperature　range（430〜5300C），　and　Sb／Ga且ux　ratios（5〜10）．　High　quality　epilayers　with　excellent　morphologywe「e　g「own・一125一ReferenceslL　L　Ch・ng，　K．　Pl・・9（・d・．）・M・1・c・1・・B・佛助・加・4H・∫…伽伽・・，　NATO　ASI・e・．，・e武E，・・．．87（M飢inu・N輻h・鉦，　D・d・echt　l985）．2E．　H．　C．　parker（ed．）：7物8：τセ。んηOZo8yαη4助y5∫c3（ゾルfoZ6c〃1αrβθ研z写ρ吻η（Plenum，New　York　1985）．3M．　A．　H。�o、n　a。d　H．　Sitt，，，福。」，傭沼，。配助・・y，　Fund�o・nt副・�pd・uπ・ht・t・t・・，・p・i・ger−v・・1・y．　Sp・i・g・・S・・．　Matt・・．　S・1．7．　B・止li・（1989）．4A．　Y．　Cho，　and　I．　Hayashi，　Solid　State　Electron．14，125（1971）．5B．　A．　Joyce　Rep．　Prog．　Phys，48，1637（1985）6A．　Y．　cho，　and　H．　c．　casey，　ApPL　Phys．　Lett，25，288（1974）．7F．　H。t。mi，　N．喪．　L6dent・・v　a・d　M．　Gm・dm�p・，　ApPl．　Phy・．　L・tt．67，656（1995）一126一

