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ABSTRACT

Lattice mismatch in　the epltaxially grown　］:ｎ１－ＸＧａｘＡＳ　layer

on GaAs　substrate degrades　the crystal　quality of　the　alloy and

prevents　it　from applying　to devices.　However, in　this　study　the

quality of　工ｎ１-ＸＧａｘＡＳ（　ｘ°Ｏ°５　)has been greatly　improved by growing

it　on　InP　substrate where　the lattice mismatch can be　avoided.　The

mobility, for　example, has been found　to jump　from ’ｘｊ２５００cm ^/Vsec

in　ｌｎ１-ＸＧａｘＡｓ（ｘ°Ｏ’５　）ｏｎGaAs　substrate　to　８ ５００cm /Vsec　in

工"0.53%.47^" °"　InP　substrate.　The high mobility has　stimulated

again the　theoretical arguments　on　scattering mechanisms　in alloys.

The high quality　工"0.53%.47^" ^^^　enabled us　to apply ａ high

electric　field　to　this material and　to　apply　to devices　such as

field-effect　transistors　and　avalanche photodiodes.

　　　　　The　growth　system and procedures　for　liquid　phase　epitaxial

Ｉｎ１-ＸＧａｘＡｓｏｎＩｎＰ　substrateare　shown, and　physical, chemical and

optical　characterizations are　conducted　on　the　grown layers　to　find

the ｏｐｔﾆimumgrowth conditions.　The　effects　of　the　incomplete removal

０ｆmelt　on　the LPE layers　are pointed　out.　The　growth of　the alloy

over　ａ wide　range of　composition　is　carried　out, and　the　composition

latching phenomenon and　the　effects of　the　lattice mismatch on the

grown layers are described.

　　　　　　　The　energygap of　the high quality　^"0.53^^0.47^"　is deter-

mined　accurately.　The Hall　and drift mobility and　the Hall　factors

of　ternary alloys　are　calculated　theoretically, and　the Hall mobility

of n-type　^"0.53%.47^"　is　investigated　experimentally.　Ａ high

electric　field　is　applied　to　the　coplanar devices made of　this　alloy

and high-field　transport properties　such as velocity －field　charac-

teristics and　transferred-electron oscillation are observed.

　　　　　　　Zn-doped　p-type　工"0.53^^0.47^^　layers　are grown and　their

electrical and　optical properties are　examined.　An InQ_53GaQ_^^As

p-n junction　is　formed utilizing　the Zn-doplng.　　The　results are

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一ｉ－



,used　for　the　fabrication of　infrared　photodetectors with this ‘alloy,

　and　their　electrlca:Ｌ and optoelectronic　characteristics　are　studied.

　The　avalanche multip:Lication　is　ｏｂｔﾆained　in　this　photodetector.

　Finally, conclusions　and　suggestions ･for　further　study are　summarized 。
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FIGURE

2-1 Schematic diagram of　the LPE growth system used　in
the　experiments.　The　furnace　Is　composed　of　ｔﾆhree
zones and　only the central zone　is　controlled by the
PID-temperature　control:Ler unit.

２－２　　Original　structure of　the boat　and　slider.　The　InP

　　　　　substrate　is　covered by　the　slider during　the　satu-

　　　　　ration period　of　the melts.

２－３　　The　improved　structure of　the boat　and　slider.　The

　　　　　bottom corner of　the　slider　１Ｓ　extended　to keep　the

　　　　　tolerance　constant.

２-４　　An ｅχample of　the　temperature　cycle for　the growth.

　　　　　Inand Ga are baked at ８００°Ｃfor ３ ｈ．　Ｔｈｅ工nP

　　　　　substrate and　InAs are　introduced after baking　工ｎ

　　　　　and Ga.

２-５　　The　工n-rich corner of　the calculated　In-Ga-As

　　　　　ternary phase diagram.　　The　solid line　Is　the

　　　　　llquidus and　the dashed　line　is　the　solidus.　The

　　　　　llquidus　composition, Nq- and N^g, which gives ａ

　　　　　solidus　composition ０．５　at　６００°Ｃ　１Ｓ　indicated　in

　　　　　the　figure.

3-1

3-2

The　sample　for

The　sample　for

the

the

transmission Laue method.

EPMA　１Ｓheld by the　epoxy resin
　　　　and angle-lapped.　The angle-lapped　surface　is

　　　　　perpendicular　to　the electron beam, but　the

　　　　　original　surface　１Ｓ not 。

３－３　　Schematic diagram of　the photoluminescence

　　　　　measurements　apparatus.

３-４　　Examples of　the　thermal　etching of　the　工nP

　　　　　substrate　surface after ｌ ｈ baking at　５００°Ｃ（ａ）

　　　　　and ７００°C(b) in ａ flowing hydrogen gas.　(c) Is

　　　　　the　surface and　cleaved　edge　of　InP baked　at

　　　　　７００°Ｃ．

３-５　　As-grown　surfaces and　cleaved cross　section of

　　　　　the　epitaxial layers　grown at　５５０°Ｃ(a) and

　　　　　７００°Ｃ（ｂ）．　Small　spots　aredroplets　of melt

　　　　　remaining on　the rough　surface.　Ｎ０　inclusions

　　　　　are　found　incleaved　cross　sections.
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FIGURE

３－６　　Layer　thickness　as　ａ　function of　growth temperature

　　　　　The　thickness is normalized with In ｗｅｉｇｈｔ（Ｗｌｎ）

　　　　　and　cooling　interval ( Tr ) .　The bar length corre-

　　　　　sponds　tovariation from sample　to　sample.

3-7

3-8

3-9

3-10

Growth temperature dependence　of　the　calculated

As　fraction normalized with the　In　fraction　in the

melt.

Transmission Laue patterns：(a) for (lll)-briented

工nP, (b) for (111)-oriented InGaAs.　In (c) the

patterns　in (a) and (b) are　superimposed　to　confirm

the　identical　spot　arrangement.　(d) shows　elongated

spots due　ｔ０　lattice distortion.

An example of the etch pits in InGaAs ( #176 )・

Compositionびs. growth temperature.　The　In-Ga-As

solution of　solidus　composition　０．５ which is

calculated　from the phase diagram is used　at　each

growth temperature.

3-11　Examples of (444) reflections from InGaAs on ｌｎＰ・

　　　　　工n(a) the lattice　is closely matched, and　ｉｎ（ｂ）

　　　　　ａmismatch of 0.066% is calculated.　In (c) the

　　　　　half-width of　the　spectrum is wider.

3-12　Ｅ:Lectron probe microanalysls along　the angle-

　　　　　lapped　grown layer　and　the　surface.　　The　intensity

　　　　　is　quite　constant　along　the grown layer・

3-13　Electron probe microanalysis　along ａ poor　quality

　　　　　layer・

3-lA　Ｐｈｏｔ０１ｕｍ:inescence　spectraat　７７　Ｋof　two　epitaxial

　　　　　layers　grown at ５５０°Ｃ(a) and ７００°Ｃ（ｂ）・

3-15　Growth temperature dependence　of half-width of　PL

　　　　　spectra at　７７　Ｋ．

3-16　Variations　of　the photon energy at　peak intensity.

　　　　　theintensity, and the FWHM at ７７Ｋ along the

　　　　　angle-lapped surface in sample #153, showing good

　　　　　composition homogeneity and uniform crystal quality･

3-17　Schematic drawing of　tetragonal　lattice-distortion

　　　　　in　Ｉｎ１-ＸＧａｘＡｓ（ｘく0.47) on　InP.

４－１　　As-grown　surfaces of　an alloy observed　after

　　　　　removing　the melt：(a) whole　surface and (b) micro-

　　　　　scopic　observation.
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FIGURE

4-2 PL measurements　across　the angle-lapped　surface.
The grown layer　is　composed　of　two distinct layers
besides　InP　substrate.　The PL　intensities are not
corrected with the　spectral response of　the
measurement　system.

４-３　　Variations of PL　intensity and half width of　spectra

　　　　　across　the　angle-lapped　surface.

４-４　　Etched　surface and　composition variation observed by

　　　　　EPMA across　the　angle-lapped　surface：　６．６ μｍ per

　　　　　division.

４-５　　The trace of　the EPMA signals.　The x-ray intensity

　　　　　variations　of　the　four constituent　elements are　shoim.

４－６　　Sample of　ｌｎ１-ＸＧａｘＡｓ（ｘ°０．５) where melt　is　complete-

　　　　　１ｙwiped　away on the black portion.

４－７　　Cleaved　cross　section of　the　sample　in Ｆｉｇ･．　４－６　after

　　　　　removing the melt.　Quasi-groなｎ layer　is deposited on

　　　　　the actual layer.

４－８　　Cross　sectional view of　the boat　and　slider. (a) The

　　　　　original　structure.　The　slider　is put on the boat・

　　　　　（ｂ）Ｔｈｅ　ﾆImproved　structure.

４－９　　In (a) the　excess　edge growth is. observed along the

　　　　　circumference of　the melt.　ｌｎ･(b) the edge　growth

　　　　　is much suppressed.

5－1　　Composition of　the grown layer り８･

　　　　calculated　from the phase diagram･

　　　　and (△) island growth･

5-2　　As-grown　surfaces of　the epilayers

　　　　indicated in Fig. 5－1 as (a)へｊ（ｈ）・

　　　　ａＳ（ｈ）．

solidus　composition

　(o) Uniform growth

at　the compositions

　Scale　is　the　same

５－３　　(a) As-grown　surface of ａ composition-latched layer･

　　　　　（ｂ）ＴｈｅInP substrate under the layer (a)・

５-４　　As-grown　surface　is　smooth as (a) when the mismatch

　　　　　is　Ｓｍａ:LI,but (b) etch pits　appear on the　substrate

　　　　　surface under　ｔﾆhe　epi:Layer with‘ｘく0．４７　and (c) line

　　　　　imperfections are　seen　in　the epilayer with χ〉0.48.

5-５　　Cracks　in　the epilayer which has　ａ larger compo-

　　　　　ｓｉｔｉｏｎ（ｘｚ０．５）．　Theypenetrate　into　the　substrate.

５－６　　Temperature　cycle　for　the　growth of　double layers.
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Ｆ工GURE

５－７　(･) Growth on　the buffer layer.　　Composition latch-

　　　　　ing　is not　observed.　Open circles and　triangles

　　　　　denote　the　same　as　in Fig.　5-1.

　５－８　(a) is　the as-grown surface of　ｘ°0.50 layer on

　　　　　the buffer layer, and (b) and (c) are　the as-

　　　　　grown surfaces　of ｘ＝0.60 and 0.65　layer on　the

　　　　　buffer layer, respectively･

　５－９　(a) The as-grown surface (　left　) and　etched

　　　　　cross　section　ぐ　right　）ｏｆ　0.525　layer　grown by

　　　　　the　step-wise composition grading, and (b) the

　　　　　as-grown　surface of　0.525　layer　grown directly

　　　　　on　InP.

５－１０　The melts　ｏｆｘＣ＝0.40and　0.６０ does not appear　to

　　　　　?１;］１で;:

）

ﾔP (a), but dissolves　the 1110゛５３Ｇ８０゛４７ＡＳ

5-11　Composition latching　is　observed　also　in　the

　　　　　growth at　７００°Ｃ．

5-12　Composition latching was　observed　in LPE-growth

　　　　　of　Ｇａ工nPon GaAs　substrate.

5-13　Schematic　diagram of　the growth and　strain

　　　　　characteristics　in the LPE-growth of　工ni.xGa^As

　　　　　layers on　工nP.　Strains are　in　the　epilayer.

6-1 Reported values of　energy

There ’ｉＳ　ａlarge scatter.

gap of　Ｉｎ１-ＸＧａｘＡｓ‘

６－２　　ｌｎｆ･rared　transmission spectrum of　工^^0.53^^0.47^^'

　　　　　Itchanges　steeply near　the absorption edge.

６－３　　De t ermina ti on of　the energy gap from the

　　　　　absorption coefficient.　Intersection of　the

　　　　　broken line with　the abscissa corresponds　to

　　　　　the optical　energy gap Ｅ　．　The　PL spectrum

　　　　　is　given in　the　inset where　the　intensity is

　　　　　shown　in arbitrary unit.

６－４　　The　energy diagram and　the　PL spectrum.

６－５　　Temperature dependence　of　the PL　intensity・

　　　　　The activation energy　is　estimated　to be

　　　　　’ｘ，１３meV.

６－６　　Transmission spectrum of　the alloy with ａ　quasi-

　　　　　grown layer changes after　successive etching・
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FIGURE

７－１　　Composition dependence

　　　　factors of 工叫ｓ1-ＸＰＸ゛　　　　＿

of mobi:Lity and Hall

（８）μＤ゛ｄμＨ of Intrinsic

IT
of　ｅχtrinsic　工ｎＡｓ、__Ｐ__詣1ぬ言皆言恕汀か響≒詰ふ一八

compensation, and (c) Hall　factors of　intrinsic
and　extrinsic　］:nAs 1-χPχ

7－2　　Composition dependence　of mobility and Hall　　’

　　　　　factors of　In]^_jjGajjAs.　（ａ）μＤ and liu of

　　　　　intrinsic　In　　ＧａＡｓ゛（b）μＤ ａｎｄμＨ of　extrinsic

　　　　　^"l-xG^xAs witM donor concentration 1×1017　Cm‾３

　　　　　and no　compensation, and (c) Hall　factors of

　　　　　intrinsic and extrinsic　工ni _xGavAs.

7-3 Electron Hall mobility リＳ．　temperature.

工ntrlnsic　工no.53Gao.47AS with and without alloy
scattering・

７－４　　Hallfactors　due　to　individual　scattering

　　　　　mechanisms・　Yii　：　ionized　:impurity　scattering.

　　　　　^ac　：　acousticphonon scattering,　Yal　：　alloy

　　　　　scatteringタ　and "^pe　：　piezoelectric　scattering°

７－５　　Hallfactors vs. temperature.　　工ntrlnslc

　　　　　InQ^^-jGag47^^ with and without alloy　scattering・

7-6 Electron Hall mobility vs.　donor　concentration,

with and without alloy　scattering, and with no

compensation (　solid line　) and with ａ　slight

ｃｏｍｐｅｎｓａｔｉｏｎ（Ｎａ＝０．２Ｎｄ　)( broken line　）．

Experimental values are found　in　n Ref. 11,

０ Ref.:12, and ･ Ref. 13.

７－７　　Anexperimental result of　temperature dependence
　　　　　ofHall mobility･

８－１　　Growth　temperaturedependence of　room-temperature
　　　　　and　liquid-nitrogenHall mobility･

8-2

8-3

Lattice-temperature dependence of　Hall mobility･

Comparison of mobility of　工"0.53^^0.47^^ with
those of GaAs ：　(a) at RT and (b) at ７７Ｋ．　］:ｎ

(a) the curve for GaAs １Ｓ the highest mobility

at　each　concentratﾆion, and in (b) the curves are

for　the highest and　the　lowest mobility of　GaAs.

８－４　　Examples　of　temperaturedependence of mobility

　　　　　of　Ino.53Gao.47A-sand GaAs　grown　in　the　same
　　　　　growthsystem.
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Ｆ工GURE

　８－５　　Curve fitting　to　the experimental mobility with

　　　　　　ａcombination of μＰ and yj' is　impossible (a).

　　　　　　but with ａ combination of yp,　μｐ　and Ua the

　　　　　　fitting is good （ｂ）．

　８－６　　Other　examples of　the curve　fitting with ａ

　　　　　　combination of　the　three kinds of μ･s.　（ａ）

　　　　　　For　sample　#177　grown at　６５０°Ｃand (b) for

　　　　　　sample #180 grown at ６００°Ｃ．

　8-7 Growth　temperature dependence of　the　ionized

　　　　　　impurity concentration derived　from the curve

　　　　　　fitting.

　　　　　　　　　　　　　　　　　　㎜■　　　　・　８－８　　Growtﾆｈ temperature dependence of　the

　　　　　　coefficient Ｄ and　the alloy-scattering　limited

　　　　　　mobility derived from the　curve　fitting・

　８－９　　Temperature　cycle for　the　growth at　６００°Ｃ．　　In,

　　　　　　Ga, and　InAs are baked before growth.

９－１　　Device　structure for　the velociiﾆy-field

　　　　measurements：　(a) schematic　drawings and (b) a

　　　　photograph of　the H-shaped GaAs　device・

９－２　　５０ΩΓesistive circuit for　the　current-voltage

　　　　measurement.

９－３　　Ａphotograph of　the　copper package・

９－４　　Apparatus for　the average　current measurement:．

９‾５　　Derived V-E curves and points　for　I"0.53^^0.47^^

　　　　and GaAs.

９－６　　Current below threshold (　solid line　) and average

　　　　　current beyond　threshold ( dashed　line ) observed

　　　　　in　Ino.53G^O.47^s devices with　the　same electrode

　　　　　distance but different　electron concentrations：

　　　　　(a) n=3.95×1015　cm-^ (b) n=2.29〉（1016　cm’３，ａｎｄ

　　　　　(c) n=4.04×1016　cm‾３・

９－７　　Current below threshold ( solid line　) and average

　　　　　current beyond threshold ( dashed line ) observed

　　　　　:inGaAs devices. (a) The electrode distance is

　　　　　200 ym and ｎ is 2.65×1015 cm‾３．　（ｂ）Ｔｈｅdis tance

　　　　　is 200 um and ｎ is 9.28×1015 Cm‾３．　(c) The ｎ is

　　　　　the　same as　that in (b), but　the electrode

　　　　　distance　is　:L00μｍ.
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4

FIGURE

　９－8　Oscilloscope observation of current beyond　　，

　　　　　threshold. (a) GaAs(lN447) at 104 V，（b）工nGaAs

　　　　　(#211) at 92 V， and (c) InGaAsCが220) at 60 V.

　9－9　Spectrum observation of current oscillation.

　　　　　(a) GaAs(lN447) at 104 V, (b) InGaAs(#211) at

　　　　　92 V, and (c) InGaAs(が220) at　60 V.

　9－10　Correction　to　thｅ　Ｕ-Ｅ ＣＵでve using　the Hall

　　　　　mobility, drift mobility, and　the Hall　factor.

　9-11　Comparison of　the final び-Ｚ curve with　the

　　　　　calculated curves.　Curves (a)へj (d) are for

　　　　　^no.5OGao.5OAs with different　scattering

　　　　　potentials.　Curve (e) is　for GaAs.　The donor

　　　　　concentration is　１×1017　Cm‾３　in (a)へｊ（ｅ）.　For

　　　　　other notations see Ref. 6.

　9-12　Correction to　theび-Ｚ curve for　GaAs.

　9-13　Ｔｈｅび一召curves for GaAs　工nP　and　工ｎ゛　Ga　　　As

　　　　　are compared".
9　　　タ　　　1　　0.53　0.47

　9-14　The　equivalent　circuit for　operation of ａ MESFET

　　　　　in the　saturated　current region　in coiranon-

　　　　　source configuration.

9-15　The band　structure of　工nAs,

　　　　　　GaAs.　Thevalues　indicated

　　　　　　Inunits of　eV.

こ0ぱ㈲たｓ;ご(l

10-1　　Temperature cycle for　the growth of　p-n
　　　　　　］unction.

１０-２　　Ａcleaved and etched　cross　section of　the

　　　　　　工''0.53^^0.47^^homoiunction diode on　InP.

:LO-3　　Hole concentration in］:'^0.53^^0.47^^' grown
　　　　　　at　６５０°C,as ａ function of　atomic fraction
　　　　　　of　ZnIn melt.　The line drawn through　the　data
　　　　　　pointshas ａ　slope of　-1/2.

10-４　　Room-temperature　resistivityびＳ．　hole
　　　　　　concentration.　The　solidcircles are for

　　　　　　工"0.53^^0.47^3.　　Theopen circles　represent

　　　　　　thereported data for　^"0.15^^0.85^^'

10-5　　Room-temperature　Hall mobility Vs.　hole
　　　　　　concentration.　The　solidcircles　give data

for　In　　　Ga　　　As and
the ｒel?6??edoa17a for

the open circles are for

ln0.15 Ga0.85Aｓ°
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FIGURE

１０－６　　The　energy at peak PL intensity at　７７　Ｋand　３００　Ｋ

　　　　　　asａ function of　hole　concentration.　Ａ slight

　　　　　　decrease　in photon energy is observed.

１０－７　　The FWHM of　the PL spectra at　７７　and ３００Ｋ as ａ

　　　　　　function of　hole concentration.

１０-８　(a) SEM observation of　the cleaved　cross　section

　　　　　　in　the　secondary-electron mode. (b) The　EBIC

　　　　　　micrograph of　the　same　portion as (a)・

１０－９　　The　ＥＢ工Ｃ　intensity variation with distance from

　　　　　　thejunction　interface.　From　the　slopes,

　　　　　　minoritﾆy-carrier diffusion lengths are derived.

11-1

11-2

11-3

The　工n　　　　　　0.

loss　reg

coGag AyAs/InP photodiode covers　the １０Ｗ
ion of　the　silica fiber√

Ａ schematic　drawing of　the mesa-shaped
is mounted ｏｎ･ａcopper Ｐ:Latewhich has

diode. It
an aperture.

Spectral　distribution of　the excitation　light for
the　photoresponse measurement.

11-4　　Schematic diagram of ｌｔﾆhe apparatus　for　the

　　　　　measurement of　the avalanche multiplication.

11-5　　Capacitance －voltage characteristics at　１０Ｗ

　　　　　voltage.　　１／Ｃ２ values are plotted against ｖ

　　　　　to　confirm the abrupt junction in the diodes.

11-6　（ａ）１／Ｃ２ －ｖ characteristics　in ａ wide range of

　　　　　reverse voltage.　（ｂ）Ｔｈｅ　same data are plotted

　　　　　in １０ｇＣ　びＳ．　１０ｇVr　to　find the　slope variation.

11-7　　Photoresponse of　Ino.53^^0,47^3 homoJuneぢIon

　　　　　diodes　on　InP.

１１－８　　Wavelength dependence　of　the absorption

　　　　　coefficient　of undoped　ｌｎ０.53Ga0.47AS・

11-9　　Ａ calculated　curve　is compared with　the

　　　　　experimental　data.

11-10　Photﾆoresponse　of　^'^O. 53^^0.47^^ and Ge diodes°

　　　　　　Bothare normalized at peak intensities.

11-11　1-ｖ curve of　ａmesa-diode on the　InP substrate

　　　　　　withａ１０ｗEPD.

11-12　Multiplication vs. reverse voltage observed in
　　　　　　thediode　shown　in Fig.　11-11.
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INTRODUCTION

　　　　　　It　iswell known　that　semiconductor research has been　stimu-

１ａｔﾆedby　the discovery of　triode action　in　germanium[1], and　the

properties of　germanium and　silicon have been applied　to ａ great

number　of　devices　in　industrial　and daily use.　Although　the　impor-

tance of　these　two materials　is unrivalled　in　the　semiconductor　field,

there has been great　interest　in　III-V compound　semiconductors　since

the early 195O's[２，３]．　Theyhave unique properties which　silicon and

germanium do not possess, and　applications have been widely extended

utilizing　their properties under well-controlled　conditions.

　　　　　　Althoughthe　compound　semiconductors provide ａ wide　range　of

material parameters, they do not　all have　the optimum or desirable

properties　for device applications.　Since　the　195O's　and early 6O's

many ternary alloys between　ｌ工I-Vbinary compounds have been grown

and　investigated　to　extend　further　the range　of material parameters

[4-111.　However, very few could　be applied　to devices, since most

of　them were bulk-grown or　１０ｗin　crystﾆal　quality with ａ large

lattice mismatch.　GaAs　　Ｐ　and Al　　Ga As　are　the　two　exceptions
　　　　　　　　　　　　　　　　　　　　　１-χχ　　　　　　１-χ　χ
and have been applied　to optoelectronic devices.

　　　　　　Among　the　III-V ternary alloys, In^ Ga As is　one of　the most

interesting materials　in　the electrical and　optical properties.

　　　　　　工ｎ１－ＸＧａｘＡｓcan be. designed to have ａ wider band gap　than　InAs

and　higher mobility　than GaAs.　Near middle　composition, the band

gap, E　, is　about　0.75　eV at which the ｅｘｔﾆrinsic　carrier　concentra-

ｔﾆｉｏｎ（

ｇ

＞1015　Cm‾３　）ｉＳnot　affected by　the　temperature variations

of　the　intrinsic carrier　concentration （ｒｘj1011　cm‾３　)around　room

temperature.　　Further, the　energy　separation,△E, between　the　central

and　satellite valleys　in　the　conduction band becomes wider with　the

increase　of　the　工nAs mole　fraction.　Near x ゛Ｏ°５゛Ｅｇ　is　expected　to

equal△Ｅ．　This does not　cause　ｔﾆhe　electron velocity　to decrease

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１－



by the　transferred-electron effect. Thus,　ｌｎ１-ＸＧａｘＡＳ（　ｘ°Ｏ°５　)can

be　considered　better　suited　for high　frequency field-effect　tran-

sistors　and　high speed　switching devices　than GaAs　or　ｌｎＰ［12,13]。

　　　　　　Recent　development　of　optical　fibers has　shown　that　ａｔヘノ

１．３um wavelength the material dispersion　is zero［１４］and　the　trans-

mission loss　is as １０Ｗ as　0.A7 dB/km in the P 0 -doped silica fiber

［１５］, and that in the Ｇｅ２０３‾ｄｏｐｅｄＳｉｌｉｃａfiber　the　transmission　is

extremely １０ｗ，0.20 dB/km at 1.55 ym wavelength[16］．　At 1.55 ym.

optical　transmission longer　than １００km is　possible without　any

repeater.　工ｎ１－ＸＧａｘＡＳ（ｘ°Ｏ’５　）ｉＳ　expected to be best　suited　for

the detector at　this wavelength。

　　　　　　The　Ｉｎ１-ＸＧａｘＡＳepitaxial films　of　around middle composition

( X- 0.5　) have been grown by vapor phase　epitaxy on GaAs［１７，:Ｌ８］and

Ａ１２０３［１９］　substrates.　Fairly high electron mobility and　electron

scattering analyses have been reported by Glicksman et at.［２０］for

1111-χＧ８χAs( 0.75≦゛≦1.0 ). However, the mobility values around

６０００cm2/Vsec are not higher　than those of　GaAs.　Bulk工ｎ１-ＸＧａｘＡＳ

crystals have　shown very high mobility［21-23］compared with epi-

taxial alloys of　around middle compositions, but　it　Is　difficult　to

grow single　crystals uniform in composition.　Crystals with non-

uniform composition are not　suitable　for most　device applications。

　　　　　　Uniform and　good　crystal　ｌｎ１-ＸＧａｘＡＳ　can be grown on GaAs

using　stepwise［２４］or　continuous［２５－２６］composition grading　to　take

up　the　lattice mismatch between　the　substrate and　the　desired　compo-

sition　layers.　　Ｈ‘Ｏ
'"ｗｅver, with the

grading process　it　is not　easy　to

reach ｌｎ１－ＸＧａｘＡＳ（ｘ°Ｏ’５　）from GaAs　substrate nor　is　it　suitable

for mass production。

　　　　　　We　took an　important　step　of using　ａ material　other　than　the

constituent　binary compounds　for　the　substrate.　Since we were

interested　in　the properties and　applications　of　Ｉｎ１-ＸＧａｘＡＳ with

ｘ°0.5,工nP has been　selected　as　the　substrate which matches　the

－2－
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lattice　constant　of　In 0.53G％.47Aｓ[27'28]

　　　　　　With the　InP　substrate, the　quality of　epitaxially grown

工ｎ１-ＸＧａｘＡｓ（　ｘ゛Ｏ°５　)has　been greatly　improved using no buffer　layer

or　composition grading.　　The mobility, for　example, has jumped　from

へｊ2 500 Ｃｍ2 /Vsec　ii1工１１１-χＧ８χＡｓ（Ｘ＝０．５　）ｏｎ GaAs　substrate　ｔ０　８ ５００

ｃ�‘/Vsec in ^"0.53^^0.47^" on ｌ゛Ｐ substi：３ｔｅ［29,30］’　The high raobi-

lity has　stimulated　again　the　theoretical arguments　on the　scatter-

ing mechanisms　in the alloy［３１］‘　The high quality 1110.53G％．４７ＡＳ

enabled us to apply ａ high electric field[13］and to fabricate

avalanche photodiodes with this material［３２１．

　　　　　　In this　thesis, the　liquid phase　epitaxial growth and proper-

ties of　工ｎ１-ＸＧａｘＡＳ　on　InP　substrateタ　and　the　fundamental device

properties and　characteristics　are described.　工ｎ Chapter　工工, the

growth　system and procedures, and　the calculation of　the　In-Ga-As

ternary phase diagram are　studied　and presented.　Chapter　工II

contains many physical, chemical and optical characteristics of　the

Ｉｎ１-ＸＧａｘＡＳ（ｘ°Ｏ°５　)layers　grown on InP　substrates.　In Chapter　IV,

ｔﾆhe　quasi-grown layers　In　the LPE growth after　incomplete removal

of melt, and　in Chapter V, growth of　the　alloy over ａ wide　composi-

tion range, composition latching phenomenon, and　effects　of　the

lattice mismatch on　the　grown layers　are described.　工ｎ Chapter ｖ工，

the energy gap of　high quality　工"0.53^^0.47^^　is determined

accurately.　　Chapter ｖ工Ｉ　concerns　the　theoretical calculation of　the

Ｈａ１:Ｌand　drift mobility and　the Hall　factors　of　ternary alloys, and

Chapter ｖ工工ｌ　isdevoted　to　the　experimental results of　the Hall

mobility of ｎ‾工n0.53Ga0.47AS°　工ｎ Chapter　IX, high-field　transport

properties　such as velocity － field （り－Ｆ　) characteristics　and

transferred-electron oscillation　ｉｎｎ‾ｌｎ０.53Ga0.４７ＡＳ　are　investi-

gated　and　applied　to model　field-effect　transistors (　FET's　）．　In

Chapter X, growth and　properties of　Zn-doped p-type　%.53%.47^"

layers　and p-n junction are described.　The results are employed

in Chapter XI which focuses　on　the　fabrication and　characteristics

－3－



of tｈｅにn- coGap, ,^As/InP infrared photodetectors.　Finally, con-

elusions　and suggestions　for　further　study are　summarized　in Chapter

XII.
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II. LPE GROWTH PROCEDURES

2-1.　工NTRODUCTION

　　　　　　Inthis　study, liquid phase　epitaxy ( LPE ) is used　to　grow

工ｎ　　GaAs on　工nP　substrates.
　　１-χ　χ

　　　　　　Beginning with the preparation of Ge for　tunnel diodes by Ｈ．

Ｎｅ:Lson［１］タ　the　growthof　semiconductor　films by LPE has　rapidly been

developed　into　ａ general useful　technique　for　the preparation of

films of many　ｌ［［-ｖand　皿－Ｖ工compounds and other materials.　For the

growth of　工江-ｖcompound　films, LPE has, in general, the　following

major　advantages　over vapor phase epitaxy ( VPE )：　1) simplicity of

equipment, 2) generally higher　growth rates, 3) elimination of　hazards

due　to　use of　reactive gases　and　their reactive products which　are

often toxic, explosive, or corrosive, and 4) larger　selection of

dopants　that　can be readily　Incorporated　into　the　layerf 21.　Moreover,

the multi-layer　structure　is　easily　formed by the multi-well　sliding

boat　and　the　composition of　each layer　is　accurately controlled　in

the　growth of　ternary and　quaternary alloys.　　Because of　these　ad-

vantages, LPE has been chosen for　the author's　experiments　on the

growth of　工n1-ＸＧａｘＡｓｏｎ工nP　substrates。

　　　　　　TheLPE growtﾆｈ system, growth procedures, and phase diagram

of　工n-Ga-As　are described　in this　chapter.

2－2.　LPE GROWTH SYSTEM

Ａ schematic diagram of　the growth system is　shown　in Fig.　2-1.

Pd-diffused hydrogen''' is　flowing at　ａ rate of　１００へ’２００cc/min　through

the quartz　tube.　The dew point　of　the hydrogen is measured　to　be

below　－ ７５°Ｃat　the gas　outlet.　　The　quartz　tube is　１２５０mm in

ｉ）　Hydrogen purifier　is Model LW-06SC, Japan Pure Hydrogen Co. Inc..

11) Toshiba Ceramics　Co. LTD.

－7－
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区[]司
　　　し

TO TEMPERATURE
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QUARTZ TUBE

GRAPHITE BOAT AND SLIDER

Fig.　２-１　Schematﾆic diagram of　the LPE growth system used　in the

　　　　　　　　　experiments.　The　furnace is　composed of three zones　and

　　　　　　　　　onlythe　central　zone is　controlled by　the PID-temperature

　　　　　　　　　controllerunit.

THERMO-

COUPLE

SUBSTRATE

Fig.　２－２　Original　structure

of　the boat　and　slider.　The

InP　substrate is　covered by

the　slider during the　satu-

ration period of　the melts.

Fig. 2-3　The Improved
structure of　the boat　and
slider.　The bottom corner
of　the　slider　is　extended
to keep　the　tolerance　con-

stant.
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令

length and　５２mm in diameter.　Ａ resistance heated furnace　and ａ

PID-temperature　controller unit are used　in the　growth system.

Cooling rates between ０.０５　and　８°C/minare obtained.　The temperature

just below the substrate is detected by ａ C-A ( chromel-alumel )

thermocouple and monitored by　ａ disital thermometer with ０．１°Ｃ

accuracy。

　　　　　　Theboat　and　slider　are made of high purity ｇｒａｐｈｉｔｅｉｉ１）・

The original　structure　is　shown in Fig. 2-2.　The　slider has only

two wells　and　is　put　on the boat.　The substrate　１Ｓ　covered with the

slider to minimize thermal　etching of　the substrate during the　Ｓａｔﾆｕ－

ration period of　the melts.　The　improved　structure　is　shown　in Fig.

２－３．　It　has　four wells　and　the bottom corner of　the　slider is　ｅχ-

tended　and　fitted　to　the boat.　The　tolerance between the　slider　and

the　substrate　surface Is kept　constant during the　slide by the　ex-

tended bottom corner.　The results of　the Improved　structure will be

discussed　in Chapter　IV,

2－3.　MATERIAL PREPARAT工ON

A1:L of　the　glassware　is　degreased and　cleaned ultrasonically

in trichloroethylene , acetone , and delonized water.　Then,

they are kept　in aqua regla　for １２ｈ and　rinsed　in deionized water･

and methanol
iｖ）

The　graphite boats　are cleaned　in the　same way as

the glassware and baked　in ａ vacuum ( '^^5×10‾６Ｔｏｒｒ　)for several

hours　at　1000°C.　The rinsed quartz　tubes　and the baked boats　are

set up　in the　furnace and baked　at　950°C　for　24ヘノ50 h in a flowing

hydrogen atmosphere (　at　ａrate of へj500 cc/min　）.

i）

ii）

ill)

iｖ）

Kokusal Electric Co. LTD.

Type　2572, Yokogawa Electric Works, LTD.

SMG Grade, Showa Denko　Co ． LTD.

Electronics Grade, Nakaral Chemicals, LTD.

　　　　　　　　　　　　　　　　　　　　　　　　　　－９－



Starting materials　are six ９'Ｓ pure In'^ , seven 9's　pure Ga ,

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　･●／　　　汽16　　－3

and undoped polycrystalline InAs ( n = 1 Oj３×10 cm
and Ｕ ゛ ２０，０００Ｑ・

23,000　ｃｍ２／ＶＳｅｃ　）ｉｉ）．　In,Ga, and　In As　are ultrasonically

cleaned　in trichloroethvlene, aceton, and methanol ０ｆ　the　same　grade

as used　in cleaning the glassware.　Ga　is not　etched, but　In

is etched with ａ 5% HCl：H2Q2 solution for　ｌ min and In As with ａ

１Ｚ Ｂｒ：methanol　solution for　２ min at RT.　Then, In　is rinsed　in

deionized ｗａｔﾆer　and methanol, and　In As　in methanol。

　　　　　　Polished　工nP　ｓｕｂＳｔｒａｔｅＳｉｉｉ）are　degreased　in　hot　trlchloro-

ethylene　for　１０ 'V３０ min, ultrasonically　cleaned　in acetone and metha-

nol, etched with the １Ｚ Ｂｒ：methanol　solution for　２ min, and　finally

rinsed　in methanol.　The melts　are about　２　g, and　ａ slight　excess

of　InAs　is　added　to　ensure As　saturation in the melts.　The　substrate

dimensions　are １０×５×０．４ｍｍ３．

　　　　　　Themelt materials are weighed by　the balance

iｖ）

with the

accuracy　of　０．１ mg.　　Since the Ｓｍａ:llestﾆ　amountﾆ　of　Ga ｉＳへ，２０

mg, the weighing accuracy will be about　５×１０ at worst.　The influ-

ence of　the weighing accuracy will be discussed　in　g　3－3－6.

2-4.　TEMPERATURE CYCLE

　　　　　　Anexample of　the temperature　cycle　for　the　growth is　shown

in Fig.　2-4.　Prior　to　the　growth. In and Ga are baked　in ａ

flowing hydrogen atmosphere (　at　ａrate of　５００　cc/min　）ａｔ　８００°Ｃ　for

３ｈ．　In order to minimize the thermal etching of　the InP　substrate

( which will be discussed in　§　3-3-1　) and to avoid the deviation

of　the melt　compositions　due to　the loss　of As　during the baking

treatment　at ａ high temperature, the　substrate and　InAs　are　Intro-

寿

i) Mitsubishi Metal Mining Co. ＬＴＤ・

ｉｉ）　Sumitomo Electric　工ndustries, LTD.

iii) MCP　Ｅ:LectronicsLTD. and　Sumitomo Electric Industruies ，LTD,

ｉｖ）　Type GL-2, Shimadzu Corp・

　　　　　　　　　　　　　　　　　　　　　－１０－



争

duced　to　the　furnace after　cooling the melts　to　room temperature.

The substrate　Is placed　in ａ recess　of　the boat　and　covered with the

slider to minimize　thermal etching during the　saturation period of

the melts, as described　in　§　2-2.　The growth temperature ( T^　）

（　the　initial　temperature at which the melt　is brought over　the　sub-

strate　is　called the　growth temperature In the　thesis, since　the

temperature　is　lowered　In this　growth process　）ｉｓ varied　from ５００

ｔ０　８００°Ｃ．　The　cooling rate is　ranged　from ０.05　ｔｏ’０．３°C/mln.　工ｔ

takes 1.5 ｈ from the　start　of heating to　the　sliding, including ３０へｊ

４０ min saturation period。

　　　　　　Every time the end　cap of　the quartz　tube　is　opened, high

purity nitrogen Is　continuously flown through the　tube.　After　the

loading of　the materials　and/or　the　substrate, the tube　is　flushed

by Pd-diffused　hydrogen at ･ａ rate of　５００　cc/min for　３０ min and

then started　to heat up　the　furnace.

ROOM TEMP

ADD InAs TO SOLUTION

SET InP SUB.

Fig.　２－４　An example of　the temperature cycle　for　the growth.　In

　　　　　　　　　andGa are baked　at　８００°Ｃ　for ３　ｈ．　The　工nP　substratﾆｅ　and

　　　　　　　　　InAsare　introduced after baking　工ｎ and Ga.

－11－



2-5.　PHASE DIAGRAM

2-5-1.　Introduction

　　　　　　The　ternaryphase diagram which gives　the :Llquidus　temperature

and　solldus　composition of　ａ given ternary　system must be known　to

grow ａ ternary alloy with ａ specific　solidus　composition by liquid

phase epitaxy。

　　　　　　The　工n-Ga-As　ternary phase diagrams have been calculated by

G. B. Stringfellow and Ｐ．　E.Greene using ａ quasi-chemical model[３１，

by G. A. Antypas using Darken's quadratic　formalism[4], by T. Y. Wu

and G. L. Pearson using ａ quasi-regular　solution model[5], and by Ｍ．

B. Panish and Ｍ．工legems using ａ regular　solution ｍｏｄｅ１[６１，　Wuand

Pearson's model was based　on　the　experimental data extending　to　the

１０ｗtemperature of　６００°Ｃ．　Theirmodel　is　simple　and detailed　in

description[７１．　Thus, the author decided　to use　their phase diagram

in　the experiments。

　　　　　　Although in Wu and Pearson's phase diagram the number of　the

experimental data at　the lower　temperatures are　limited and　the　sub-

strate　they used is　GaAs, their phase diagram has been ａ good　guld-

ance for　the present　author's　experiments.　His　epitaxial　growth has

been carried　out　in mostﾆ　cases at　temperatures　lower　than ７００°Ｃ　and

ｏｎ工nP　substrates。

　　　　　　Theoretical model ０ｆ　thephase diagrani[5], the　Ｃａ:Lculation at

lower　temperatures　are described　in this　section.

２－５－２．　TheoreticalModel

　　　　　　　工legems　andPearsonI8】developed ａ theoretical model　for

ternary phase diagram calculation.　They　Investigated　the　chemical

equilibrium conditions between the alloy crystal and　the ternary

melt　and　derived　two　equations.　When applied　to　the　工n-Ga-As　system

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１２－
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they　can be written ａＳ：

Ｙ工nAs

^GaAs

（1-ｘ）＝

4Ｙ工n^As

兌
　
Ｓ

記
バ

Ｎ工ｎＮＡｓ ｅ即［

△InAs

- RT

゛゛
ででぞGP

‾ＮＧａＮＡｓｅ即［RT旦

　　^Ga＼s

（ＴＶ

ｎＡｓ
－Ｔ）］

（Ty
ａＡｓ‾Ｔ）］

Ｊ

（１）

ｗｈｅｒｅＮ，△ＳＦ，ＴＦ，ａｎｄＹdenote the atomic　fraction of　the　constituent

in the　ternary melt, the　entropy of　fusion, the melting point, and

the activity coefficient, respectively.　The　superscript　sZ repre-

sents　the　stolchiometric liquid.　］:ｎ their derivation, no　explicit

assumptions　about　the　thermodynamic behavior of　liqu｡id　and solid

solutions were made　except　that　the difference of　the　specific heat

between the binary　compound and ｌｉｔﾆｓ　stoichiometrlc　liquid　is negli-

gible.　These two equations　can be used　to　determine ａ　ternary phase

diagram quite accurately if　reliable　information ｆｏｒ△ＳＦ，ＴＦ，ａｎｄＹ

is available.

　　　　　　Reliable△ＳＦand T^ data have been obtained　for GaAs　and　InAs

[91, but　all　the Ｙ゛Ｓhave　to be　estimated using semi-empirical　tech-

niques.　　With different　thermodynamic approximations　for　the behavior

of　the　solutions, different　ｅχpressions　ofＹ must be　adopted.　The

most　commonly used assumptions are　ideal　solution, regular　solution,

and　athermal　solution models。

　　　　　　工ｎthe regular　solution model, the activity　coefficient Ｙ　is

expressed　in terms　of　the　interaction parameter ＯＣχ-Aswhich　is　deter-

mined　empirically to　fit　the binary liquldu･Ｓ data.　Since　the　solu-

bility　:lines　calculated by the regular　solution model fit Hall's[１０]

data almost perfectly, Wu and Pearson decided　to　adopt　the　regular

solution assumption for　the ，工n-Ga-As　system[5,71.

-13-



２－５－３．　Calculated Results of Wu and Pearson's Model

　　　　　　Thethermodynamic parameters used　in Wu and Pearson ｉｓ model

ａｒｅ:Listed　in Table　2-1.　The　工n-Ga-As　ternary phase diagram at　the

In-rich corner　is　shown in Fig.　2-5.　The author's　ｅχperiments　on

crysta:Ｌ growth have been carrﾆLed out　ａｔ二　tﾆemperaturesbetween ５００　and

８５０°Ｃ　and　at　solidus　compositions between ０．３　and０．７．　TheIn-rich

corner　covers ａ１１　０ｆ　these　temperatures　and　compositions because

the distﾆribution coefficients　of As　and Ga are much greater　than

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１４－

　　　　　　Withthe regular　solution approximation　, the　activity　coeffi-

cients　in the liquid phase are　given by Prigogine and Def ey［１１］ａＳ：

Ga ° Ga-As

Ａｓ

２
十(yl:ｎ-ＧａＮＧａ

２

十((゛In-Ａｓ十(yl:ｎ－Ｇａ‾(゛Ｇａ-Ａｓ)ＮＧａＮＡｓ　　　　　　　，

Ａｓ

2十(y

En-Ｇａ
Ｎｌｎ
２
十(O‘Ga-As十ａｴn-Ga

In-As In A](２)　　　．

Ｉｎ

２
十ａＧａ-ＡｓＮＧａ

２

十(o‘1:n-As十Ga-As‘工ｎ－Ｇａ)ＮｌｎＮＧａ

and　in the　solid phase ａｓ：

RTlny工ｎ゛oc工n-As As

InAs °6　゛2

RTZれ^As ° In-As In

GaAs °6（1‾゛）2

where ａ　is　the　interaction parameter between the　two　liquid consti-

tuents　and　６ is　the　interaction parameter between the ｔｗｏbinary

compounds。

　　　　　　Onceａ１１０ｆ　theInteraction parameters　are established, we

can substitute Eqs. (2) and (3 ) into Eq. ( 1 ) and solve for the

liquidus　temperature Ｔ　and　solidus　compositﾆion ｘ at　any　given　ｔﾆernary

liquidus　composition.　This procedure thus　establishes　the ternary

phase diagram.

１

（３）



う

TF（K）

△SF（e.u./mole）

　GaAs

　1515

16.64

　工nAs

　1210

14.52

OCχ－AS（C゛11/Irl01e）

　　　Ga-As

-9.9T十５９００

　　　　　工n-As

-10.16T十４０３０

CX工ｎ－Ｇａ（Ｃ°1/mole)

3 (cal/mole )

1100十〇.16T十9°8TNGa　　（N工n＞O°65）

　　　　　　　　　　2.83T － 1130

Table ２－１　Thermodynamic parameters used　in Wu and Pearson's model.

that of　In.

　　　　　　Theliquidus　compositions which give　the　solidus　composition

ｘ°０．５　at　several temperatures　are listed　in Table　２－２－ａ．　Since　the

elemental As　is very volatile and poisonous, either　InAs　or GaAs　are

often used as　an As　source.　工nAs was　chosen since　at　some　temper-

atures　and compositions　the atomic fraction of Ga in the　liquidus　１Ｓ

higher　than that of As and GaAs ( which has　the atomic　fraction ratio

１：１　) cannot be used。

　　　　　　Since　theauthor uses　工ｎ，･Ga, and　InAs　as tﾆhe melt materials,

the　atomic fractions N工n≫　ＮＧａ゛ａｎｄＮＡｓａｒｅ　transformed　into weight

ratios　Ｗ工ｎＡｓ/Ｗ工ｎand ＷＧａ／Ｗ工ｎ　through　therelations：

Ｗ工nAs

- Ｗ工ｎ

189.74 NAｓ

114°82（Ｎ工ｎ‾ＮＡｓ）　’

－15－

－

69°72 ^Ga

In As

）

^Ga

-
Ｗ工ｎ



and　some　of　them are listed　in Table　２－２-ｂ．　･Specific　compositions

are listﾆed　in each relevant　chapter。

　　　　　　Themelt　compositions　calcu:Latﾆed here have been used as　ａ

guidance　since　they did not　give the predicted　solidus　compositions

in the LPE　growth on InP　substrates　and were not　so　accurate　as　the

author expected.　The discrepancy between the　calculated　and　experi-

menta:Ｌresults will be discussed　in Chapter　Ill,§３－３－６．

%s

／

//

／r;∩

0.1

As

　　／

　／

／

　／

／

0.3

.0.9

In Ga

● ･

"Ga

０ 05 0.1

Fig.　２－５　The　In-rich corner of　the　calculated　In-Ga-As　ternary

　　　　　　　　　phasediagram.　The　solid line　is　the liquidus　and　the

　　　　　　　　　dashed　line　is　the　solidus.　The liquidus･ composition,

　　　　　　　　　NGaand Nasj which gives　ａ solidus　composition ０．５　at

　　　　　　　　　６００°Ｃ　is　indicated　inthe　figure。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１６－



Ｔ（゜Ｃ） Ｎ工ｎ　　　　　　　　　Ga　　　　　　　　　ＮＡｓ

８００

７５０

７００

６５０

６００

５５０

0.79037　　　　　　0.04825　　　　　　0,16137

0.83697　　　　　　０．０４３５０　　　　　　0.11953

０．８７８０４　　　　　　0.03826　　　　　０．０８３７０

0.91291　　　　　0.03271　　　　　0.05438

0.94075　　　　　　0.02706　　　　　0.03219

0.96137　　　　　　0.02152　　　　　0.01711

（ａ）

Ｔ（゜Ｃ） 工n (g)　　　　　Ga ( mg )　　　　工nAs( mg )

800

750

700

650

600

550

1.000　　　　　　　46.58　　　　　　　423.96

1.000　　　　　　　36.82　　　　　　　275.32

1.000　　　　　　　29.25　　　　　　　174.12

1.000　　　　　　　23.14　　　　　　　104.67

1.000　　　　　　　18.08　　　　　　　　58.55

1.000　　　　　　　13.84　　　　　　　　29.94

（ｂ）

Table　２－２　(a) Some of　the　calculated　atomic fractions　in the

　　　　　　　　　　　liquiduswhich are expected　to　give　the　solidus

　　　　　　　　　　　composition０．５　at　eachtemperature.　(b) Weight

　　　　　　　　　　　ratios　of　solid　In,Ga, and　工nAs which are

　　　　　　　　　　　calculated　fromthe values　in Table (a).
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2-6.　SUMMARY

１）　The　growth system used　in the experiments have been described　and

　　　　shownschematically・

２）　Careful procedures　for material　preparation have been described.

３）　The　temperature cycle　for the　growth and　pre-baking has been shown.

４）　The phase diagram has　been ｃａ:Lculated　for　the　lower　temperature

　　　　usingWu and Pearson's model.
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III. CHARACTERIZATION OF ■"1-χG8χAs（戸0.5）ON InP゛

3-1.　INTRODUCTION

　　　　　　At　the　early　stage　of　the　investigation　there was no　experi-

ment　on the　growth of　工ｎ１－ＸＧａｘＡＳｏｎ　InP　substrate.　工ｎorder　to be

aware of　the　importance　of　the close　lattice matching between　the

alloy and　the　substrate and　to have　ａ whole　scope of　the properties

of　ｌ:111－χＧ３χＡＳ（゛Q゛O°5）　on　工nP,many characterizations have been

carried　out on the alloy layers which were　grown at　temperatures

between　５００　and　８００°Ｃ．　Other　conditions　suchas　the melt baking,

cooling rate and　interval, and　substrate　orientﾆation were kept　the

same。

　　　　　　工ｎthis　chapter, characteristics　such as　surface morphology.

film thickness, etch pit density, x-ray transmission Laue pattern,

composition and　composition homogeneity, and photoluminescence　are

examined　on the grown alloys ．　The　experimental methods　for　the

characterizations　are described.　Since　the 工nP　substrate　is　thermal-

１ｙ etched before　growth, the　ｔﾆhermal　etching characteristics　are also

described.

3-2.　EXPERIMENTS

３－２－１．　GrowthProcedures

　　　　　　The growth conditions　are essentially　the　same as described

in chapter　工工．　The　growth　temperature　is varied　at　５０°Ｃ　interval

from ５００　ｔ０　８００°Ｃ．　The　cooling　rate　is　0.15°C/min, and　the　cooling

interval　is　about　１０°Ｃ at　each growth　temperature.　The phase diagram

is　calculated according　to Wu and Pearson's model[1], and　the　ternary

大　Ｙ.　Takeda, A. Sasaki, Y. Imamura, and T. Takagi, J. Electrochem.

　ＳＯＣ･，召:5, 130 (1978)

　　　　　　　　　　　　　　　－１９－



melt having　ａ solidus　composition of　^"0.50%.50^^　is used　at　each

growth　temperature.　The melt　compositions　are given　in Chapter　工工，

Table　２－２－ａand ｂ．

3-2-2.　Film Thickness

　　　　　　The　thickness　of　the grown layer　is　observed by cleaving　the

wafer　along (110) plane which　is　perpendicular　to　ｔｈｅ［ｎ］L) plane.

Since　the　refractive　Indices　of　the　two　layers (　InGaAs　and　工nP　）

at visib:Le　light　is　different　enough　to　see ａ delineation of　the

grown layer without　staining　the　cleaved　edge.　The wafer　is　easily

cleaved　after　lapping　the　substrate　to　the　thicknessへ’200μｍ.

３－２-３．　Etching

　　　　　Etch pits　in the grown layers　are revealed by etching with

the A-B　solution[2］for　３０ 'v60　sec at　room temperature or　several

sec at　５０°Ｃ．　TheA-B　solution or A-B etchant　Is　composed of　an Ａ

ｓｏ:Lution ( 40 cc Ｈ２０十〇゜3 g AgNO^ ＋４０ cc HF ）゛ｄ ８ Ｂ solution

（40 g C・03＋４０ cc Ｈ２０) after G. H. Olsen and Ｍ．Ettenberg［３１．

The A-B　etchant was　originally named　after　the author's name of

reference［2], i.e.3 Abrahams ａｎｄ旦uiocchi. Olsen and Ettenberg

reportﾆed　that　the etchant was　stored　in two　separate　solutions ( the

Ａ and　Ｂ　solutions )　indefinitely as　long as　they were not mixed［３］．

工ｎ　thepresent　author's　experience he　feels　it　is　true　if　HF　is

kept　from evaporating.　　InP　is　also　etched with the A-B　solution at

６０'h７０°Ｃ　for　１０min.　The R-C　solution［４］can be ａ:Lso used　for

etching　InP at　the　same　condition, but　it　gives very tiny pits.

３－２－４．　χ-RayTransmission Laue Method

　　　　　　Thewell-known x-ray method　to　study　the crystal　structure　is

ａｐＰ:Lied　to　InGaAs.　To　observe　theLaue pattern from the　InGaAs　layer

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－２０－



alone, the　工nP　substrate　１Ｓ　selectivelyetched out by hot HCl.　The

schematic drawing of　the　sample　is　shownIn Fig.　3-1.

InP

( InP is etched out selectively )

GLASS CAPILLARY

3-2-5.　χ-Rav Diffraction

Fig.　３－１　The　sample

for　the　transmission

Laue method.

　　　　　The　composition is　determined by x-ray diffraction of　Cu-Kai

and Ka?　radiation using Vegard's　law which can be applied　to　this

alloy［5]. At high diffraction angles such as for （３３３）ｏｒ（４４４）

reflections, both reflections from the epitaxial layer　and the　sub-

strate　are detected.　The higher　the angle　is, the deeper　the x-ray

penetrates　into　the materials.　Since　the diffraction angle of　the

InP　substrate　is known, the precise diffraction angle of　the alloy

Is determined from (333) or (444) reflections using the substrate

as　an Internal　standard.

３－２－６．　EPMA

　　　　　　The EPMA(　electron probe microanalysis　）１Ｓ very often used

for　the　characterization of　the　chemical　composition of　ａ solid

specimen.　By this method ａ quantitative analysis of　ａ specimen of

very　small　size (く1 um ) can be obtained.　For ａ description of　the

EPMA, see, e･ｇ･ｊ　ＣｋｃｃｏａｏｔｅｖiｚａｔioれｏｆＳｏｌｉｄＳｕｘ>ｆａｃｅｓ　edited by Ｐ．Ｆ。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-21-



Kane and　G. B. Larrabee[6].　The　instrument　used　in the　ｅχperiments

Is　Shlmadzu ARL-EMX 。･　　　The　specimen　１Ｓheld by　the　epoxy resin.

angle-lapped by ３°,and polished　to obtain ａ mirror　surface.　The

angle-lapped　surface　is perpendicular　to　the　electron beam, but　the

original　surface　is not.　See Fig.　３－２．

→ ドＴ∇TTX

Fig.　3－2 The　sample　for　the EPMA is held by the　epoxy resin and
angle-lapped.　The angle-lapped　surface　is perpendicular
to　the electron beam, but　the original surface　is not 。

3-2-7.　Photoluminescence

　　　　　　Thephotoluminescence　is　excited by ａ He-Ne　laser (　6328 A ）

and ｄｅｔﾆectedby ａ PbS photoconductive diode cooled with ａ Dry ｌｃｅ：

methano:Ｌ　solution.　Ａ conventional　lock-in technique　is used.　The

spectral response of the total system is in the range from １．４to

２．３um ( at half-responses ）．　After being lightly etched with ａ１Ｚ

Ｂｒ：methanol　solution, the　sample　is　attached　to　ａcopper ｊig and

immersed　in １･iquid nitrogen contained　in ａ double wall Dewar.　Photo-

luminescence　is measured mainly at　７７　K,since at　the　lower　temper-

ature ａ finer　structure of　the　spectra is　observed.　At　room temper-

ａｔﾆurethe　spectra tend　to become broader due to　the　thermal excita-

tion of　carriers.　For　the measurement　at RT　the　samples　are　set　in

the　empty Dewar.　Ａ１１　thesamples　are angle-lapped by ３°to　examine

the　spectral variations　along　the　thickness of　the grown layers.

The　sample　is moved parallel　to　the angle-lapped　surface by ａ manipu-

lator　to which the copper ｊig　is　attached．　The　schematic diagram of

22－
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the photoluminescence measurements　apparatus　is　shown in Fig.　3-3.

CdS CELL S HALF MIRROR
ご言言

十

'

こ:

ff MIRROR

I

　　　CHOPPER

REF

PbS CELL

LOCK-IN

AMPLIFIER
RECORDER

Fig.　３－３　Schematicdiagram of　the　Dhotoluminescence measurements
　　　　　　　　　apparatus.

3-3.　RESULTS AND ＤＩ･scuss工ON

3-3-1.　Thermal Etching of　工nP　Substrate　Surface

　　　　　Examples of　the InP (lll)B-surface baked at　５００°and　７００°Ｃ

for ｌ ｈ in ａ flowing hydrogen gas ( at ａ rate of １００cc/min ) are

shown　in Figs.　３－４－ａａｎｄ･b,respectively, and cleaved cross section

－23－



in　ｃ　．　　The　substrate　is placed　in ａ recess of　the boat　and　covered

with the　slider during　the heat-treatment　as　shown　in Fig.　２－２．　The

substrate　surface　shows　evidence of　thermal etching.　　Small droplets

remain　on　the　surface at　ａlower　temperature, and　:Larger　droplets at

ａ higher　temperature.　Ａ large droplet　is　seen to be due　to　the

coalescence of　small droplets.　The droplets　are　identified　to be　In

by　the　EPMA, and by observing　the droplets　to melt　at　around　１６０°Ｃ．

Thus, this　thermal etching　is　due　to　the　therma:Ｌ decomposition of

InP at　ａ high temperature.　　Similar　observations have been reported

by Pak ｅｔalAl]．　This etching effect influences the thickness　and

the　surface morphology of　the　grown layer　as　shown next.

？ヽり

(a) 500°c　　　ﾄ‾‾i;‾i;こj

（b）700°C

SURFACE →

　50Ｆ

（Ｃ） CLEAVED CROSS SECTION

AT THE SAME POSITION

Fig.　３-４　Examples of　the　thermal　etching of　the　InP　substrate　sur-

　　　　　　　　face after ｌ ｈ baking at ５００°Ｃ　(a)and ７００°C(b) in ａ flow-

　　　　　　　　ing hydrogen　gas.　(c) is　the　surface and　cleaved　edge of

　　　　　　　　InP baked at　７００°Ｃ．
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-

-

３－３－２．　Surface Morphology

　　　　　　^As-grown surfaces　and cleaved　cross　sections of　the epilayers

grown at　550°C　and　７００°Ｃ　are　shown　in Figs. 3-5 (a) and (b), respec-

tlvely.　　The　as-grown　surface　at　７０００Ｃ　is　the　smoothest　among　those

grown　in　the range　from ５００　ｔ０　８００°Ｃ．　At　temperatures　below ６５０°Ｃ，

the　surface becomes　rough.　Melt　droplets　are　left　on　the as-grown

surface　during wiping due　to　the　surface　roughness.　At　temperatures

2ﾐ=1プト≒i;､ｊ:s卜八‥i ･‘゜L･　　.･

句ｉ二八〉≒ノッｙイ↓ゾノ　ニ

　９　　ご’‘”゛－゛〉j｀･･｀　　　　ひ

七

１、ｊ

ｊ・

－

ご　20iim

゛･←

　　　　　　(a) 5 5 0°C

　20uni

'鴫-----→-

AS-GROWN　SURFACE

ｽﾞ謳卜

　２０μｍ

←

　20pni

←

）７００°Ｃ

　　　CLEAVED CROSS SECTION

二EPILAYER

-SUBSTRATE

－

　EPILAYER

－

-SUBSTRATE

Fig.　３－５　As-grown　surfaces　and　ｃ:leaved　cross　sections　of　the　epi-

　　　　　　　　taxia:Ｌlayers grown at ５５０°C(a) and ７００°Ｃ（ｂ）．　Small

　　　　　　　　spots　are droplets　of melt　remaining on　the　rough　surface.

　　　　　　　　No　inclusions　are　found　in　cleaved　cross　sections.

　　　　　　　　　　　　　　　　　　　　　　　　　　-25-
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above　７５０°C, the as-grown surface　is also rough.　This　is　confirmed

to　be　caused by　the roughness　of　the　substrate　surface　as　ａ result

of　the　thermal etching.　At　８００°Ｃ　the melt　remains　almost over　the

entire　surface　after wiping.　　However, a uniform layer would be　grown

if　the　problem of　the　thermal　etching　is overcome by keeping　the

phosphorus　over-pressure　or by etching back the　InP　surface.　The

etching-back will be discussed　in　§３－３－８．　工ｎ the　ｅχperimentﾆＳ　all　ｔﾆhe

alloys　grown at　８００°Ｃ　are　ｅχeluded　from the measurements.

3-3-3.　Layer Thickness

工ｎFig. 3-6, the　temperature　dependence　of　the　layer　ｔﾆhlckness

normalized with the　In weight　in　the ｍｅｌｔ（Ｗｌｎ）　and　the　cooling

interval ( T )　is shown.　The　thickness　decreases approximately

exponentﾆial with decreasing growtﾆｈ　temperature.　Between ５５０°Ｃ　and
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７００°C,the　curve　follows　qualitatively　the　temperature dependence

of　the As　fraction　in the melt.　The　calculated As　fraction ( using

the　phase diagram described　in Chapter　工工　) normalized with　the　In

fraction　is　shown　in Fig.　3-7.　At　５００°Ｃno　contﾆinuous　layer　is　grown.

and　this　can be attributed　to　the　１０Ｗ solubility of As　at　５００°Ｃ．　The

abrupt　decrease at　７５０°Ｃ　could　be　explained　as　follows.　Ａ fair

amount　of　工ｎ remains　on the　substrate　surface due　to　the　thermal

etching, as　shown in Fig.　３－４．　　Themelt when contacted with　the

substﾆrate　is　diluted by　this　工ｎand undersaturated　at　ｔﾆhe　interface.

Therefore, the　initial　cooling period　is　spent　in re-equilibration

and　resaturation, and　the layer　thickness　is　small.　No　工ｎ　Inclusions

are　found　at　the　interface of　the　layers, indicating　that　all　the　工ｎ

droplets　are　taken　into　the　contacted meltﾆbefore　the growth begins。

　　　　　　The　thickness　of　the　grown layer　should be　considered more

　.5

ミ

　t/1

Ｊ

0.2

０．１

０

500 600

Fig.　３－７　Growth　temperature

dependence　of　the　calculated

As　fraction normalized with

the　工ｎfraction in the melt.

700

TEMPERATURE（゜C）



precisely both experimentally and　theoretically.　The experiments

must be　carried out　on a larger area of　the　substrate to　eliminate

the　influence of　the edge　growth[8], and with flat　and　thin melt

materials[9] .　The edge growth will be discussed　in Chapter　ＩＶ，§４－

6-2.　The layer　thickness of　ternary alloy　is calculated by　solving

the diffusion equation with ａ more precise model[9,10].　These

problems　for　InGaAs are left　for　the　further　study・

３－３－４．　χ-RayTransmission Laue Pattﾆem

　　　　　　At　thevery early stage of　the research on the　crystal　growth

of　InGaAs　on InP ( 1974 ) , there was ａ question whether　the grown

alloy layer　is really epitaxial ０ｒnot ．　Although the author：■ｗａｓ　sure

from the　etching pattern and the cleavage direction that　it　is　the

epitaxy of　the　strict definition,･£. e.j the grown layer has　the　same

crystal　structure and orientation as　the substrate, the x-ray trans-

mission Laue ( T-Laue　) method　is applied to　the grown layer with and

without　the　InP　substrate.

　　　　　　Figure 3-8-a is　the T-Laue ｐａｔﾆternof (lll)-oriented　InP and

Fig.　3-8-b　shows　that of　1111－χＧ８χAs(X！0.5) (#137)　whose　substrate

is etched out.　The　two patterns　of (a) and (b) are　superimposed　in

Fig.　３－８－Ｃ．　　Fromthe figure　it　is　clear　that　the alloy layer has　the

same crystal　structure.　　In addition, the　InGaAs　layer with the　InP

substrate　is cleaved perfectly along (110),　and　this means　that　the

grown layer has　the　same crystal orientation as　the substrate.　Thus,

the alloy layer　grows epitaxia:Lly in the　strict　sense of　the defini-

tion.

　　　　　　It　canbe　seen that　the　spots　in Fig.　3-8-b　is different　from

those in Fig.　3-8-a.　The elongated　spots　in Fig.　3-8-b　are due　to

distortion of　the lattice after the lattice-mismatch being relieved

with the　substrate etched out　selectively.　　Somewhat　starlike　spots

in Fig.　3-8-b would be resu:Lted from polygonization［１１］due to micro-

-28-
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cracks, which will be　shown　in chapter ｖ，§５－３．　Morepronounced

distortion　is　observed　in Fig.　３－８－ｄ．　These　sampleshave　lattice-

mismatch　larger　than　0.3% .

　　　　　　　　In　the

０.03 Z ) there

（０）

（Ｃ）

samp:Les where　the　lattice　is　closely matched ( e･ｇ･・

should be no　such　distortion or　polygonization.

lnP（111）

（Ｇ）Dnd（b）

（ｂ）

（ｄ）

Fig.　３－８　Transmission Laue patterns：

　　　　　　　　　for(111)-oriented工nGaAs.

(ａ)

In

#137

-

# 117

for (lll)-oriented工nP, (b)

(c) the patterns in (a) and

(b) are　superimposed　to　confirm the　identical　spot　arrange-

merit.　（ｄ）ｓｈｏｗＳ　elongated　spotsdue　ｔ０　lattice distortion.

一 一

－29

一 一-

一 一-

- -



3－3－5.　Etch Pit Density

　　　　　　　Theaverage　etch pit　density at　each　growth　temperature　is

listed　in Ｔａｂ:Le　3-1.　In　the　samp:Le　at　５５０°Ｃ　theEPD　is　too high　to

count, far beyond:Ｌ０６　ｃｍ‾２．　Thishigh EPD may be　in part due　to　the

relative:Ｌｙ　large　lattice mismatch between　the　substrate and　the　layer

as will be　shown　in Fig.　3-10.　　Better　crystal　could be　grown even at

temperatures below ６５００Ｃby precisely matching　the　lattice　parameter.

About　１×１０５　ｃｍ‾２ｍａｙbe　the　lower　limit　of　the EPD, because　the Cr-

doped　工nP　substrate has　approximately　the　same density of　etch pits

as　revealed by etching with　the R-C　solution.　An example of　etch

pits　in　工nGaAs　is　shown　in Fig.　３－９．

　　GROWTH

TEMPERATURE

　　　（゜Ｃ）

550

600

650

700

750

AVERAGE EPD

（

＞＞:LxlO
^

　〉１×１０

６

　＞５×１０

５

　へｊ５×１０

５

　へｊ1x10^

4･i.・　’゛9WIW3.s4｀-●-7w’･･･‘･.･･

　#176　EPD ( 5.2 × 105 cm‾2）

30－

Table　３－１　Average　EPD　of

alloys　at　each　growth

temperature.

Fig.　３－９　An　example　of

the　ｅｔﾆch pits　in　］:nGaAs

（＃:L76 ).



3-3-6. Composition and Composition Homogeneity

　　　　　　　The　compositionリs. growth　temperature　１Ｓ　shown　in Fig.　3－10・

Although　the　工n-Ga-As　solution with　the　solidus　composition of

]:"0.50^^0.50^^ at　each growth　temperature　is used, the composition

of　the alloys　grown at　temperatures　between ６５０°Ｃand　７５０°Ｃ　is

工"0.53^^0.47^^ ^*^ which　the lattice　constﾆant of　the grown layer

matches with　that　of　InP.　Below ６５０°C, the mismatch becomes　greater

with decreasing growth temperature。

　　　　　　　Aspointed out by Wu and Pearsonfl]the accuracy of　the　solid-

us　data in their experiment ｉｓ±３ mole percent.　In our experimentﾆｓ

at　６００°Ｃ　and　５５０°Ｃ　thedeviation １Ｓ　over　this　range.　　工tﾆ　１Ｓ possible

that the lower Ga composition obtained at　these　temperatures　１Ｓ due　to

inaccuracy of　the Wu and Pearson phase diagram.　Only ａ　few experi-

mental data were examined　in their phase diagram ｃａ:Lculation at　these

lower　temperatures, as pointed out　in Chapter　ＩＩ，§2-5.　Correction

to　the phase diagram １Ｓ discussed　in　§３－３－８。

　　　　　　　Influence of　the weighing accuracy of　the melt materials　to

the　composition　is briefly discussed here.　Since　Ga　１Ｓ　the

Ｘ

Ｚ
つ
Ｉ
ｉ
ｌ
Ｓ
Ｏ
ｄ
Ｗ
〇
｀

0.50

0.45

0.4 0

500

Fig.　3-10　Compositﾆ１０ｎびＳ．
growth temperature.　The　In-
Ga-As　solution of　solidus
composition ０．５which　is cal-
culated　from the phase diagram
is used at　each growth　temper-
ature.

600 700 800

GROWTH　TEMPERATURE (・Ｃ｝

－31－



smallest　in its weight, this　is weighed at　first and the weights　of

In and　InAs are corrected using the Ga weight as　ａstandard.

Between In and　InAs, the weighing Inaccuracy of　In affects　the

solidus composition deviation more than that of　InAs.　This　is　cal-

culated from the phase diagram.　　If　Inis weighed within±1.0×

:LO‾3，　thesolidus　composition is within十〇．0005　at　around 0.47.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

This gives the mismatch as　Ｓｍａ:LIas + 3.4×:LO‾5.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

　　　　　　Examp:Lesof (444) reflections are shown in Figs. 3-11-a, ｂ，

and　ｃ．　Thereflections from the epitaxial layer and　the　substrate

are detected at　this high angle.　　工ｎFig.　3-11-a　the　lattice　１Ｓ

very closely matched, and　in Fig.　3-11-b　ａ mismatch of　0.066%　is

calculated.　The Kai　and Ka2　peaks　are clearly resolved, indicating

good composition homogeneity of　these　alloys.　Ａ mismatch of　0.03%

is well resolved　in this alloy　system, using ａ convent ional x-ray

dlffractometer.　The half-width of　the　spectrum from the epitaxial

:Layer　increases with decreasing growth temperature as　shown in Ｆｉｇ・

3-11-c.

　　　　　　Ａresult of　the EPMA along the grown layer and　the surface　is

shown in Fig.　3-12.　The　sample is　angle-lapped by ３°as　shown in

Fig.　３－２．　Theresult　shows very good　composition homogeneity and

constant　composition along　the grown layer　and the　surface.　Ａ

slight　decrease　in intensity both of　Ga and　In along the　surface　is

due to　the off-angle of　the　sample　surface as　shown in Fig.　３－２・

Electron beam and x-ray detection system are mis-aligned due　to　the

off-angle of　the　sample surface.　The　intensity decrease at　the left

end　１Ｓdue　to　the attenuation of　signals by epoxy resin over　the

surface.

　　　　　　Fig.:　3-13　showsan example in which the Ga inclusions are

detected　in the grown layer.　The inclusions are seen in the angle-

lapped:Layer also　through the optical microscope.　The wafer might

be grown with ａ much higher cooling rate (　＞５°C/min) than the Ga-

diffusion limited growth-velocity.　Moreover, the quasi-grown layer

　　　　　　　　　　　　　　　　　　　　　　　　　　－３２－
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Fig. 3-11 Examples of

(444) reflections from

InGaAs on ］:nP.　In (a)

ｔﾆhe lattice　is　closely

matched, and　in (b) a

mismatch of　0.066%　is

calculated.　工ｎ（Ｃ）

the half-widtﾆｈ of　the

spectrum is wider.



（　see Chapter　工Ｖ　）ｉＳ　contained　in the　layer
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Fig. 3-12　Electron probe microanalysis　ａ:Long　the angle-lapped　grown

　　　　　　　　　　layer　and　the　surface.　The　intensity　is　quite　constant

　　　　　　　　　　along　the　grownlayer.
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３－３－７．　Photoluminescnece

　　　　　Emission　spectra of　ｔﾆwoepitaxial　layers　grown at　different

temperatures　are　compared　In Fig. 3-14.　There are　three distinctions

in the　spectra：　　the　photonenergy at peak intensity, the half　spec-

ｔﾆralwidth, and　the relative　intensity of　the peak at　lower photon

energy.　　The　compositﾆion determined by　the photon energies　at　peak

intensities　are　close　to　those in Fig.　３－１０　obtainedby x-ray dif-

fraction.　Ａ good fit to the photon energy (hリ) vs.　composition (x)

in the region 0.43くｘく0.48 and at ｘ＝Ｏ（工nAs ) and X = 1 ( GaAs ) at

７７Ｋ is given by

　　　　　ｈり(eV)= 0.404十〇.649 ｘ十〇.457×２

The　curve　gives　quite　the　same values　as　those by Wu and Pearson at

７７Ｋ［１１．
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Fig. 3-14　Photﾆoluminescence spectra at 77 K of two epitaxial layers
　　　　　　grown at 550°C (a) and 700°Ｃ（b）.
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　　　　　　The　full width at half-maximum ( FWHM ) of　the　spectra decreases

linearly with　the　increase of　the growth　temperature, i.e., fromへ,２０

meV at　５５０°Ｃ　to’ＸＪ:Ｌ３meV at　７５０°Ｃas　shown　in Fig.　3-15.　　This depend-
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Fig.　3-15　Growth temper-
ature dependence of　half-

width of PL　spectra
at ７７Ｋ．

ence　is not based on the　composition variation across　the grown layer

within the penetration depth of　the He-Ne　laser beam.　Such ａ compo-

sition variation can be　expected　from the phase diagram[l]．　However,

the lower　the growth ｔﾆemperature　is, the　Ｓｍａ:Her　the　composition

variation for　ａcooling　interval ０ｆ　１０°Ｃat ｘ！０．５．　Furthermore,

in the　experiments, the　composition variation　from near　the　interface

to the surface is measured to be within±１Ｚ by the EPMA and the

photoluminescence.　Moreover, the penetration depth of　the　laser

beam is　less　thanｌ Urn.　Along with the growth temperature dependence

of　the half width of x-ray reflection peak, which has been described

in　§3-3-6, it　is understood　that　alloys　of better　composition homo-

geneity　are　grown at higher　temperature。

　　　　　　As　for　theorigin of　the　sub-peak at　lower photon energy, no

extensive　investigation has been done.　Since　the material prepara-

tion and　the growth conditions　except　for　the growth temperature　are

－36
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the　same　for all　the growth, the　sub-peak does not　seem to be due

to an　impuritﾆｙatom, but　it might be related　to　the lattice-

mismatch　Induced defects.　In　the　samples　grown at　lower　temper-

ature both　the lattice-mismatch and　the electron concentration

increase, suggesting　the above　speculation。

　　　　　　Thevariations of the photon energy at　peak intensity, the

intensity,　and　the　FWHM along　the angle-lapped･ grox^n layer are

shown　in Fig.　3-16　for　sample　#153　as　an ｅχample.　ＣｏｎＳｔﾆant

photon energy　indicates　the uniformity　in　the　composition, and

very　small variations　of　the　Intensity and　the FWHM show ａ homo-

geneous　crystal quality across　ｔﾆhegrown layer.　　Similar results･
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are　ｏｂｔﾆained　inevery sample at different　growth　temperature.　Ａ

relatively １０Ｗintensity near　the　interface　is　due　to　the finite

diameter　of　the laser beam (へｊ５０ym ），･i.e.
3　　at　distance　0

ym,

most　of the　laser　spot　Irradiates　the　substrate and at　about ３　um

（　corresponding　to about　50 um in ａ layer angle-lapped by ３°) the

whole　spot　is　on the　grown layer.

３－３－８．　Effects　ofLattice Mismatch

　　　　　　工ｎthe crystal growth　the　ternary melt having ａ solidus　compo-

sition of　ｌｎ０.50Ga0.50ASｗａｓused at each growth temperature.　The

result is that the melt did not give the solidus composition x=0.5

due　to　the　inaccuracy of　the phase diagram.　　There are　two main

ｐｒｏ!Dlemsleft to be solved.　The first is to find the liquidus compo-

sition which gives the solidus composition at the lattice-matching

condition at　each growth temperature, and　the　second　is　todistin-

gulsh the characteristics　of　the alloy layer　caused by　the lattice

mismatch　from those due　to　the growth　temperature.　The　second　one

will be　solved　easily　if　the first one　is　found。

　　　　　　Theweights of melt　constituents which give　the　lattice-

matching　solidus　composition ( within　the accuracy of　０.03Z　）ａｔ

some growth　temperatures　are　listed　in Table　３－２．　Since　the phase

diagram is　calculated by　the author at　the　Interval of　０.01　ｓｏ:Lldus

ＴＧ(゜Ｃ) In(g) Ga(mg)　工nAs(mg)

620

625

650

700

　1.000　　　18.1　　　　7■7.9

11.000　　　18.55　　　82.6

　1.000　　　21.2　　　108.6

　1.000　　　27.2　　　179.5

Table ３－２　Theweights　of melt　constituents which give･the　ｌｊｔﾆtice-

　　　　　　　　　　matching　solidus　composition.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－38－



composition at　each growth　temperature, it　is　ａ simple process　to

approach　the　lattice-matching　composition using　the phase diagram

as ａ guidance.　Several　times　of　growth, at most, were necessary.

The　substrate　surface was　etched by pure　工ｎjust prior　to　the

growth.　The　Influence of　the　thermal etching of　the　substrate　ＳＵｒ二

face　is　expected　to be　ellmﾆinated by　this　etching process.

　　　　　　Mostremarkable　changes　in the characteristics, which have

been ｅχpected and discussed　in　§３－３－２　and5, are the　surface mor-

phology and　the　etch pit density of　the grown layer.

　　　　　　At　anygrowth　temperature between ６２０°Ｃand　７００°C,the　surface

is　the　same and　Ｓｍｏｏｔｈ．・　Inthe growth.from the melts with χ= 0.5.

the lattice-mismatch would be　thought　to have affected　the　surface

morphology through non-uniform nucreation at　the early stage of　the

growth　and　the distortion of　the　lattice.　No noticeable variation

of　the　EPD with growth　temperature　１Ｓ　found.　The results　indicate

that　the discussion ｉｎ-§3-3-5　is　correct.

　　　　　　There　seems　to be ｎ０large difference　in　the　characteristics

of the layers grown at　temperatures between ６２０°Ｃand　７００？C,except

for　the layer　thickness.　The best　suited　growth temperature will

be　selected　considering other　characteristics　such as　electrical

properties,　the diffusion behavior of　the dopant　at　the growth

temperature, and　film thickness controllability.

　　　　　　Finally, a tetragonal distortion of　the lattice　in the lattice-

mismatched heteroepltaxial layer must be discussed here.　工ｔ has been

reported　and very often used　that Vegard's law, i.e.. the lattice

constant　is　ａ linear　function of　the composition　in ａ pseudo-binary

alloys ' is　appllタｄ　to　1111－ＸＧ８ＸＡＳ[５]‘　Thislaw will be true　in the

case of　somewhat rough ( e.a..　〉１０‾２)ｄｅｔｅｒｍｉｎａｔｉｏｎof　the relation

and in　the case of　the bulk materials which １Ｓ　free from the lattice

mismatch with a substrate. In VPE-grown ｌｎ１-ＸＧａｘＡＳ　on
'GaAs [１２]゜゛

Ｇａｘ工n1－ＸＰｏｎGaAs[13], LPE-grown In^_^Ga^As^ P on InP[:141, and

－39－



MBE-gro゛I　1111-χＧ８χAs　０１１　InP[15］,the lattice distrotlon has been
ｊ

observed　by ａ x-ray diffraction ｔﾆechnique.　　It　is　evident　that

Vegard's　law is　inapplicable　to　the　lattice-mismatched　and　lattice-

distortﾆed heteroepitaxial　layer。

　　　　　　工ｆ　thedistortion　is ａ　simple　tetragonal one, i.。～･Ｊ　the　lattice

parameter　parallel to　the　interface （　a^ ) is　equal　to　the parameter

of InP （ａ。) and the parameter perpendicular ｔ;ｏthe interface （ａＰ）

is equal　to　that of　the　strain-free alloy as　shown　in Fig.　3-17, the

lattice parameter determined　from the　conventional x-ray diffraction

is　the　same ａｓ　ａ　，since the plane　separation for　the reflection　is

not　changed by the distortion.　Therefore, the　estimation of　the

lattice-mismatch by the x-ray diffraction can be used　as　ａ good　guid-

ance.　However, the　composition is different　from the　strain-free

alloy because the unit　cell is　smaller (　in the case of χ< 0.A7　）ｂｙ

　　　　　　Y. Kawamura and H. Okamoto have　shown that　８０Ｚ of　the mismatch

Is　accomodated by the elastic　strain of　the　lattice, ■I.e.,　the　elas-

tic distortion of　lattice, between x= 0.45　and　0.49［151.　１ｎ　ａ　system

with　ａ larger mismatch, e.g･ｊ　〉１０‾３，ｔｈｅａＣＣｏｍｏｄａｔｉｏｎwill break down

and Vegard's　law can be applied.　However, the　crystal　quality must

be much degraded due　to ａ large number　of misfit dislocations　and

microcracks　in the　layer with the larger mismatch.

ａ見

ａ。

In, GaAs. ｘ＜O°47

　↑

INTERFACE

l

InP

-40-

Fig.　3-17 Schematic drawing
of　tetragonal lattice-

distortion　in　I^l-x^^xAs
（Ｘく0.47）ｏｎ InP.



3－4.　SUMMARY

　　　　　工ｎthis chapter. many characterizations on the ｌｎ１-ＸＧａｘＡｓ

layers　have been carried out.　The　results　obtained from the

characterizations　are　listed below.

１）　The InP　substrate surface １Ｓ　thermally etched　during　the satu-

　　　　rationperiod by　the　evaporation of　the phosphorus.

２）　The　surface morphology of　ｔﾆhegrown layer　is　affected both by

　　　　thelattice mismatch and by the roughness of　the　thermally

　　　　etched　substrate　surface.

３）　The thickness　of　the　grown layer　decreases with decreasing growth

　　　　temperature except　at　７５０°C,following qualitatively　the temper-

　　　　aturedependence of　the As　fraction in the melt.

４）　The x-ray　transmission Laue pattern gives clear evidence of　the

　　　　epitaxy of　the grown layer　and shows　lattice distortion In ａ

　　　　mismatched　layer.

５）　The EPD increases with lattice mismatch　（Ｘく0.47　) and the lower

　　　　limitis about　１×｀１０５　ｃｍ‾２．

６）　The composition is estimated by x-ray diffraction at high reflec-

　　　　tionangles using　the　InP reflection as　an internal standard.

７）　The composition and　crystal quality have been　shown to be

　　　　veryhomogeneous　and uniform along　the growth direction and

　　　　over　the　surface by　the EPMA and　the photoluminescence.

８）　The same　quality of　layers　are obtained at　temperatures between

　　　　６２０°Ｃand ７００°Ｃby etching back the substrate surface with pure

　　　　工ｎ　justprior　to growth.

－41
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IV QUASI-GROWN　LAYERs゛

4－1.　INTRODUCTION

　　　　　　Inａ liquid phase epitaxial growth, an additional　layer　is

often obtained with　ａ residue of melt materials over ａ grown layer.

when　the melt has not been completely wiped away at　the　end of　ａ

pre-determlned growth process, even with ａ　small　tolerance between

the　substrate surface and　the　slider.　The characterization of　the

grown layer is usually conducted after　taking off　the　remaining melt

by dipping into H , selectively etching, and/or　evaporating　the

melt materials, depending on Its　chemical properties.　Surface mor-

phology, crystal quality, electrical and optical properties　of　the

layer deposited from the remaining melt would be much different　from

those of　an actual layer.　The additional layer　１Ｓ　called ”quasi-

grown layer” in this　thesis 。

　　　　　　There　seem･　tobe few published papers ■which notice the

effects　of　the　Incomplete removal ０ｆmelt on　these characteristics

of　the　grown layer, except for those of Hakki［１］and Coleman et at.

［２１．　The former reported　that　in the experiments　of　the growth of

ｌｎ１-ＸＧａｘＰ　onGaAs, the composition of　the　layer deposited out　of　ａ

residue of melt materials varied more rapidly along　the growth

direction than that　of　the　layer　deposited　during　the actual growth

process.　The latter showed　the　Importance of　complete melt removal

in ensuring ａ planar surface or boundary on an Ｉｎ１-ＸＧａｘＰ１－ｚＡＳｚLPE-

layer　and　the effect　of　Incomplete removal on the quaternary hetero-

junctﾆLon devices 。

　　　　　　Inthis　chapter, taking　the　growth of　ｌｎ１－ＸＧａｘＡＳ　onInP as an

example, the author reveals　through experiments　that　characterization

of　the grown layer　is　in error when　the melt　remains　at　the　end　of

* Y. Takeda, Y. Imamura, and Ａ．Sasaki, J. Cryst. Growth, 46, 75
　　(1979)

　　　　　　　　　　　　　　　　　　-43-



-

ａ　pre-determined　growth process　and　that　it　is very　important　to

conduct　the　characterization of　the　grown layer with　complete remov-

ａ１０ｆ　themelt　at　the　end　of　the LPE-growth　or　after　taking away the

quasi-grown layer　comp:Letely・

４－２．　INCOMPLETE REMOVAL OF MELT　IN LPE-GROWTH

　　　　　　When　the　growth　is　notunder proper　conditions, the surface

of　ａ grown layer would not be smooth or　the　periphery ｗｏｕ:Ldbe

stepped up　due　to　the　excess　edge growth which　is often observed　in

the LPE-growth.　Even with ａ small　tolerance between the　substrate

surface and　the　slider, the　grovm:Layer　is　covered, wholly or part-

ly, with　the melt materials when　taken out of　the furnace.　After

taking off　the　remaining melt　on the grown　layer by means　of, for

example, dipping　ｉｎｔｏＨｇ｀　thesurface can be observed.　An example

of　the　grown surface after removing　the melt　is　shown in Fig.　４－１－ａ．

The melt　remained due to　the excess　edge growth which worked　as　ａ

surrounding barrier　to　the ｍｅ:Lt.　The periphery　is　stepped up　as

shown　in Fig.　4-1-a, and Fig.　４－１-ｂ　is　themicroscopic observation

of　Fig.　4-1-a.
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Fig.　４－１　As-grown　surfaces　of　an alloy observed　after　removing　the

　　　　　　　　　melt：(a)whole surface and (b) microscopic　observation.
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4－3.　PL MEASUREMENTS ALONG GROWN LAYERS

　　　　　　For　the characterization　the　sample　Is angle-lapped, polished.

and　ｅtﾆched with the ’１ＺＢｒ：methanol　solution for　several　sec at RT.

Photoluminescence( PL ) measurements are carried out at　７７Ｋ across

the angle-lapped surface.　PL is excited by ａ He-Ne laser ( 6328 A )

beam focused on the surface with ａ spot size about　５０ μｍ．　The

results　indicate　that　the sample is　composed of　two distinct　layers

besides　ｔｈｅ工nP　substrate, as　shown in Fig.　4-2.　Those are

工ｉｌ］．-χＧ８χAs(X！0.5 ) with　the PL　peak around ０．８０eV ａｎｄｌｎ１-ＸＧａｘＡｓ

（ｘく0.5 ) with the peak around 0.57 eV.　The variations of　the PL

Intensity and　the half width across　the angle-lapped surface are

shown　in Fig.　４－３．　There are abrupt　changes　in the characteristics

observed from the PL measurements.　The PL characteristics　should be

compared with those in Fig. 3-16.
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Fig.　４－２　PL measurements　across　the angle-lapped　surface.　The

　　　　　　　　　grownlayer　is　composed　of　two distinct layers besides

　　　　　　　　　InP　substrate.　ThePL　intensities are not　corrected

　　　　　　　　　withthe　spectral response of　the measurement　system.
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Fig.　４－３　Variations　ofPL　intensity and half width of　spectra across

　　　　　　　　　theangle-lapped surface.

A-4.　CHEM工CAL ETCHING AND EPMA ALONG GROWN LAYERS

　　　　　　Theangle-lapped　surface　is　etched with the A-B solution[3,4】

for １０　ｔ０　３０sec at RT.　The etched surface is　shown in Fig.　４－４

along with　the　composition variation measured with the　electron probe

microanalysis ( EPMA.) .　There are　in the grown layer　the constant

composition layer of　ｘ！0.５and　the varying　composition layer around

ｘ°０．３．　Betweenthem there is　the layer with ａ high etch pit density

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－４６－



-

（ＥＰＤ）．　The　trace of　the

elements　is　shown　in Ｆｉｇ･
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4－5.　QUASエーGROWN LAYERS

　　　　　　Fig.　４－６　shows　the　grown　layer　of 工１１１-ＸＧ３χAs( X・Ｏ°５）｀゛here

the melt　materials　are　completely wiped　away　from ａ portion　of　the

grown　surface.　This　portion　is mirror-like　smooth, but　the grown sur-

face covered with the melt material has　the same morphology as　shown

in Fig.　４－エ．　　The　grown layer　of　the mirror　portion　is　composed　of

sing:Le constant　composition x= 0.47 which has been intended, but　the

grown　layer　covered with the ｍｅ:Ltmaterial is　composed　of　the same

ｔｗｏ:layers　as　shown in Figs.　４－２へ4-5.　The ｃ:Leaved　cross　section　is

shown　in Fig.　4-7.　It　shows　clearly　ｔﾆhat　the quasi-grown　layer　is

deposited　on　the　actual　:Layer.
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Fig.　４－６　Sample of　］:ｎ　　Ga As

(x3^0.5 ) where melt　ｉＡでｏｍ２５

plete:1-y wiped　away　on the black

portion.

4-6.　Ｄ工scuss工ON

Fig.　４－７　Cleaved　cross　section
of　the　sample in Fig.　４－６　after

removing　the melt.　Quasi-

grown layer　is　deposited on the

actual　layer.

　　　　　　The　grown　layerof　ａlow crystal quality, i.e..　ａ　１０ｗPL

intensity, large　spectral half-width, and　ａ varying　composition,

is　grown by　the deposition from the remaining ｍｅ:Ltmaterials　during‘

the　temperature　cooling　from the　end　of　the　pre-determﾆined　growth

temperature　to　room temperature.　This　low-quality　layer　is　not

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－４８－
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the　layer grown during　the actual　growth process, but　the　layer

grown unintentionally after　that　process.　　Thus, it may be called ａ

quasi-grown layer.

４－６－１．　Effects　of　Quasi-Grown Layers

　　　　　　One　example　of　themis-evaluation of　the grown　layer observed

in the experiments　is　the　electron mobility in　it.　The highestﾆmobl-

lity　in the grown :layer with　the　quasi-grown　layer　Is 9 440 ｃｍ2/Vsec,

but　that　In　the actual　layer　is ７６００ｃｍ２／ｖｓｅＣａｔ　３００Ｋ．　Although

the crystal quality of　the quasi-grown layer　Is much worse　than　that

of　the　actual　layer, the mobility　in the　total　layer is higher

because　the　composition of　the quasi-grown　layer　is near　to　InAs

which has ａ very high ｍｏｂｉｌｉｔｙ（゛し３００００ｃｍ２／ＶＳｅｃ）［５］．

　　　　　　Ｂ．　Ｗ．　Hakkifl］　observed　in　the LPE-growth of　ｌｎ１－ＸＧａｘＰon GaAs

that　if　during　the　tipping-off process ａ　residue of　the ｍｅ:Lt　remained

on　the　substrate surface, this　residue　continued　to deposit material

down to RT and that　ｔｈｅ‘composition of　the ternary alloy ｔﾆhat depo-

sited　out of　the residue varied more rapidly as　ａ function of　dis-

tance　than that　of　the layer deposited during　the actual growth

process.

　　　　　　Ｊ．　Ｊ．　Colemanet.dt.［２］fabricated by LPE yellow DH lasers

consisted　of　lattice-matching工ｎ 1-ＸＧａｘP1－ｚＡＳｚquaternary and

ＧａＡＳ１－ｙＰｙｔｅｒｎａｒｙ　layers　at　constant　temperature ( "^ ８００°Ｃ　)from

supersaturated melts.　They found　in the lasers　small　red　shunts

penetrating　the DH structure, or　irregular　or　shorted junctions.

They provided　evidence　that　these problems　are associated with　in-

complete melt　removal ０ｒ wipe-off between　the growth of　one LPE-

layer　and　the growth of　the next.　They noted　that only ａ　small

amount　of　drag-over of　one quaternary melt under ａ different compo-

sition melt　Is　sufficient　to cause attack of　the underlying　sub-

strate or LPE-layer and　to destroy locally　the lettice-matchlng
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ability　of　the　second melt。

　　　　　　I.Hayashi［６］described　the effects　of　the remaining ｍｅ:Lt　on

the LPE-grown GaAlAs/GaAs DH structure.　He pointed　out　that　the

complete melt removal was　achieved both by　ａ　ｓｍａ:LI　tolerancebetween

the　substrate　surface　and　the boat and by　the　improved　quality　of

ｔ：he　grownlayer.　　Even with ａ small　ｔﾆolerance, the melt　remained

spotty on defect　parts　of　an　epitaxial　:Layer,　　The Ga melt which was

contaminated　by　the drag-over　of　the Ａ:1-contained melt　affected　the

thickness and uniformity of　the GaAs　layer, and　caused　the　fluctua-

tion of the　lasing wavelengtﾆｈ．　Further, the　remaining melt　on　the

last　layer deposited　excess　GaAs　islands, and　it　affected　the heat

dissipation　in　the　laser mounted up-side down.

４－６－２．　CompleteRemoval ０ｆMelt

　　　　　　工ｔhas been shown above　that　the　complete removal ０ｆmelt　is

very　importﾆant　to　avoid errors　In the　characterization of　the grown

:Layer and　to　fabricate multi-layered　structures.

　　　　　　Themelts　are　completely removed　except at　the　edge portion

of　the　substrate by　the　improved boat　and　Ｓ:Lider　structure with ａ

larger　size　of　the melt ｗｅ:Lls　as　compared with the substrate　size,

and ａ close　ｌａｔﾆ;tice-matching of　the alloy　with the　substrate.

（ａ）

SUBSTRATE

（ｂ）

Fig 。　４－８　Cross　sectional view of　the boat　and　slider 。　(a) The

　　　　　　　　　original　structure.　The　slider　is　put　on　the boat・

　　　　　　　　　（ｂ）Ｔｈｅ　improved　structure.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－５０－

す



　　　　　　Ａcross　sectﾆional view of　the　original boat　and　slider

structure　is　shown　in Fig.　4-8-a, which has been illustrated　in　§

２－２．　The　slider　is put　on the boat　and will　easily be pushed　up by

an excess　growth of　the　layer and/or adhesive meltﾆｍａtﾆerials　on　the

grown layer.　The structure has been improved　to keep　ｔﾆhe　tolerance

unchanged during　the　slide by extending　the bottom corner　of　the

slider　as　shown in Fig.　４－８-ｂ．　Evenwhen　the edge grows　high, the

melts are removed　from the most part　of　the grown-layer　surface with

this　improved boat。

　　　　　　Inour　experiments　of　the LPE-growth of　InGaAs on　the　InP

(１:Ｌ１)Ｂsurface, the　edge　tends　to grow higher than　ｔﾆhe　other　flat

portion when　the　size of　the melt well　is　smaller　than that　of　the

substrate.　From ａ carefull observation of　ｔﾆheexcess　edge　growth,

it has　been　found　that　the　edge grows　along　the circumference　of　the

melt　contacted　to　the　substrate　surface as　shown　in Fig.　４－９－ａ．　　The

wldtﾆｈ of　the melt ｗｅ１:Ｌhas been widened　so　that　the　substrate　edge

contacts　to　the　flat bottﾆom of　the meltﾆ　as　shown in Fig.　4-9-b.　The

width perpendicular　to the　sliding direction is kept　smaller by ０．５

mm than　thatﾆ　of　the　substrate.　The excess　edge growth　along　the

sliding　direction does not much affect　the melt　removal.

←SLIDE

　　　MELT

SUBSTRATE

（ａ）

EXCESS
EDGE
GROWTH

←SLIDE

　　　MELT

SUBSTRATE

（ｂ）

Fig.　４－９　In (a) the　excess　edge　growth　is　observed　along　the

　　　　　　　　　　circumferenceof　the melt.　In (b) the edge　growth is
　　　　　　　　　　muchsuppressed.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－５１－



4－7.　SUMMARY

　　　　　　The　author　has　shown through experiments　the　effects　of　the

Incomplete melt removal　in LPE on the characteristics　of　the　grown

layer, taking the growth of Ｉｎ１－ＸＧａｘＡＳon InP as an example°

１）　The　grown　layer with ａ residual melt　remaining unintentionally

　　　　may　involve　thequasi-grown　layer whose　characteristics　are much

　　　　different　fromthose of　the actual　layer which was　intended・

２）　The　surface of　the quasi-grown layer　is rough as　compared with

　　　　that　of　theactual　layer・

３）　The PL intensity　is　１０Ｗand　the　spectral half-width　is　larger　in

　　　　the　quasi-grown　layer.　Theactual layer has ａ　constant PL　Inten-

　　　　sity,half-width, and energy at peak along　the growth direction･

４）　The　composition varies　along　the growth direction･in the quasi-

　　　　grown　layer,but　quite constant　in the actual　layer.

5）

6）

7）

The　EPD　is high in　the quasi-grown　layer ・

The　quasi-grown layer　deposits　on　the actua:Ｌlayer・

Growth of　the quasi-grown layer　is avoided by　the complete

removal ０ｆmelt with ａ well-designed boat　structure.

　　　　　　Suchａ grown　layer has　to be characterized by　distinguishing

carefully　the　actual　layer from the　quasi-grown layer.　　Otherwise,

the characterization may be　in error and　lead　to mis-evaluation of

the actual　layer.
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EFFECTS OF LATTICE MISMATCﾄ仁ON GROWN LAYERS゛

5-1.　INTRODUCTION

　　　　　　工ｎtﾆhe　epitaxial　growth of　ternary alloys, there　is usua:Liy

ａ　lattice mismatch between　the　epilayer and　ｔﾆhe　substﾆrate.　　Byliquid

phase　epitﾆaxy, it　is　impossible　so　far　to　grow epilayers　over　the

whole　compositﾆion range　on one　substrate　except　for　the Ａ:L-Ga-V

system, such as Al-Ga-As［:Ｌ］, Al-Ga-Sb［2], and Ａ１－Ｇａ-Ｐ［3],in which

the mismatch　is very　small。

　　　　　　The　lattice mismatch between　InAs　and GaAs　is　6.9%　and　good

crystalline　epilayers　over　ｔﾆhe whole　compositﾆion range　cannot be

groxm on either　工nAs　or GaAs　substrate.　工ｔ　is　reported by Wu and

Pearson［４１　thatﾆ　satisfactﾆory In:ＬｉχＧ％Ａｓof １≧゛≧0.8can be　grown

directly　on GaAs　and　that　of　０．３≧ｘ≧Ｏ　on　InAsby LPE.　Between ｘ＝０．３

and　０．８　工nP　is　thought　tobe　advantageous as　ａ　substrate;　the　lattice

matches　at x= 0.47　and　good　epilayers　can be　grown on an　工nP　sub-

strate［5-7]。

　　　　　　工ｎ　this　chapter,the　author describes (:L) the possible　compo-

sition　range　of　ｌｎ１-ＸＧａｘＡｓ　growndirectly on　InP　substrate by LPE,

(2) the　expansion of　the　composition　range using　^^0.53^^0.47^"　as　ａ

buffer　layer, (3) tﾆhe　compositﾆion　latching phenomenon　in ａ certﾆain

range　of　composition, and (4) the　effects　of　the　lattice mismatch on

crystal　perfection and　surface morpho:Logy of　the　epilayer.

5－2.　GROWTH PROCEDURES

　　　　　　Growth apparatus　and material preparation are　the　same　as

described　in　chapter　工工．　The　substrate　is (lll)B-oriented　InP.　The

growth　temperature ( T_, )　is ６５０°C, the cooling １７刮ﾆｅ（ＴＲ）　is Ｏ゛:L5‾

0.20°C/min,　and　the　step-cooling　interval ( T )　is　Ｏ°C, unless

大　Y. Takeda and Ａ.　Sasaki, J.　Cryst.　Growth, 45, 257 (1978)
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otherwise　specified.　Some　ｏ£　the melt　compositions used　in the

experiments　are　listed　in Table　5-1.　These　compositions　and weight

ratios　are　calculated using Wu and Pearson's model as　described　in

Chapter　II.　The　composition of　the　grown　layer　is　determined by ｘ－

ray diffraction using　Cu Kai　and Ka2　radiation and assuming Vegard's

ｌａｗ[８]．

Ｘ

０

－

０

－

０

０

４５

-

４７

Ｎ

0.915
-

0.914
-

0,914
-

0.913

0.0261

0.0293

0,0306

0.0327

0.0365

^AS

-

0.0592

0.0568
-

0.0559
-

0.0544
-

0.0518

WGa/"ln
-

0.0185

0.0208

0.0217

0.0231

0.0258

"lnAs/"ln
-

0.114
-

0.110
-

0.108
-

0.105
-

0.0995

Table ５－１　Some of　the melt　compositions　at　６５０°Ｃused　in the　exper-

　　　　　　　　　　iments°　ＮＸ：atomicfraction of　atom X, W：　weight　of Ｙ゛

5-3.　DIRECT GROWTH ON　InP

　　　　　　The growth of　alloy epilayers　directly on　InP(lll)B surface

is　attempted from an equilibrated solution ( Tg°Ｏ°C ) at ６５０°Ｃwith

ａ cooling　interval of　５へＪ７°Ｃ．　The　solidus　compositions　calculated

from the phase diagram ( x　) are　changed between ｘｃ °０．３　and　0.65,

and ａ finer　change is made at around x =0.45.

　　　　　　The composition of　the grown layer (x)びＳ．　ＸＣ　is　shown　in Ｆｉｇ・

5-1.　Microphotographs　of　the as-grown surfaces　at　each　composition

indicated　in Fig.　５－１ are shown in Figs 。　５－２－ａ'Vｈ．

　　　　　　Composition　latching phenomenon is　observed, i.e.j only χ＝

0.445±0.005　layers are grown from the melts　of any ｘｃ　between　０.４０

and ０。４５．　The lattice mismatch between the layer of ｘ°０．４４５±0.005

and　the　substrate is (1.7±0.3）ｘｉＯ‾３．　The　surface　of　the composi-

　　　　　　　　　　　　　　　　　　　　　　　　　　　-５６－
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tﾆion-latched　layer　is not　smooth, but　the　thermal etch pattern of

the substrate surface appears　on　the　１０ ym thick epilayer　surface　as

shown in Fig.　5-3-a.　The　surface of　the　substrate, shown in Fig.　５“

3-b, is　revealed　after removal　０ｆ　the epilayer by ething with ｔﾆhe Ａ-

Ｂ　solution［９］ａｔﾆ　roomtemperature.　　InGaAs　is　selectﾆively　etched by

this　solution.　At χ= 0.47, where　the　lattice matches ， these pat-

terns　do not　appear　even　on ａｔﾆhin (へｊ１．５μｍ　)epilayer surface。

　　　　　　The　layerdeposited from the melt　of X =0.39　is　composed　of

two compositions, x=0.37　and　０．４４。

　　　　　　Fromthe melts　of 0.45≦ＸＣ≦0.50 uniform layers　of　the calcu-

lated composition grow, but only　island growth is　obtained when X

0.35, 0.375　and 0.55, and no growth　from ｘｃ=0.30 and ０．６０．

　　　　　　Although the as-grown surface　is　smooth　in the　case　of　ａ

small mismatch (へｊ６．６×１０‾４　)( Fig.　5-4-a　），ａ very large number of

etch pits　appear along (110) direction appear on the　substrate sur-

face under the epllayer in ａ sample with ｘく0.47 when it　is　etched

with the R-C solution［１０］for １０min at ６０°C( Fig.　５－４-ｂ　）．　Inａ

sample x>0.48, no such pits appear on the　substratﾆｅ surface, but

line　imperfections　in the epilayer　along　the cleavage　direction (110)

are observed after ａ　slight　etching with the A-B　solution (　Fig.5-4

－Ｃ　）．　　In　the　sampleof　ａlarger X, cracks　are　seen　in the　epilayer
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and　they penetrate　Into　the

substrate ( Fig. ５-５）．

Fig.　５－１　Compositionof　the
grown layer りＳ．　solidus　compo-
sltion calculated　from the phase
diagram.　(o) Uniform growth and

（△)island growth.
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　SOLIDUS COMPOSITION

CALCULATED FROM PHASE DIAGRAM
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（０）

（ｂ）

０ 30

0.375

（C）0,39－0,44

（ｄ） 0,45

（ｅ）

（ｆ）

0.47

0,50

←1

50 pm

（ｇ）

勺

よノ

（ｈ）

0.55

0.60

Fig.　５－２　As-grown surfaces of the epilayers at the compositions

　　　　　　indicated in Fig. ５－１as （ａ）へ・(h). Scale is the same as （ｈ）
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Fig. 5-3 (a) As-grown　surface of a　composition-latched layer. （ｂ）
The　InP　substrate under　the　layer (a).

　｀jl･･'｀　j,一一9111， '　I'･'I.･･d¶
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AS-GROWN SURFACE ETCH PITS ON SUBSTRATE SURFACE CRACKS IN EPILAYER 50 urn

Fig.　５－４　As-grown　surface　is　smooth as (a) when　the mismatch is

　　　　　　　　　smal:L,but (b) etch pits　appear　on the　substrate surface

　　　　　　　　　under　theepllayer with x<0.47　and (c) line　:imperfections
　　　　　　　　　are　seenin the　epilayer with χ＞０．４８．
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Fig.　５－５　Cracks　in the　epi-

layer which has　ａ　larger

composition (χ-0.5 ). They

penetrate　into　the　substrate.



5゛4°　GROWTH ON 工"0.53^^0.47^^　BUFFER LAYER

　　　　　　工111-χＧ８χＡｓ（　0.40≦゛≦0.70　)epilayers are grox^m on IiIq^
53^^0.47^^

（Qj10 ym thick　) which are　in　turn grown on　InP　substrates.　The

temperature　cycle　for　the　growth　is　shown in Fig.　5-6.　The　growth

temperature for 1111－χG3χＡＳ（蝉Ｏ｀４７　）ｉＳ　６５０°Ｃ’the　same as　that　for

the buffer　:Layer, to　avoid ａ　supercooling　of　the melt　of　the　second

layer.　Thus, the　growth　of　the　second　layer is　thought　to be　grown

from the　equilibrium liquid。

　　　　　　As　shown　in Fig.　５－７， at　ｘｃ　°０．４０,･0.425　and　0.50, the　compo-

Ｓｉｔﾆion　of　the grown　layer　is almost　the　same as　ｘｃ　and　composition

latching　is not　observed.　This means　that　the　latching　in the　di-

rect　growth on　InP　substrate　is not　due　to　the　inaccuracy of　the

phase　diagram.　The　surface　of　χ＝0.50　layer　is　fairly　smooth as　shown

in　Fig. 5-8-a.　The　interface　of　the　two epilayers　is　clearly　de-

lineated by　etching with the A-B　solution.　When X　is　larger.

crystal　grows ， but　the　surface　is not　smooth as　shown in Figs.　５－８－

ｂ　and　c, and most　of　the buffer　layer disappears.　　工nterface between

the buffer　layer and　ｔﾆhe top　layer　is not　delineated by　the　etching

and x=0.47　layer　is not　detected by the EPMA.　The 0.47　layers　are

disso:Lved　into　the melts with　larger ｘ
Ｃ　Ｉ

Ｓ．　The results　suggest

that　ａsmaller　step　of　composition grading　is necessary to　grow step-

wise　grading layers　to keep　each layer　unaffected by　the meltﾆ　over

it.　　An example of　the　step-wise composition grading, 0.525/0.50/

0.47　0n工nP　is　shown in　Fig.　5-9-a.　The　surface of　0.525　layer　is

much　smoother　than　that　grown directly on　InP ( Fig.　５－９-ｂ　）．　Three

grown　layers are　seen after　etching　the cleaved　surface with　the Ａ-

Ｂ solution.
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　SOLIDUS COMPOSITION

CALCULATED FROM PHASE DIAGRAM
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　Composition latching １Ｓ
triangles denote the same

Fig.　5－7　(･) Growth on the buffer layer.

　　　　　　　　　notobserved.　Open circles　and

　　　　　　　　　as　inFig.　5-1.

ln・G()

800°C

InAs AND InP SUB

Fig.　5－６　Temperature cycle　for　the growth of double layers.
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(b) 0.60 on 0.A7

(c) 0.65 0n 0.A7

Fig. 5-8 (a) is　the as-grown　surface　of　ｘ＝0.50　:Layer　on　the buffer

　　　　　　　　layer, and (b) and (c) are　the as-grown　surfaces　of　ｘ°0.60

　　　　　　　　and0.65　:layers on the buffer　layer, respectively・
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　　　　右京　　inP

(a) 0.525-0.50- 0.47

(b) 0.525 direct

冨オ

(a) The　as-grown　surface ( left　) and

( right　）ｏｆ 0.525:layer grown by the

grading, and (b) the　as-grown surface

directly on 工nP.

５-５．　ＣＯＭＰＯＳＩＴ工ON ＬＡＴＣＨ工NG PHENOMENON

etched　cross　section
step-wise composition
of　0.525　layer　grown

　　　　　　Only ｘ°0.445±0.005 layers are grown from the ｍｅ:Lt　of any ｘｃ

between 0.40 and　0.45.　This　phenomenon　is　called　as　”composition

latching phenomenon”．　It　is not　observed　in　the growth　of

ＩＩ１１－ＸＧ８ＸＡＳ（　｀≠0.47　)on工110.53G80.４７ＡＳｂｕｆｆｅｒ　layer.　Additional

experiments　are　carried out　to　find　the difference between　the　two

growth　procedures.
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　　　　　　When　themelts　of ｘｃ =0.40 and 0.60 are contacted with the

工nP　substrate or　the In^
53GaQ ^^As

buffer layer　at　６５０°Ｃfor　３０mln

while keeping the　temperature　constant ，InP hardly　dissolves, but

most　of　工^0.53^^0.47^" ^°^^　dissolve　as　shown in Fig.　５－１０．　　From

these results　it　can be　considered　that　in the　case of　the direct

growth on　InP　ａ quaternary　grading　layer (　InGaAsP　) which relieves

the mismatch does not　grow, but　that with　the buffer　layer　ａ compo-

sition grading　layer　grows　thick enough to　relieve　the mismatch.

AT　６５０°Ｃ　FOR　３０　min
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Fig.　５－１０　The melts　ｏｆｘｃ＝0.40and 0.６０ does not appear　to dis-

　　　　　　　　　　　ｓｏ:lveInP (a), but dissolves　ｔｈｅ工"0.53^^0.47^" layer (b).

5-5-1.　Variation of　Ｃｏｏ:Ling Rate and　Step　Cooling

　　　　　　Keeping　the melt　composition and other　growth conditions　the

same, i゜６°ｊ　｀ｃ=0.425,　ＴＧ°６５０°C, and T=0°C, the　cooling rate (　ＴＲ）

is varied between　０.20 and 1.25°C/min.　The results　are　that when T_<
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0｡251　TR°0.40,　０.５０ and ＴＲ＞0.50°Ｃ／゜in,　the　compositions ゛゜0.44,　0.435 ・

0.43, and ａ broad　compositﾆion (χ=0.42へj0.47　) are obtained, respec-

tively.　With ＴＲ°０．２°C/minand other　conditions unchanged, the growth

with ＴＳ°2, 3, and　５°Ｃ　give ｘ°Ｏ°43, 0°42, and two x=0.42　and 0.435,

respectively｡

　　　　　　The resu:Lts　Indicate　that　ｔﾆhe　composition latching phenomenon

is　quite　sensitive　to　the　cooling rate and　the　step-cooling　interval.

Ｇａｘ工1-x　in which　this latching was　observed was　grown on GaAs　by

the　steady　state ＬＰＥ[１:Ｌ]．　The　conditions of　ａ　small cooling　rate and

ａ small　step-cooling　interval　can be　ｔﾆhought　to　approximate　the

steady　state.　　Investigations　on　the　latching phenomenon on other

alloys　and　ａ theoretical　study　should be made with　care　for　these

growth　conditions.

5-5-2.　Variation of　Growth Temperature

　　　　　Growth at ７００°Ｃbetween ｘｃ =0.38 and 0.48 shows ａ similar

phenomenon, 'I.e., only x=0.45±0.０１ is obtained from the melts be-

tween x =0.40 and　0.45.　The　results　are　shown　in Fig.　5-11.　The

latching phenomenon does not　seem to be　sensitive　to　the growth
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temperature.　　Our results　deviate　from the　calculated　phase　diagram･

The　phase　diagram is modified　to　ｆｉｔﾆ　theexperimental data.　The x'^

indicated　above　and　in　the　figure　is　the　corrected　composition.

5-6.　Ｄ工scuss工ON

　　　　　Ｉ ８゙ study of steady state LPE-growth of Ｇ３χ工゛１-χＰon (lll)B-

oriented　GaAs　substrate, Stringfellow observed　that　growth　from

llquidus with　ａ certain range　of　compositions　produced　the　same　solid

composition χ=0.51, that　is　the　composition latching, as　shown　in

Fig. 5-12[11].　Other people have reported　similar phenomenon　in　the

LPE-growth of Ｇ８ｘｴ１１１-χＰon (lOO)-oriented GaAs[12] and 011 (lll)B-

ｏｒｉｅｎｔｅｄＧ．８ｙＡ１１－ｙＡｓsubstrate[１３]'

　　　　　On　the　other hand, in the　case　of LPE-growth of　Ｉｎ１－ＸＧａｘＡＳ゛

the　composition latching phenomenon　is　observed　only on the　Ｓｍａ:Her

composition　side, where　the strain　in　the　epilayer　is　compressive.

The　tensile　strain in the epilayer on　the　larger composition　side

may be relieved by microcrack formation along　the　cleavage　direction.

(110),　and　composition latching　does not　occur.　No　cracks　are

observed　in　the　islands which are grown from the melt　ｏｆｘｃ＝0.55　and

Xeq
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Fig.　5-12　Composition
latching was　observed
in LPE-growth of　GalnP
on GaAs　substrate.
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have ａ　solldus　composition x=0.61'＼^0.62.　The　strain energy due　to

the mismatch as　large as ９．７×１０‾３　seems　tohave ｎｏｔﾆ　allowed　formation

of　ａ continuous　layer.　　Growth and　stress　characteristics　in　the

工ｎ１-ＸＧａｘＡＳ　layeron　InP　is　schematically drawn　in Ｆｉｇ°5-13°

　　　　　　工ｎthe　layers with ｘ between 0.45　and　0.49, a　tetragonal

distortion[１４]of　the　lattice parameter may occur as　discussed　in

§３－３－６．　Thedistortion comes　about　from the　strain　caused by　ｔﾆhe

lattice mismatch　in the　interfacial plane.　Y. Kawamura and Ｈ．

Okamoto　have very recently reported　that more　than　８０Ｚ　of　the　total

mismatch　is　accomodated by the elastic　strain and　２０Ｚ　of　itby　the

misfit　dislocations　in the MBE( molecular-beam epitaxy　)-grown

ｌｉ１１-χＧ３χAs　on　ｋＰ[１４]゜　The　same　distortionwould be expected　in

LPE-grown　ｌ:n1-ＸＧａｘＡＳｏｎ　工nPand　the mismatch would be　accomodated by

it　in the 。layers of χ between 0.45　and　０．４９．　Smooth　surface of　the

０．６
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layers may be an evidence　that misfitﾆ　dislocations (　ａ　large number

of　them degrade　the　surface morphology　）ｐ:Lay ａ minor roll　in　the

strain accomodation。

　　　　　、Continuous　layers　of　ｘ between 0.49　and　0.55　are　obtained、

but many　cracks are observed as　shown　in Fig.　５－４　and　5-5.　The

critical value of misfit　strain necessary　for　the onset　of　cracking

in deposits　of　ＧａｘＩｎ１－ＸＰ　onGaAs was　found　to be ｌ３×１０‾３[15].　　The

misfit　strain at x=0.49　in In　　Ga As　is 'VI.3×１０‾Ｊ．　Thevalue might
　　　　　　　　　　　　　　　　　　　　　　　　　　　１-χ　χ

depend on　the mechanical　strength of　the materials.

　　　　　　　Inthe　smaller composition　side　than ｘＣ°0.45, where　the

strain　is　compressive, there　is no　such ａ mechanism as　crack forma-

tion　to　accomodate ａ large misfit　strain.　The　strain ｗｉ１:Ｌbe　re-

lieved by　introducing ａ large number　of　dislocations　or　shifting　the

equilibrium solidus composition°　In the　growth of　ｌｎ１-ＸＧＥｉｘＡｓ　onInP

both phenomena are observed.　Thermal　etch pattern which appeared on

the　surface of　composition　:Latched　layers　is　due to　the misfit　dis-

locations　originated　from ｔﾆhe　interface between the　layer and　the

substrate.　Ａ part　of　the　strain is　accomodated by　the dislocations

and　the　rest　of　it by　shifting　the　equilibrium solidus　composition,

and　it　resulted　in　the composition latching around　０．４５．　That

would be　an explanation of　the observed phenomena.

5-7.　SUMMARY

１）　The　composition is　latched　in the LPE-growth of　ｌｎ１-ＸＧａｘＡＳ

　　　　on　the　］:nP　substrate ａｔＴＧ°650°C and　７００°Ｃwith ａ small cooling

　　　　rate　and　ａ　small　step-cooling　interva:Ｌ．

２）　The　latching does not　occur on　the　larger　composition side

　　　　relative　to　the lattice matching　composition of x=0.47, but　on

　　　　the　smaller　side.

３）　The　layer with　the　composition　in the range　from ｘ°0.45　and　0.５０

　　　　deposits　uniformly。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-68-



4）

5）

Island　growth Is　obtained　at X≦0.375　and ｘＣ

An In

≧0.55.

0.53
Ga^
A7^^
buffer　layer between工11:L-χＧ３χＡｓ（μＯ’４７）

　　　and　InP　seems　to　ｒｅ:Lieve　themismatch　energy　forming ａ　compo-

　　　Sitﾆion grading　layer　to allow the　growth of　ａ wider　range of

　　　composition from χ＝0.40　ｔ０　０．70.

6）　Fairly good　layer　of x=0.525　is　obtained by ａ　step-wise compo-

　　　sition grading･
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VI
゛
ENERGY GAP OF ln0.53Ga0.47As・

6-1.　INTRODUCTION

　　　　　　Althoughthe　energy gapE　is one of　the most important　funda-

mental parameters of　ａ　semiconductor, there has been ａ large　scatter

in　the　reported values of　the Ｅ
　　　　　　　　　　　　　　　　　　　　　　　　　ｇ

of 1111-χＧ８χＡｓ[1‾7]. The highest Is

0.91 eV and　the lowest　is about　0.60 eV at around x=0.5 as　can be

seen in Fig.　6-1.　　１ｎone paper　the energy gap was　taken as　the　ener-

gy at half maximum transmission.　工ｎ other　samples　the composition

りａＳnot homogeneous　enough　to evaluate　the　energy gap or　the　ｌａｔ!：ice

matching was not　good　enough to　be　free from the　lattice　strain

|･２
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which varies　the　energy　gap.　Therefore, it must　be　carefully　carried

out　to　determine　the　true value　of　the energy gap　of　Ｉｎ１－ＸＧａｘＡＳ　which

is　free　from the composition　inhomogeneity and　lattice　strain。

　　　　　　工ｎ　this　chapter, the energy　gap　of　^^0.53%.A7^"　is　deter-

mined accurately.　The　composition　is　confirmed　to be very homoge-

neous　along and over　the　layer by the EPMA and　the PL measurements,

as　shown　in Chapter　工工工，§3-3.　The　ｅ:Lectron Hall mobility of

工"0.53^^0.47^^　is　as high as　８ ５００ｃＩＩ１２/Vsec at RT which　is　one　of　the

highest　ever　reported[８－９]．　The　steep　changeof　the　absorption　spec-

trum is　shown.　The　calcu:Lation of　the　intrinsic carrier　concentra-

tion in　this　alloy　is　described.　Discussion on　the　energy　gap

determination and bowing parameters　are also　given here.

６－２．　工NFRARED TRANSMISSION

　　　　　　The　infrared　transmission,t, and reflectivity, r, spectrum

of　the　grovm layer with　the　InP　substrate are measured between　０.70

and 1.45　ym ｂｙ‘a double beam spectrometer at 294 Ｋ．　The　trans-

mission　spectrum changes　steeply near　the absorption edge　of　the

alloy as　shown in Fig.　６－２．　The　absorptioncoefficient, a, is　calcu-

lated with　the measured values　of　transmission and　reflectivity.

using　the　equations［１０］：

ｔ＝

（１－Ｒ丿exp( - ad )

９
ｒ＝Ｒ［１十t exp( - ad )］

　　　　　　　　　　１－Ｒ‘exp(- 2o･ｄ）

where Ｒ is　the　reflectivity of　ａ　semi-infinitely　thick sample and

ｄ　is　the　sample　ｔﾆhickness.　It　can be used　in the　calculation　ｔﾆhat

the reflectivity of　the　grown layer and　the　substrate　are　the　same,

and　that　工nP　is　transparent　in the vicinity of　the absorption edge

of　the alloy・

i) MPS-50L, Shimadzu Corp・
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Fig.　６－２　工nfrared　transmission spectrum of　ｌｎ０.53Ga0.47AS’　It
　　　　　　　　　changes　steeplynear　the　absorption edge.

６－３．　ENERGY GAP

　　　　　　The　energygap Ｅｇof this high quality material　is determined

from the　photon-energy dependence of　ｔﾆhe　absorption　coefficient.

The　result　is　shown in Fig.　６－３with　the PL　spectrum measured　in　the

same　sample　at　２９４Ｋ．　The　calculated　absorption coefficient　agrees

well　along　the　curve of

　　　　　－1　　　　　　
！

（x“ （ｈり）（ｈｘｊ － 0.750 ）２

in　the　range　of　０.750へj0.82　eV.　工ｔ　is　evidentﾆ　from　the photon-

energy dependence of　the absorption coefficient　that　the alloy　is

the directﾆ　gap　semiconductor　as　expected.

　　　　　　　ThePL　spectrum peaks　at　0.749　eV, a　little　lower　than　the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－７３－
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energy　gap.　When　the radiative　recombination　is　ａ band-impurity

transition, the　intensity has been given by

　　　　　　　　　　　　　　　　　１　　　　　　　　　　　　　　　　　－
工こ・(hV -E　十Ｅ
　　　　　　　ｇ

. )2 exp［‾（ｈり‾Eg十Ei）/ｋＢＴ］’

and　the　photon energy at　peak by

hv= E　－Ｅ．
　　　　９　　１

十　ｌｋＢＴ゛

゛゛ｈｅｌ°ｅＥｉ　is　the　impurity level.　ｋＢ is the Boltzmann constant, and Ｔ

is　the　temperature［１１１．　At　２９４ K, using E =0.750 eV and ｈリ=0.749　eV,

Ｅｉ　is calculated　to be　１４ meV.　The energy diagram and　the PL　spec-

trum are　shown in Fig.　6-4.　On the other hand, from　the　temperature

dependence of　the PL　intensity measured　in　this material between ４．２

－74



and　７７　K,the　estimation of　the activation energy［１２］gives '^'13meV.

as　shown　in Fig.　６－５．

　　　　　　Thus,the　energy gap　of　this high-quality material　is　deter-

mined to be ０.750 eV at RT.
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6-4.　工NTRINS工C　CARRIER CONCENTRATION

　　　　　　　Ａ　semiconductor　is　generallyused　in　the　extrinsic　state.　Ａ

semiconductor　is　extrinsic when　the　excess　carrier　concentration　is

greater　than the　intrinsic　carrier　concentration n..　The "i　can be

calculat:ed with an energy gap Ｅｇ d゙ensity-of-state　effective masses

for　electron
de
and hole ｍｄｈ゛ａｎｄ　ａ　temperatureＴ：

n. =4.83×1015

　ﾆＬ

（
II!de dh
-

ｍ。2

3－
)4

　旦

Ｔ2

　　　　　　　Ｅ

exp(一璋）

where ｍ。is　the　free-electron mass.　In　the　calculation　the　reported

value ｏｆｌｌｄｅ°Ｏ°０４３° ［゚13] and the

3111e8ｓ゛§d？1叩of

Ｅｇ° 0.75 eV 畔ｅ

　　　　　　　　　　　　　　　　　　　　　　　　　　－　　一一used°Here, m is equal to （ｍｌｈ２十ｍｈｈ２）３
゛
where '"lh is the

light-hole effective mass　andiiL the heavy-hole effective mass[lA］．

The values　of "'lh and '"hh of　Ｉｎ０.53Ga0.４７ＡＳａｒｅ　calculated from the

assumed　linear dependence of　them on composition°　Thus, the ""dh of

工"0.53^^0.47^^ ^^　obtained　to be　0.44 m。．

　　　　　Ｔｈｅｎｉ’ｓ　for　Ｉｎ０.53Ga0.47Aｓ゛　Ge, Si, and GaAs　ａｔﾆ　３００ and ４００

Ｋ are　listed　in Table　6-1.　Ｔｈｅｎｉ of　Ｉｎ０.53Ga0.４７ＡＳ　comes between

those of　Ge　and　Si.　The value　can be　thought　１０Ｗ enough　for use

at RT as　ａ device which has　extrinsic　carrier　concentration of　１×

１０:Ｌ６Ｑｊ１×1017　cm‾３．　Therefore, this　semiconductor has　ａ large ｅｌ!ergy

gap　sufficient　to be used at RT.

犬 ^"q.53'^^0.47'^ Ge Si GaAs

３００Ｋ ６．４×１０１１ 1.9×1013 １．６×１０１０ 1.1×107

４００Ｋ ３．７×１０１３ 7.5×1014 ５．５×１０１２ １．７×１０１０

工NTRINS工Ｃ CARRIER CONCENTRAT工ON (cm

3

）

Table　６－１　工?trinsic carrier　concentration　i" ^^0.53%.47'^^'　Ｇｅ｀

　　　　　　　　　　Si,and GaAs,

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－７６－

４



6-5.　DISCUSS工ON

The　energy gap　of　In 0.53%.47^^ determined here　is　themost

accurate value　ever　reported and has　settled　the　scattered values　in

the　energy　gap.　　The　composition of　the　alloy　is　ｅχamined　tobe very

homogeneous.　The　lattice　is　closely matched　to　that　of　InP　and　free

from strain (　except　for　ａ　slight　straindue　ｔ０.the difference of

the　thermal　expansion coefficient　between the alloy and　the　substrate

InP　）．　The　energygap　is　determined from the photon energy depend-

ence of　the　absorption　coefficient･．Ｉ　Moreover,the electron mobility

of　the alloy is as high as 8 ５００ｃｍ２／Ｖｓｅｃ，ｉｎｄｉｃａｔｉｎｇthe high quality

of　the material.　The energy gap of In rgGa , As reported［15,16］

after us　agrees with the value determined here。

　　　　　　An example of mis-evaluation of　the　energy gap　is　illustrated

here.　Since　the alloy　is　the direct-gap　semiconductor, the absorp-

tion coefficient　is very large　in　the photon energy region higher

than the band　gap　energy, e･ｇ･Ｊ　the　alloy　is highly absorptive.　If

the　alloy　is　composed of　two　layers, for　example, one layer ｈａＳＥｇ°

0.75　eV　and another ｈａＳＥｇ゛Ｏ°５０ｅｖ゛the　transmission　spectrum of　the

alloy would represent　that　of　the　layer ＷｉｔｈＥｇ°0.50　ｅｖ°　Ｆｉｇ°６‾６

is　the　transmission spectrum of　InGaAs with　the　quasi-grown layer(

see　Chapter　IV　）．　With　successive　etching　the　steep portion　in　the

spectrum shifts　toward　shorter wavelength, and　finally reaches　to

that of　ｌｎ０.53Ga0.47AS’　The　quasi-grown layer　concealed　the　energy

gap　of　the actual layer.　　工ｎ the determination of　the energy gap,

the homogeneity of　the　composition must be　examined　carefully｡

　　　　　　The　”bowing”of　the energy　gap　as　ａ function of　the alloy

composition　is　commonly observed　in ］：エエーｖ　ternaryalloys［17], and

often approximated with the　quadratic　composition dependence,　Ｅ

ａ十ｂｘ十Ｃχ“or alternatively E (x)=E^

and　E2

十（Ｅ2 －Ｅ
1)゛十ｃ(゛2

ｇ
(ｘ)＝

- x) , where Ｅ１

are　the energy　gaps　of　two binary　semiconductors　and　ｃ　is　the

”bowing　parameter　”．　A. G. Thompson and J. C. Woolley［１８］proposed
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Fig.　６－６　Transmission　spectrum of　the　alloy with ａ quasi-grown

　　　　　　　　　layer　changes　after　successive　etching・

empirical rules　for　the　composition dependence of　the energy gap　of

ternary　alloys, after　investigating　the　experimental data ever　re-

ported at　that　time.　For　the　工工エーｖ　ternary alloys　they proposed

that　the bowing parameter, c, is　given by 0.3//(E +E2)/2 .

　　　　　　　０ｎ　theother hand, J. A. Van Vechten and T. K. Bergstresser

calculated　the bowing parameter　using　the dielectric ｍｏｄｅ１[１９１．

They proposed　that　the　total bowing parameter, c, should be　the　sum

of　the　intrinsic bowing　ＣｉＷｈｉＣｈ　is　found　inthe virtual-crystal

approximation[２０]　and　the　extrinsic bowing　ｃｅｄｕｅ　to　the　effect　of

　　　　　　　　♂　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－７８－



disorder:

Ｃ°Ｃ
ｉ
＋Ｃ
　　ｅ

For　In　　Ga As　c.=0.28　and　c =0.29 were　calculated.
　　　　　１－χ　χ ﾆＬ　　　　　　　　　ｅ

　　　　　　The　two　equations　at RT are　summarized below along with　the

empirical equation determined　from the value obtained　in this

chapter.　The　energy gaps　of　工nAs　and GaAs　are　found　in Ref. 21　to

be　0.356　eV and 1.428　eV, respectively・

Thorn son and Woolle

　　　　　　Ｅｇ（幻゜0.356+ 1.072x十〇゜318(x^ -x)

Van Vechten and　Bersstresser

E (K)゜0.356 + 1°072x十〇.57(x“‾゛
）

　　　　　　　　　　　　　　　　　　　c= 0.28十〇．２９

　　　　　　　　　　　　　　　　　　　　　　Ｃ．　　Ｃ
些匹Σ　　　　　　　　　　　　　１　　　ｅ

　　　　　E(x) = 0,356 + 1°072x十〇゜４３７（ｊ‾゛）

There　is an arbitrariness　in　the determination ｏｆｃｅ　inVan Vechten's

calculation, which was　based on　the largest value of　ＺｎＳ１-ＸＴｅｘalloy.

In comparison of　the author's　curve with the　theoretical one, it

would be　said　that　工ｎ 0.53^^0.47^^ °"　InP　is　somewhat nearer　to　the

virtual-crystal approximation,　^.e.. the　effect　of　aperiodicity or

disorder　on　the energy gap　is　smaller　than that　expected　for　the

ＺｎＳ１－ＸＴｅｘalloy. Some of　the　theoretical analyses based　on or

compared with　the experimental　data obtained　from １０Ｗquality alloys

would be modified by the new data of high quality alloys・

　　　　　　The　straindue　to　the　lattice mismatch shifts　the　energy　gap.

since　the uniaxial ０ｒhydrostatic pressure　is　known　to　shift　the

band　edge　through the deformation of　the　lattice[22].　There has

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-79-



been no　experiments　of　the　effects　of　the　strain due　to　the lattice ’

mismatﾆch, uniaxiaﾕ．０ｒ hydrostatic pressure on the band　edge　shift　in

工ｎ１－ＸＧａｘＡＳ’　］:ｎｏｔﾆher　alloys　such as AlGaAs［２３］｀　the hydrostatic

pressure　effects have been　investigated.　Very recently, G. H, Olsen

～右．　at. measured　the variation of　energy　gap　shift with　the　elastic

strain due　ｔ０　lattice mismatch　in VPE-grown InGaP/GaAs　system［２４］・

They　found as　large　ａＳへｊ１５meV of　the　shift　in the　compressed　InGaP

layer which has　ａ lattice mismatch greater　than 0.4%.　Since

］:111-χＧ８χAs(x- 0‘５）　grown on GaAs has as　large ａｓへ^3.5%　of　lattice

mismatﾆch, the　shift　of　the band gap would be　greater, unless　the

strain　is　relieved.　The　author　suspects　that　the high energy gap　in

VPE-gro゛１ｈ１１-χＧ８χAs on Ｇ臥ｓ［６］would be　resulted　from the energy

gap　shift　due　to　the　large　strain in　the　ｌｎ１-ＸＧａｘＡｓ　layer°

6－6.　SUMMARY

:Ｌ）　The　infrared　transmission spectrum of　工^0.53^^0.47^"　changes

　　　steeply near　the absorption edge, indicating　good　composition

　　　homogeneity and　crystal quality of　the alloy･

２）　The　energy　gapof　%.53%.A7^" has　been determined　to be

　　　0.75　eVat　RT　from the photon-energy dependence of　the

　　　absorption coefficient.

3）

4）

The value　of Ｅ　is　consistent with the PL measurement.
　　　　　　　　　　　　　ｇ

The　intrinsic carrier　concentration has been calculated　to

　　　　be　６．４×1011　cmat RT.

５）　Composition　inhomogeneity and　lattice　strain　in the　layer　should

　　　　be　eliminated　in　thedetermination of　the　energy　gap, especially

　　　　of　alloys.
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VII.　HALL　MOBILITY AND　HALL　FACTOR OF TERNARY ALLOYS*

7-1.　INTRODUCTION

　　　　　　The　scattering mechanisms　in semiconductors have been very

ｏｆｔﾆenanalysed by comparing　the measured mobility with　the　theoreti-

cally　calculated mobility, tﾆaking　several　possible　scattering mecha-

nisms　into account.　The mobility obtained　through experiments　are

in most　cases　the Ｈａ１１゛ｏｂｉｌｉｔｙ（ｐＨ）　measuredunder　ｔﾆhe applied

magnetic　field.　０ｎ　the　other hand, most　of　the　calculated mobility

are, because of　simplicity of　the　calculation, the　drift mobility

（μＤ）゛ａｎｄ　inthe comparison it　has been often assumed　that　the Hall

factor ’ＹＨΞｐＨ／％　is　equal　tounity° However, the ｒａｔｉｏμＨ／％　is

l.l'v^l.3　at　temperatures between　７７　and　３００Ｋ．　Ｉｎ･ａ precise　analysis

of　the　scattering mechanisms, the difference between　the Hall mobili-

ty and　the drift mobility　canno ｔ be neglected。

　　　　　　In　this　chapter, the author　shows　ｔﾆheoretical calculations　of

the　electron Hall mobility and Hall factors of 工ｎ１-ＸＧａｘＡＳ　and

]：ｎＡｓ１-ＸＰＸＩ　Theoreticaland experimental results　are discussed.

taking　^"O.53^^0.47^^　as　an example

7-2. SOLUTION OF THE BOLTZMANN EQUATION BY ITERATIVE METHOD

　　　　　　The　iterativemethod of　solution of　tﾆhe　Boltzmann equation by

D. L. Rode［１］is applied　to　the　calculations　in　this　chapter.

　　　　　　Non-parabolicltyof the　conduction band at k=(0,0,0)･with the

spin-orbit　splitting△＝Ｏ　is　expressed by　the　sub-parabolic Ｆ一几

relation：

Ｅ＝Ｅ。十(o‘‾1)1Ｆ9

火　Y. Takeda and A. Sasaki, Japan.　J. Appl. Phys・（　submittﾆed　）
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where E is　the　energy measured upward　from the　conduction band　edge

at ｉｔ°(0,0,0), E。is　equa:Ｌ　ｔｏ力ｋ２/2m。，　７７?。is　the　free-electron mass.

ＣＺ２
°１＋4E。(ｍＯ－ｍ或 )/?.>E ｊ　７７?４　is　the

electron effective mass　at k °

(0,0,0),　and Ｅ　is　the　effective-mass　energy ｇａｐ[２]．　The p-function

admixture　in the　electron wave　function　is　expressed by　the　coeffi-

cient o　of　the p-function through the　relations　in the △＝Ｏapproxl-

mation：

　　　　　　２α２°1+ 1/a,　　α2十ｃ２°１

where a　is　the　coefficient　of　the　s-function.　The　effective-mass

energy　gap　is　temperature dependent：

勺(Ｔ)゜勺（O）‾3灯（
4W£）
Ｔ/瓦

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　dE

where又', is　the　linear　coefficient of　thermal expansion, ( -ぶ£）Ｔ
is

the　rate ･of　change of　the band　gap with pressure ， and K is　the　com-

pressibility.　　Experimentally determined　electron effective mass

（0.043 m。）［3,4], energy gap at ＯＫ（0.810 eｖ）［5], lattice parame-

　　　　　　　　　　　０　　　　　　　　　　　　　　　　　　　　　　　　　　　　，ter (5.868 A), and　the linear　coefficient　of　thermal　expansion

(5.66×10‾6K‾1 ）［6］of1110.53G30.47Aｓａｒｅused.　Other parameters

are assumed　to be ａ linear　function of　composition.　Temperature

dependence of　the lattice parameter and　the effective-mass　energy

gap　are　taken　into account, but　other parameters　are assumed　to be

independent　of　temperature.

　　　　　　The　scattering mechanisms　included are polar-optical phonon.

acoustic phonon, piezoelectric, ionized　impurity, and alloy　scatter-

ing.　There have been many　interpretations　and　expressions　of　the

alloy　scattering, but　it　is　still　in question.　The alloy　scattering

by Brooks[7］is　tentatively used here, taking　the potential differ-

ence△U = 1.072　eV.

　　　　　　Thedistribution function　in　the presence of　ａ　small　electric

　　　　　一卜field Ｆ　is　given by

氏之)づ。(k) + xg(k)
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where ‘ａ;　is　the cosine of the angle between ｉ;Ｅand もf。(k) is the

equilibrium Boltzmann distribution, and ｇ（だ）ｉｓ　theperturbation

distribution.　The　drift mobility y　is by definition：

ｊ　．！Ｊ　　－．－－pＤ°二

　　　enF
と券し⑤函)･ik

n°jyL/官)誠゜jト1几(k)dk , dリ+ irr･。-♂)/♂o･

With the normalization condition /f。dk=l, y is written as

　。ｊＬ立
μD　　　3　　加。牛 k'dk

gij<)is obtained by the iterative method as shown below.　The total

scattering rate　Ｓ。is

Ｓ°゜　Ｓｏｐｏ十Ｓａｃ十Ｓｐｅ十Ｓａ１ 十Ｓ‥
　　　１１

where　Ｓ
　　　　　　opo

is　the　isotropic part (　in momentum space　）ｏｆ　the　scatter-

ing rate due　to polar-optical phonon　ｓｃａｔｔｅｒｉｎｇ゛ＳａＣdue　to　acoustic

phonon　scattering. Ｓｐｅｄｕｅ　topiezoelectric　scattering. ^al ｄ?ｅ　to

alloy scattering, and　^li due　to　ionized　impurity　scattering.　　The

perturbation distribution･ function ｇ　is

g(J<) =
○

ｇ(ｊ

Ｓ。

｡-)一千等

工ｎ　the　equation,十and　－ corresponds　to　scattering-ln from the　dif-

　　　　　　　　　　　　　　　　　　　一卜ferential　elementﾆ　dk by phonon absorption and by phonon emission,
　　　　　　　　　　　　　　　　　　＋
respectively.　Ｓて

　　　　　　　　　　　　　　　　　　lpo
is　the　scattering-in rate and ±　signifies　that

ipo
１Ｓ　evaluated　at ｋ

＋

－

The perturbation distribution　can be　found by numerical
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iteration.　　The　zeroth-iteration goW) is　zero　for ａ:LIk.　　Then,　the

first-iteration becomes

り(k)゜‾燈心卜‾ -----------------(り

and　in general

　　　　　　　　　　　　s-!"
o
gi(ぐ)十^io　g.ik-) -千‾回卜‾

　　　　　　ｇ七＋1゛　　　　　　　　　　　　　　　S。

(嚢）ｉＳ　ｔｈｅ　ｕｓｕａｌ ｒｅｓｕｌｔ　ｆｏｒ ａ ｒｅｌａｘａｔｉｏｎ ａｐｐｒｏｘｉｍａｔｉｏｎ.　Ｗｉｔｈ　ｉｎ－

ｃｒｅａＳｉｎｇ　ｎｕｍｂｅｒ　ｏｆ　ｉｔｅｒａｔｉｏｎＳ，ｔｈｅ
ｐｅｒｔｕｒｂａｔｉｏｎ ｄｉｓｔｒｉｂｕｔｉｏｎ ａｐ－

ｐｒｏａｃｈｅＳ　ｔｏ　ｔｈｅ　ｃｏｒｒｅｃｔ　ｄｉＳｔｒｉｂｕｔｉｏｎ.　Ｉｎ　ｔｈｅ
ｃａｌｃｕｌｇｔｉｏｎｓ ｈｅｒｅ　１０ rxj

].２　ｉｔｅｒａｔｉｏｎＳ　ａｒｅ　Ｃａｒｒｉｅｄｏｕｔ　ａｎｄ　ｔｈｅ ｒｅＳｕｌｔＳ　ａｒｅ Ｗｉｔｈｉｎ ０．１Ｚ　ｅｒｒｏｒ,

　　　　　　Ｔｈｅ　ｄｉＳｔｒｉｂｕｔｉｏｎ ｆｕｎｃｔｉｏｎ　ｉｎ　ｔｈｅ ｐｒｅＳｅｎｃｅ ｂｏｔｈ ｏｆ　ａ　ＳｍａニＬ１

　　　/(k)=f。(;O　＋郡(k)＋μ(k)

where !/ is the direction cosine from BXF to
t.　g(k) and h(k) are

written as

ｇ（た）＝

hCk) =

Ｓ。

ﾁ）十s. ｍ-)一千芥呼

The iにeratlve method is used again to obtain numerical results. The

zeroth iterations ｇ。(ｋ)＝Ｏand ん。(ｋ)＝Ｏfor all た. The first itera-

tions are

白（た卜‾普dk°
≒（だ）゜0
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９

and　the　second-iteration ｏｆ‰(k)

　　　　　　　‰(た)゜‾　jびk普‾lj･

Sとと

In　general

ｇ七＋1（た）゜

ｈ

七＋１
(幻＝

lpo
gぞ（kチ）十S7

Ｓ。

Ｓ。

　ｅz? aF≒(た)
゛‾Ｆ‾聊こマ
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and

YＨΞpH/％

7-3.　　COMPOSITION DEPENDENCE OFy　y AND ’ＹＨ

　　　　　　Composition dependence of　the drift mobility and Hall ｍｏｂｉ:Lity,

and　the Ｈ８:L:Lfactors　of　the　intrinsic and　extrinsic ( N,°:L）（1017　cm )

工ｎＡｓ１-ＸＰｘand　Ｉｎ１-ＸＧａｘＡｓａｔ　３００Ｋ are　shown in Fig.　７－１ and Fig.　７－

2, respectively.　　The mobility リＳ．　composition curves　are　concave

in the virtﾆual-crystal approximation because　the mobility　limited by

the polar-optical phonon scattering, which　is　dominant　at RT, is

roughly　proportional　ｔｏ♂-3/2 ． In the　intrinsic alloys　the dif-

ference between y and ｐＨis　the　largest°　In　the extrinsic alloys
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Fig.　７－１　Composition dependence　of mobility and Hall　factors　of

　　　　　　　　工nAsi-χＰχ. (a) yD and μＨ of intrinsic InAsi-χPx, （ｂ）ＬＩＤ

　　　　　　　　andｌｊＨof　extrinsic　工nAsi.^Px with donor　concentration 1×

　　　　　　　　１０:Ｌ７　ｃｍ‾３　andno　compensation, and (c) Ha:LI　factors　of

　　　　　　　　intrinsic　and　extrinsic　InAsi_xPx-

　　　　　　　　　　　　　　　　　　　　　　　　　－８８－
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Fig.　７－２　Composition dependence of mobility and Hall　factors of

　　　　　　Ini_χＧａχAs 。 （ａ）ｐＤ and ＵＨ of intrinsic 工ｎ１-χＧａχＡＳ，（ｂ）ｐＤ

　　　　　　ａｎｄμＨ of　extrinsic　Inj^-j^Ga^As with donor　concentration １×

　　　　　　1017　cm‾３ａｎｄ no　compensation, and (c) Hall　factors of

Intrinsic and ｅｘｔｒｉｎＳｉｃＩｎ１－ＸＧａｘＡＳ

the difference　is　smaller because　the momentum dependence of　the

polar-optical phonon　scattering　and　the　ionized　impurity　scattering

tends　to　cancel each･other at　around RT.　When　the　scattering rate

is　independent　of ｍｏｎ１６ｎｔｕｍ゛’ＹＨis known to be equal　to unitﾆｙ°

　　　　　　工ｎ　the　temperature dependence of ＹＨ゛ｉｔｈａｓ　the maximum at

approximately Ｔｐｏ／２（ＴｐｏｉＳ　the polar-phonon Debye　temperature　）

since　the polar-optical phonon scattering　is　ａ rapidly varying　func-

tion at　this　energy[:Ｌ，８１．　At higher　temperatures　ｔｈａｎＴｐｏ゛゛ＹＨ

approaches　to unity because　the　polar　scattering　is weakly momentum-

dependent［８１．　Thus,　ＹＨ of ａ polar crystal which has　ａ １０ｗｅｒＴｐ０　１Ｓ

smaller　at　３００ Ｋ（Ｔｐｏ／２ｉＳ　lower　than　３００ Ｋ in most　工1ｴｰV compounds ) .

ＴｈｅＴｐ０１Ｓ　of　］:nAs,GaAs, and InP　are　350, 420, and　５０１ K, respective-
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ly[8]．　　Therefore,　in　the alloys　of　ｌｎＡｓ１－ＸＰｘ and　ｌｎ１-ＸＧａｘＡｓ゛'ＹＨ

increases with ｘ．

7-4.　TEMPERATURE DEPENDENCE OFy^ AND ’YH 工Ｎ %.53%.47^"

　　　　　　Temperature dependences　of　the　electron Hall mobility which　is

limited　by ａ combination of　the polar-optical phonon, acoustic　phonon.

piezoelectric.･and/or　alloy　scattering are　shown in Fig.　7-3. Alloy

scattering and no alloy　scattering　indicated　in the　figure denote　’

that　the alloy　scattering by Brooks　is　included　in the　calculation

and not　included, respectively.　With　the alloy scattering　included

the mobility becomes weakly　temperature-dependent, which　is　the usu-

ａ１ observation in　the　experiments （　see chapter ｖ工工Ｉ　）．　Numerical

results　of　the mobility at　３００ and　７７ Ｋ with and without　the alloy

scattering are　listed　in Table　７－１。

　　　　　　The electron effective mass ７７?゛を゜0.043mo is used　in　the　calcu-

lation, but　there　is　another report　that　the effective mass　is

0.041mo［６１．　The numerical results　calculated with　this value　are

also　listed　in the　same　table。

　　　　　　Experimentally determined effective mass varies with carrier

concentration because　of　the non-parabolicity and band　filling.　　０ｎ

the other hand, in　the　calculation the　effective mass at　the band

edge k=(0,0,0) is used here.　Thus, eχperlmental determination of

m　in ａ purer　sample　is necessary.　　Other physical parameters.

which are obtained　from the assumed　linear　composition―dependence

here, should be determined experimentally｡

　　　　　　Temperature　dependence of　the Hall　factors　due　ｔﾆｏ　the　acoustic

ｐｈｏｌｌｏｌ１（Ｙａｃ）’ｐｉｅ２ｏｅｌｅｃｔ171c（Ｙｐｅ）’ｉｏｌｌｉ２ｅｄimpurity ( Y^^) , and

alloy (　Ｙａ１）　scattering are shown　in Fig. 7-4.　The Hall　factor　due

to　the polar-phonon　scattering alone varies with　temperature very

similarly　to　the curve shown　in Fig.　７－５ with no alloy　scattering･
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Fig.　７－３　Electron Ｈａ１:Lmobl-

lityびＳ．　temperature.　　Intrin-

sic　工'^0.53^^0.4 7^s with and
without　alloy scatterig･

　μD（cII12/vseq）

300 K　　　　77 K

　μH（clll2/vsec）

300 K　　　　77 K

　　　　no alloy

　　　　　　　alloy

(m =0.043mo)

14 000　　　631000

　9 980　　　69 000

16 000　　　672 000

11470　　　79 100

　　　　no　alloy

　　　　　alloy

（ｊ＝０．０４１ｍ。）

15 100　　　685 000

10 900　　　　77 300

17 200　　　729 000

12 500　　　88 400

Table　７－１　Numerical results of ｐＤ and

　　　　　　　　　　values　are　reported　for　the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－９１－

ｐＨ at　３００　and　７７　Ｋ．　Two

electron effective mass.



］:ｎａ parabolic conduction-band approximation, Y° Ｙａ１゛31/8°1.18,

Ype°45TT/128°1.10, and Yii°315TT/512°1.93［9］,and 8゛ｅtemperature-

independent　as　shown in standard　textbooks.　When　the non-parabo-

:Licity　is　taken　intoaccount, they become　temperature-dependent main-

１ｙdue　to　the contribution of　the higher　energy electrons　excited by

the　thermal　energy　to　the Hall　factors.　The higher　energy electrons

have heavier　effective mass　due　to　the non-parabollcity.　Y.,'s, in

the　figure　are　calculated using　the　Brooks-Herring model［１０］．　　They

are dependent　on　temperature, carrier　concentration, and　impurity

concentration because　the　screening effect　of　the　scattering poten-

tial　is　taken　into　account　in　themodel.

１．６

１．５

”　工
？-

Ｗ

§

ｇ

１．４

１．３

１．２

　　　　　　　　　　　　　　　　　　10　　　　　　　　　　　　　100　　　　　　　300

　　　　　　　　　　　　　　　　　　　　　　　　　　TEMPERATURE　　（K）

Fig.　7－4　Ha1:Ｌ　factors　due　to　individual　scattering mechanisms.　Y_._.：

　　　　　　　　　ionized　impurity　scattering, ＹａＣ：　acoustic phonon scatter-!：

　　　　　　　　　ing,Ya］．：　alloy　scattering, and Ｙ　：　piezoelectric

　　　　　　　　　scattering.　　　　　　　　　　　　　　　　　pe

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－９２－



　　　　　　Fig.　７－５　shows　the　temperature dependence　of　ｔﾆhe Hall　factﾆors

in　the　ｉｎｔｒｉｎＳｉｃＩｎ０.５３ＧａＯ'．４７ＡＳwith the alloy　scattﾆering　included

and not　included.　At　around　２００ K, the Hall mobility　is　greater by

２０へＪ３０Ｚ　than　the drift mobility°　The　temperature dependence of　ＹＨ

of　intrinsic　^"0.53%.
47^"
without　alloy　scattering　is very　similar

to　that　of　GaAs[l].　At　temperatﾆures　lower　than 'V170 Ｋ the alloy

scattering　is so　dominant　that　they^ with　the　alloy　scattering

included　comes　close　ｔ0　1.18 which is　the Hall　factor of　the　alloy

scattering alone.　From Fig.　７－５　it　is　seen　that　the Hall　factﾆor　is

not　approximated　to be unity　through　all　tempertures when we　inves-

tigate　the　temperature　dependence　of mobility・

（
戸
）
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ｏ
ｉ
ｏ
ｖ
ｊ
　
ｎ
ｖ
Ｈ

１．３

１．２

１．１

１．０

ALLOY
SCATTERI

50 100

Fig. 7-5　Hall　factorびＳ．

temperature.　Intrinsic

Ino.53^30.47^3 with and
without alloy　scattering･

200　300

TEMPERATURE（K）

７－５．　DONOR-CONCENTRATION DEPENDENCE OFU

　　　　　　　Fig.　７－６　shows　the donor　concentration （Ｎｄ）ｄｅｐｅｌｌｄｅｌｌＣｅ

of　the Hall mobility with no　compensation and ａ　slight　compen-

sation　（Ｎａ°Ｏ°2Nd which　is　often observed　in our　experiments　）

Ｈｅｒｅ゛Ｎａ　is　the　acceptorconcentratﾆion.　Some of　the　experiment-
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al results　reported recently［:Ll-13］are plotted　in　the　figure.　　It

is　interesting　that　the　experimental ｖａ:Lues　of　theroom-temperature

mobility　are　coining　close　to　the　theoreticalvalues without alloy

scattering, but　those of　the　:Liquid-nitrogen Hall mobility are　on

the lines with alloy　scattering　included.
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Fig.　７－６　Electron Hall mobility vs.　donor　concentration, with and

　　　　　　　　　without　alloy　scattering, and with no　compensation ( solid

　　　　　　　　　line)　and with ａ slight ｃｏｍＰｅｎＳａｔｉｏｎ（Ｎａ＝0.２Nd ) (broken

　　　　　　　　　:Line) .　Experimental values　are　found　in n　Ref. 11, O Ref.

　　　　　　　　　12,and ･ Ref. 13.

7-6.　DISCUSSION

　　　　　　工ｔhas been very often assumed　that　the Hall　factor Yv,Ξ１１Ｈ／％

is　equa:Ｌ　tounity.　　It may be　sufficient　to　estimate roughly　the

mobility values by ａ　simple calculation neglecting ゛ＹＨ°　Howeveり

when the pure material　is　obtained and　the mobility　is　greatly

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－９４－



嫌

improved　to　reach　the ultimate value, the　difference　cannot be

neglected.　The neglect will lead　to mis-evaluation of　the　rate　of

scattering in　the analysis　of　the mobility。

　　　　　　Fig.　７－７　is　an　experimentalresult of　ｔｈｅ･temperature depend-

ence　of　the　electron Hall mobility of　Ｉｎ０.53Ga0.47AS°　Ａ part of　it

has　been reported　in Ref. 11.　By　the　curve　fitting　to　this　experi-

mental result using y　and ｐＨ゛ｔｈｅfitting parameters,･ ＣＡＬ（ΞΥａ１:loy^

ＴＢｒｏｏｋｓ）゛Ｎｄ゛ａｎｄＮａａｒｅ　derived.　The　results　are listed　in Table

７－２．　The　difference　in the CAL　is　thought　to be　large　and　to　affect

the　considerations on　the origin of　the potential difference of　the

alloy　scattering｡

　　　　　　The experimental results　of　the　electron mobi:Lity are　further

discussed　in chapter VIII.
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　200

(K)

300

Fig.　７－７　Anｅχperimental
result　of　temperature depend-
ence of Hall mobility･

CAL Nd Na

μD
1.2、1.4 6.0、6.5×1015 1.0、1.5×1015

μH 1.6、1.8 5.0、6.0×1015 0.2～1.0×1015

CAL”alloｙ/７Ｂｒｏｏｋｓ , Nd, Na (cm‘3）

-95-

Table ７－２　Values　of

parameters　obtained

from the　curve　fitt-

ing using ｐＤ and μＨ‘



7－7.　SUMMARY

1) Hall factor, Hall mobility and drift mobi:Lity of ternary alloys

　　　have　been calculated by　the　iterative method　taking　the polar-

　　　optical phonon, acoustic phonon, piezoelectric, ionized

　　　Impurity, and/or　ａ１:Loy　scattering　into　account.

２）　Simp:lifying assumption　such as　the　summation of　the　inverse

　　　μ　limitedby each　scattering, the　relaxation-time approximation

　　　and　theparabolic band　approximation have not　been used

　　　in the　calculation.

３）　The Hall　factors have been found　to become　smaller with

　　　increasing, but moderate, ionized　impurity concentration.

４）　The　temperature dependences　of　the Hall mobility and Ｈａ:LI　factor

　　　ofｎ‾ｌｎ０.53Ga0.４７ＡＳｈａｖｅbeen　shown.

５）　The Hall mobility has been found to be higher by ２０へ^30%than

　　　the drift mobility ａｔへｊ２００Ｋ．

６）　The　donor　concentration dependences of　the Hall mobility of ｎ-

　　　%.53^^0.47^" ^'　３００and　７７　Ｋhave been calculated and compared

　　　with　the　experimental data.

７）　The　ｉｎｆ:Luence　of　thedifference　of　the Hall and drift mobility

　　　on the analysis　of　scattering mechanisms has been demonstrated

　　　taking ｎ‾Ｉｎ０.53Ga0.47Aｓ　as　anexample°
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慟

VIII. HALL MOBILITY OF n二ln0.53Ga0.47As゛

8-1.　INTRODUCTION

　　　　　　Several workers have　investigated　the　epitaxial　growth of

工ｉ１１-χＧ３χAson GaAs［１’２］゛and Ａ１２０３［３］‘　However, the　electron mobility

of　the　alloy　crystals, especially around middle　composition, has

been much lower　than　those of　GaAs　and ｂｕｌｋＩｎ１-ＸＧａｘＡＳ　grownby　the

Czochralski method［４］or the horizontal Bridgmai;! method［５，６］．　The

reason could be due　to　the　crystal　imperfection　such as　strain, a

large number　of　dislocations and/or microcracks caused by　the lattﾆice

mismatch between　the grown　layer　and　the　substratﾆｅ。

　　　　　Better　results have　been ｏｂｔﾆained with vapor phase epitaxy

（ＶＰＥ　) avoiding　the　lattice-mismatch problem by　ａ continuous　grad-

ing of　composition between　the　substrate and　the　desired　final　compo-

　sition.　Electﾆron mobility　of 5 ９００cm /Vsec at ３００Ｋ and 13 ０００cm /

　Vsec at　７７ Ｋ has been reported　for　%. 477%.
523^"　grown

by　this

　ｗａｙ［７１．

　　　　　　　１ｔ has been recognizedヽthat　the electron mobi:Lity　is　affected

　by　the　crystal　quality　through　the　scattering of　electron by　the

　ionized　impurity and other　crystal　imperfections.　Ｉｔ･ is　seen from

　the above-stated　facts　that　the　elimination of　the　:Lattﾆice mismatch

｀　is essential　to　improve　the　electron mobility　in　the hetero-epitaxi-

　ａ１　:layer.　0n the other hand, itﾆ　has been reported　that　ｌｎ１-ＸＧａｘＡＳ

　（Ｘ゛０．５）ｃａｎ be　grown directly on InP　substrate by ＬＰＥ［８１．

　　　　　　　In　this　chapter, a great　improvement　of　the　electron mobility

　of ｎ‾ｌｎ１-ＸＧａｘＡｓ（ｘ゙ Ｏ゛５), especially　ｌｎ０.53Ga0.47Aｓ゛ｕＳｉｎｇＩｎＰ　as　ａ

　substrate　is　described.　Growth-temperature　dependence of　the mobil-

１　A. Sasaki, Y. Takeda, N. Shikagawa, and T. Takagi, Proc. 8th Conf.
　　(1976 1:nternational ) on Solid State Devices, Tokyo, 1976; Japan･

　　J. Appl. Phys・，旦（1977）Ｓｕｐｐ１．:L6-1,p.239
　　Y. Takeda, A. Sasaki, Y. Imamura, and T. Takagi, J. Appl. Phys・，

　　kl，　5405 (1976)
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ity and　the　scattering mechai!isms　in ^"0.53^^0.47^"　are also　ｄｅ“

　scribed.

8-2.　EXPERIMENTS

　　　　　　Growtﾆｈprocedures　are　the　same as　described　in Chaptﾆer　II　and

chapter　ＩＩ工，§３－２－]．．　Theexperimental method　for　ｔｈｅ･electrical

evaluations　is　described here.

　　　　　　Themethod of van der Pauw[９]is　used　to　determine　the　resist-

ivity and　the Hall　coefficient, from which　the Ｈａ１:Ｌmobility and　the

carrier　concentration are　derived.　For ａ practical use　the　equations

in Ref. 9　are modified　as　ｆ０１１０ｗＳ：

p°d（ＲＡＢ，CD十ＲＢＣ，ＤＡ）ｆ ’2.27 X 10

ｎ°

μＨ°

Z?

6.24×1017

-4
（Ωｃｍ）

（ｃｍ‾3）

（ｃｍ
２／ｖｓｅｃ）

‾3
゛召　the

magnetic　field　in kG, and ｐＨ

/Vsec°　ＲＡＢ，ＣＤ゛ＲＢＣ，ＤＡ゛ａｎｄ
△^BD,AC are

ｄ△^BD,AC

　１

=●

　召

△ＲＢＤ
゛AC　。上・4.41×104

RＡＢ，ＣＤ十^BC,DA　　　ｆ

where　ｐ　is　the resistivity　ｉｎΩｃｍ，ｄ　the　thickness　in ym, n the

carrier　concentrat・on　xn　cm

the Hall mobility　in cm

defined　in Ref. 9 and they are in unit of Ω．　ｆ　is ａ function of　the

ratio ｏｆＲＡＢ，ＣＤａｎｄＲＢＣ,ＤＡ゛　and　itsvalues　are　tabulated　in Ref. 10.

　　　　　　Typical　sample dimensions　for　the measurements　are ４×4 mm

and　the　thickness　of　the epitaxial　layers varies　from ３　ｔ０　２４μｍ･

Pure　In　ｄｏｔＳ（　usually about　３００μｍin diameter　) are　alloyed　for

contact　electrodes at　the　corners　of　the　grown layers　in ａ　flowing

hydrogen atmosphere at　450°C　for　ｌmin.　Prior　to　the alloying, the

surface　is　lightly etched with ａ　１Ｚ　Ｂｒ：methanol　solution。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１００－



　　　　The sample temperature can be varied from 4.2 K ( immersed in

liquid helium ) to ４００Ｋ and controlled to be stable within ±0.5 K･

The　temperature　is detected by　the Au －Ａｕ･Co　thermocouple. and　it　is

calibrated at four standard temperatures, -i.e., 273.16 K（Ｏ°Ｃ），

77.35 K（:Liquid nitrogen at ３６０mmHg ), 63.14 K ( triple point of

nitrogen at ９４mmHg ) , and ４．２Ｋ ( liquid helium at ３６０mmHg ）．　The

source　currentﾆ　is　２００ｒ　１００＼iA, depending on　the　sample resistance,

and　the magnetic　field　for　the Hall　coefficient measurement　is　５　kG.

8-3.　RESULTS

８－３－１．　Growth-TemperatureDependence of Hall mobility

　　　　　　Thehighest　electron Hall mobility values　at　different　growth

temperatures　are listed　in Table ８－１along with　the　electron concen-

trations　and　compositions.　Note here　that･all　the　compositions　are

not　0.A7　since　the alloys are grown from the　liquidus with　the　solid-

us　composition ０.５０as　described　in Chapter　ＩＩ工．

TG Ｘ
SAMPLE

　Ｎ０．

300 K 77 K

''h ｎ ･'h ｎ

550 0.44 183 5240 ６．３ 7400 ５．３

６００ 0.46 １８０ 6590 ３．２ 11700 ２．７

650 0.47 177 8240 ２．３ 1S400 ２．０

700 0.47 １５８ 7670 １．６ 15000 １．５

750 0.47 １７３ 8500 １．３ 22100 １．１

h

Ｘ

μＨ

ｎ

GROWTH TEMPERATURE （゜C）

GaAs MOLE FRACTION

HALL MOBILITY （ｃｍ２/VseC）

ELECTRON CONCENTRATION（1016cm‾3）

Table　８－１　Composition and　electrical properties of　InGaAs　grown at

　　　　　　　　　　different　temperatures.　　The　sample which　shows　ｔﾆhe high-

　　　　　　　　　　estmobility at　each growth　temperature　is　listed.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１０１－



　　　　　　Ａ１１　thegrown alloys　are n-type with ｅχcess　carrier　concen-

trations　of　the order of 10^^　cm‾３．　　The　author's　experiments　indi-

cate　the　general　tendency　that　the mobility　increases while　the　con-

centration decreases with　increasing　growth　temperature.　The　former

is　illustrated　in Fig.　８－１．　Anobservation　similar　to　this has　been

made　in　the　case　of　工nP　grown at　temperatures　between ５４０°and　７８０°Ｃ

by LPE on　工ｎＰ［25].　It　seems　from the　table and　the　figure　that

better alloys ( with higher mobility and　lower　electron concentra-

tion　) can be　grown at higher　temperatures.　　But　the　epitaxial　layer

is nonuniform at high　temperatures　due　to　the　thermal etching of　the

substrate　surface.　Invariably, the mobility of　the alloys　increases

with decreasing　lattice　temperature　to '＼.77Ｋ as　shown　in Fig.　８－２，

in contrast　to　Conrad's［１］and Baliga's［２］data.　　Both ８５００cm

at ３００Ｋ and ２２ 100 cm^

^/Vsec

/Vsec at　７７Ｋ of　sample　#173　are　significantly

high in the epitaxial 1111-χＧ８χAs(X゜0.5)［1,2,7］and co°parable to

those of ｂｕ:Lkgrown alloys［4－6］.

　　　　Recently, Sankaran ｅｔa1．［１１］have reported mobility values

of　１００３０Ｃｍ２／ＶＳｅＣａｔ３００Ｋ and 34 ６２０cm /Vsec at ７７Ｋ in
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^"0.53%.
47^"　grown

at　６５０°Ｃby LPE on　InP　substrate, using　In, Ga,

and As　for　the melt material which was baked ａｔﾆ　７２５°Ｃ　for　２２　ｈ．　With

工n, Ga, and　工nAs　as　the melt　constituents　they have obtained　５ ５４０

ｃｍ２／ｖｓｅｃａｔ３００Ｋ and 8 ４３０Ｃｍ２／ｖｓｅｃａｔ７７Ｋ． Using almost　the　same

purity　In, Ga, and　工nAs, the　author has　obtained mobility values　of

about ８０００cm /Vsec ８ｔ３００Ｋ １１１工"0.53^^0.47^^^ ｇ゛０゛1between ６５０°

and　７５０°Ｃby baking In and Ga at ８００°Ｃfor only ３ ｈ．

（
ｏ
ａ
ｓ
Ａ
／
j
i
ｕ
ｏ
）

A
ｉ
ｎ
ｉ
ｆ
ｌ
ｏ
ｗ
　
ｎ
ｖ
Ｈ

105

104

103

10
100 200　300

　　　　　　　　　　　　　　　　　　　　　　　　　　TEMPERATURE( K )

Fig.　8－２　Lattice-temperature dependence of Hall mobility･
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8-3－2.　Ｈａ１:LMobility of GaAs and　^^0.53^.47^"

In Table　8-2, the data of　GaAs　grown　in　the　same　system at

８００°Ｃ　are　shownfor comparison.　The mobility about ７０００ｃｍ２/Vsec

of　GaAs　at　３００Ｋ is　fairly good and　the　system is　considered　to be

in ａ　good　condition.

　　　　　　Thevalues　of Hall mobility of　^"O.53^^0.47^"　at　RT and　７７　Ｋ

are plotted　in Fig.　８－３－ａand b, respectively.　　The data are　from

the Table　８－１and　other　experimenta］．１ｙ obtained ones　by　the author.

工ｎ　the　figures　the Hall mobility of　GaAs　is　shown for　comparison

The　curve　in Fig.　８－３-ａgives　the highest mobility of　GaAs　at　each

concentration［１２］and　the　curves　in Fig.　８－３-ｂare　for　the highest

and　the　lowest mobility reported　for GaAs［12].　１ｔ　is　clearly　seen

from Fig. ８－３－ａ　that　all　themobility values　of　^"0.53%.A7^"　ｅｘ‾

ceed　those　of　GaAs at RT.　However, at　７７Ｋ all　the mobility　is

equal　to　or　lower　than　the　lowest mobility of GaAs as　shown in Ｆｉｇ･

８－３-ｂ．　It　should be noted here　that　the　electron concentration of

^"0.53%.A7^"　is unintentionally obtained value, i.e.3　being doped

under uncontrolled　growth conditions.　still better　results would be

obtained with　the　careful　intentional doping of　specific donor

impurity atoms.

GaAs
　　　300 K

pH　1　11

　　　　７７　Ｋ

１仙　l　n

GG204 6 780 2.0×1014 49 200 1.9×1014

GG211 6 870 2.8×1014 43 300 2.5×1014

p
Ｈ

Ｓ
一 ｃｍ‘VVsec,

ｅ
｝ｎ 　－３
cm

Table　８－２　Electrical properties　of　GaAs　grown　in　the　same　growth

　　　　　　　　　　systemas　for　InGaAs.
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Fig.　8－3　Comparison of mobility of　'^^0.53^^0.hi ^^ with　those of
　　　　　　　GaAs:(a) at RT and (b) at 77 K.　In (a) the curve for
　　　　　　　GaAs　is　thehighest mobility at　each　concentration, and　in
　　　　　　　(b)the　curves　are　for　thehighest and　the　lowest
　　　　　　　mobilityof　GaAs.

　　　　　　In Fig.　８－４ are　shown examples　of　the　temperature dependence

of the mobility of ］:゛0.53G％．４７ＡＳ（#２１０）ａｎｄGaAs ( //GG204 ) grown in

the　same growth　system.　The　temperature　dependence of　the alloy　is

weak　in　comparison with　that of　GaAs, suggeting　the　existence of　an

additional　scattering　in the alloy as　reported by Makowski ｅｔ a1.

［13].　工ts　temperature dependence　is not　described by ａ　combination

of　polar　optical phonon, acoustic phonon, piezoelectric, and　ionized

impurity　scattering, but well described by adding　to　them the alloy

scatﾆtering which is　shown　in Ref. 13.　However, the　scattering　time

due　to　the　”alloy”is varied　to　fit　the　experimental ｄａｔ:ａ　fromthe

calculated value of　Brooks'　formula [13].　This　problem is　discussed
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in　the next　section.
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8-4.　DISCUSSION

　　　　　　At　thebeginning of　this　section, an　important　confirmation

is given.　It has been reported　that　anomalously high mobility may

be obtained by van der Pauw' s method　in inhomogeneous　semiconductors

which contain many meta:Ｌ　inclusions　and　that　the anomaly　is　found

out by　the magnetic-fie:Ld　dependence　of　the mobility[14］．　　In　the

author's　experiments, the magnetic-field dependence　of　the mobility

is　tested　at　３００and　７７　Ｋfrom ０．９　ｔ０　７　kG.　Ｉｎｃ:Lusions　inthe

grown:Layer and　the　interface are not　found under　ａ microscope or not

detected by　the ＥＰＭＡ（　２　umreso:Lutlon ).　From the results, it　Is

confirmed　that　the high mobility values　are not　due　to　the anomalous

effect.
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－

・

８－４－１．　Observed Mobility in Other ］：ｎ　　GaAs( X = 0.5 ) than

　　　　　^"0.53''^0.47^"　on　工nP　　　　　　
１-ｘ　ｘ

　　　　　　In　the hetero-epitaxial　ｌｎ１-ＸＧａｘＡＳ　grown directly on GaAs[１゛２]

the mobility was　reported　to　decrease with decreasing　lattice-temper-

ature, ■I.e., positive　temperature　dependence of　the mobility.　Conrad

ｅｔ aZ. found no　explanation for　the scattering mechanism responsible

for　the　temperature　dependence and　they　suspected　that　the alloy

formation ｐｅｒ ８ｅ may be responsible　in part　for　the　low mobility[１１ ．

The present author believes, comparing his　results with Conrad's

and Baliga's, that　the alloy crystals　grown with ａ　large　lattice-

mismatch are much degraded due　to　the　crystal　imperfection　such as

strain, a large number　of　dislocations　and/or microcracks　caused by

the　lattice mismatch.　Precise lattice-matching　is　essential　to

obtain ａ high mobility　in　the alloy｡

　　　　　　In the bulk-grown ｌｎ１-ＸＧａｘＡｓ゛ｗｈｉｃｈｉｓ　free　from lattice

mismatch with ａ substrate, positive　temperature-dependence of mobll-

ty is found[61．　The mobility at around middle compositions is high

and　comparable　to　the data obtained here.　The mobility values　and

its　temperature-dependence of　the bulk InGaAs　cannot be　explained by

any　combination of　polar-optica:Ｌ phonon, acoustic phonon, piezo-

electric, alloy, space-charge, and　Ionized　impurity　scattering.　　The

only explanation to be left　is　the anomalous　effectﾆdue　to　the　in-

homogeneity　in the bulk Ｉｎ１-ＸＧａｘＡＳ°

　　　　　　In the VPE-grownでI:n0.477Ga0.523AS゛ａｖｏｉｄｉｎｇ　the　lattice mis-

match by ａ continuous　grading of　composition between　the GaAs　sub-

strate　and　the　final alloy layer, the　electron mobility values　of

５ ９００ｃｍ２／ＶＳｅｃａｔ３００Ｋ and 13 ０００ｃｍ２／ＶＳｅｃａｔ　７７　Ｋhave been obtained

[７]・　　　　ぺ

　　　　　　With tｈｅ‘author's resultﾆｓ of mobility obtained　in　§8-3-1 and

those of　the VPE-grown工n0.477Ga0.523Aｓ゛ｉｔ is　concluded　that　the

negative　temperature-dependence of mobility　is　the　essential　proper-
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ty of high quality　ｌｎ１-ＸＧａｘＡＳ　inａ　temperature range higher　than

へj77K.

　8-4-2.　Scattering Mechanisms in　^"0.53^^0.47^^

　　　　　　Scattering mechanisms　in ^^0.53^^0.47^"　are analysed with

　relation　to　the　growth temperature (　ＴＧ）゜To　find ａ general　tenden-

　cy in the T_-dependence, some　simplifications are made.　The mobility

　which　is　limited by ａ combination of　polar-optical phonon, acoustic

　phonon, and piezoelectric　scattering　is　approximated by　the　equation：

　　　　　　　　　　　　　　　　　１　　　　　　　　　　　　　　　　　－

　　　　　　％゜２°８９゛１０２Ｔ２［exp(430/T-l )］

　The　equation　is　determined　to　fit well　the rigorously　ｃａ:Lculated

　mobility　shown　in Fig.　７－３with no　alloy　scattering at higher　ｔﾆemper-

　atures　thanへ，７７　Ｋ．　Themobility　limited by　the　ionized　impurity

. scattering　is, in the　Born approximation, expressed by　the　equation：

μＩ°
　4二

3石が

∞
。
０

ｆ 　　　　　3
T (x) x^ exp {-x) Ax

゜2.A149［（２Ｎａ ゛11）/％2）（普）≒（11’・ Ｔ･功ｊ’１
ｆ１

and　the discrepancy between　the calculated and

－108－
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where ａ;゜ｚ／ｋＢＴ゛Ｎａis　the acceptor concentration,　and ｎ the free

electron　concentration.　Definition of n' and g(n', T, x) is　given

in Ref. 15.　１ｔ　isknown that　the Born approximation becomes　invalid

in ａ higher　concentration sample and at　lower　temperature［161.

1n　the　sample measured here, the free　electron concentrations
16　　－3

are ｌｒｘｊ７×１０‘｀ｒ　cm

experimental mobility　is　found　to be　larger at　lower　temperatﾆures

thanﾍﾉ７０ Ｋ．　Thus, the analysis　is made　in　the　temperature range

between　７７　and　３００Ｋ．　The alloy　scattering limited mobility　is

known to be proportional to Ｔ‾７．１ｎBrooks' formula ［１３］：



UＡ°

3（が）

二呉

（ｋ
Ｂ

Ｔ）l

where ７Ｖ。is　thenumber of　atoms per unit volume.　△Ｕ　is　the

potential difference　for　thescattering.　In the analysis, y is

expressed by

μＡ

　　　　－

＝ＤＴ

１
Ｔ

where Ｄ　is　ａ　fittingparameter.　　The combined mobility　is approxi-

mated by　the　equation：

１
-
μ

f り

ｰ

こ

いp

＋
ヱ

町:
＋
ヱ

ＵＡ

that　is Mathiessen's　rule.　Mathlessen's　rule　in not　applicable　to

semiconductors　and　the rigorous　calculation shown　in　Chapter ｖｌ工

should be used.　However, the approximation　is　still useful　to　find

the　general　tendency　in　the　growth-temperature　dependence of　the

mobility.　From the　curve fitting Ｎｄ゛Ｎａ゛and Ｄ are determined at

the best　fit　to　the experimental　data by　the method of　least　squares・

　　　　　　Figure　８－５-ａ　shows　an example　that when the　experimental

mobility　of　sample #173 is fitted by ａ combination of μＰ and ]ij at

ａ low temperature, the discrepancy　is　great　at　higher　temperatures.

工ｔ　is well　fitted by ａ combination of　yp, y工゛ａｎｄμＡ as　shown　in

Fig.　８－５－ｂ．　Other　examples　of mobility　combinations are　shown　in

Figs.　８－６-ａ and ｂ．

　　　　　　The resultﾆＳ determined　from the　curve　fitting are　shown　in

Figs ．　８－７　and８－８．　Fig.　８－７　is　the　ionized　impurity　concentration.

ぞ‘ａ°ｊ　ＮＩ°Ｎｄ十十Ｎａ‾゜ｎ＋２Ｎａﾀ　as　ａ　functionof　growth　temperature°

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１０９－



105

　
　
　
　
　
　
　
　
1

0
4

(
３
３
Ｓ
Ａ
／
1
1
1
3
)
　
Ａ
ｉ
ｎ
ｉ
ａ
ｏ
Ｍ
　
ｎ
ｖ
Ｈ

Fig.　8-5

(
　
ｏ
ａ
ｓ
Ａ
／
　
ｍ
ｏ
　
)
　
Ａ
ｉ
ｎ
i
Ｓ
Ｏ
Ｗ

Ｊ
Ｓ

0

5

104

TEMPERATURE (K )

(ａ)

0

5

　
　
　
　
　
　
　
　
　
　
1

0
4

(
　
Ｍ
Ｓ
Ａ
／
ｊ
Ｕ
Ｄ
)
　
　
Ａ
ｉ
ｎ
ｉ
ａ
ｏ
Ｍ
　
ｎ
ｖ
Ｈ

10O

TEMPERATURE

(b)

200

（K）

Curve　fitting　to　the　experimentﾆal mobility with ａ

nation of VJp and ]ii is impossible (a), but with ａ

nation of ｐＰ
’
１ＪＩ’and ｐＡ the fitting is good （ｂ）゜

100

200　　300

TEMPERATURE { K )

　　（ａ）

105

　
　
　
　
　
　
　
　
　
　
1

0
4

(
Ｍ
Ｓ
Ａ
／
j
i
u
ａ
)
　
Ａ
ｉ
ｎ
ｉ
ａ
ｏ
ｗ
　
ｎ
ｖ
Ｈ

100

TEMPERATURE

　　　（b）

200

1K）

300

combi-

combi-

300

Fig.　８－６　Otherexamples of the curve fitting with ａ combination of
　　　　　　the three kinds of u's.　(a) For sample #177 grown at ６５０°
　　　　　　Ｃand (b) for sample #180 grown at ６００°Ｃ．

110-



夕

　心

ｆり

　゜５

　
　
　
　
　
1

0

）
Ｎ
０
Ｕ
Ｖ
ａ
ｉ
Ｎ
３
Ｄ
Ｎ
０
３
　
Ａ
ｌ
Ｉ
Ｍ
ｎ
ｄ
Ｗ
Ｉ
　
ａ
３
Ｚ
I
Ｎ
０
I

101

Xi

Ｑ

500　　　600　　　700

　　GROWTH TEMPERATURE （゜C）

500　　　600　　　700

　　GROWTH TEMPERATURE （゜C）

800

800

X104

　心　ｊ

　ｉ

陥

　卜

Ill-

Fig. 8-7　Growth　temperature
dependence of　the　ionized
impurity　concentration derived
from the　curve　fitting･

Fig. 8-8　Growth　temperature
dependence of　the　coefficient
Ｄ and　the alloy-scattering
limited mobility derived　from
the　curve　fitting･



There　is　ａ　cleartendency　that Nl

increasing ＴＧ°

decreases whereas Ｄ　increases with

　　　　　　Notehere　that　the alloy　scattering of　Brooks' model has　ａ

definite value at　ａfixed　composition and does not vary with growth-

temperature as　shown　in Fig.　8-8.　１ｎaddition. Brooks' alloy　scat-

tering　is　considered　in ａ complete disorder of　constituent atoms.

From the　ordering point of view, the complete disorder　is　thought

to give the lowest mobility (　the mobility which is limited by

Brooks' alloy　scattering is　47 600 cm /Vsec in ^"0.53%. 47^" ８t 300

Ｋ）．　For　example, if　the　In and Ga atom are arranged perfectly one

after another　ｉｎｌｎ０.50Ga0.50Aｓ゛ｔｈｅ alloy　scattering vanishes　since

the　alloy　is　ａ completely ordered new material.　１ｎ　the virtual-

crystal approximation［１７］the　alloy　scattering also vanishes, since

ｔﾆhe virtual-crystal　itself　is　ａ completely ordered new ( but virtual )

material.　Therefore, another　scattering mechanism which gives　lower

mobility　than Brooks'　alloy　scattering and varies with growth　condi-

tions must be　thought　ｏｕｔ。

　　　　　　　Theauthor　suspects　two　scattering mechanisms：　one　is　the

scattering due　to　clustered atoms, and　the other　is　the　space-

charge　scattering.　　Both have, already been proposed　for　the　ternay

alloys：　the　former by F. Osaka et at.［１８］and　the　latter by T. Katoda

ｅｔ　ａt．［19],but　they are re-examined using new experimental results

obtained here.　The mobility which　is　limited by　these　scatterings
　　　　　　　　　　　　　　　　　　　　　　　　　　。よ

are known ｌto be proportional　to Ｔ　２

　　　　　　　Statﾆistical　thermodynamics　shows　that　at high　temDeratures

atoms　tend　to be randomnized by　the　thermal energy.　　From the　”quasi-

chemical”point　of view［20], the　interaction (　attractive or repul-

sive　) between atoms　is　ａ function of　temperature and　interaction

parameter;　at very high　temperatures　the atoms will be　in complete

random and　at　lower　temperatures　the　similar or dissimilar　atoms

gather　depending on the value　and　sign (十〇ｆ　－　）ｏｆ　the　interaction

parameter between atoms.　Hence。at　lower　growth　temperatures　the
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夕

mobility which　is　limited by　the　scattering due　to　the　clustered　　．

atoms would be　lower.　Fig. 8-8　appears　to　suggest　this　tendency･

However, in　the　author's　sample wich　１Ｓ　grown at　６００°Ｃ with ａ differ-

ent　growth　condition (　this　is　discussed　later　) shows ａ high mobil-

Ity ８４８０ｃｍ２／ｖｓｅｃａｔRT.　In addition, very high mobility values　are

reported　for　］:110.53G％．４７Ａｓ　ｇｌｏ゛１ ８ｔ　around　６５０°Ｃ［21-23］゜　Thus, the

clustering of　atoms, if　it　is ａ　function of　the　growth temperature.

would not be　the　scattering center　for　the ｐＡ here°

　　　　　　Next, the　space-charge　scattering　is　considered.　The　space-

charge　scattering was　discussed by E. M. Conwell and M. 0. Vassell

to　explain　the　lower mobility of GaAs　than the　combined ｍｏｂ１:Lity due

to polar-optical phonon, acoustic phonon, and　Ionized　impurity　scat-

tering［２４］and by Ｔ．　Katoda ｅｔ ｄ．．［１９］for VPE-grown］:ｎｌ－ＸＧａｘＡＳ　on

GaAs.　工ｎ the experiments　of　growth-temperature dependence of　the

electron mobility here, only　the　growth temperature was varied　as

described　in Chapter　工工工．　InAs was　added after　cooling　the In and

Ga melt.　The author　suspects　that　the baking of　InAs　during　the

saturation period　effects　the purity and　crystal quality of　the　grown

alloys.　Polycrystalline　InAs, which １Ｓ　etched ａｎｄ･rinsed just

prior　to　loading, does not　seem to be　so　clean as　that after being

baked　in ａ flowing Pd-dlffused　hydrogen.　　The melt materials　includ-

ing　InAs will be better purified at higher　temperatures.　The de-

crease　of　the　Ionized　Impurity　concentration with　increasing growth

ｔﾆemperature, as　shown　in Fig.　8-7, would be　caused by　this　effect of

baking.　　The　space-charge region, probably ａ region of　gathering

impurity atoms, is　thought　to be　:larger　in an　impurer　sample.

　　　　　　To　confirm the baking effectﾆof　工nAs　on the mobility. In, Ga,

and InAs are baked at 800°:Ｃ for 3 h, and　the alloy is grown at 6010°:Ｃ

as　shown　in Fig. 8-9.　The mobility values　obtained are 8 ４８０cm /Vsec

at　３００　Ｋ and 19 ９００ｃｍ２／ＶＳｅｃａｔ　７７K, with n=1.8×1016　cm‾３　at 300 Ｋ

（　sample #206　）．　　Since　the melt materials　are　thermally equilibrated

at　６００°C, the　clustering　effects　discussed　above would not　act here.
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The author believes　that　the purification of　the melt materials

yielded here　the high mobility　in the　sample grown at　the　lower

temperature(　６００°Ｃ　）。

　　　　　　工ｔ　is　expected　fromthe discussion　that　still better

crystals, with higher mobility and　lower　excess　carrier　concentra-

tion, can be obtained by purifying　the melt materials and probably

the　substrate, together with ａ close lattice matching｡

　　　　　　Althoughsome　simplifying assumptions have been made　in　the

analysis, it provides　ａ good　insight　for obtaining still better

alloys･．　　For　ａquantitative analysis　of　the　scattering rates, the

Hall mobility both theoretical and　experimental　should be used, as

shown and discussed　in chapter ｖ工工,although it　consumes ａ great

deal ０ｆ　computation time　of　the　computor。

　　　　　　Veryrecently, very high mobility values　are observed at RT

in LPE-grown ^"0.5

ｅｔ a1．［21], 13 ５００

3
ａ
ｎ
ｉ
ｖ
ａ
３
ｄ
Σ
３
.

↑

　　Ga十In

and　InAs
　　　-

47Aｓ　ｏｎ工ｎＰ；　15
000 ｃｍ2

　↑

InP　SUB

/Vsec by T. P. Pearsall

TIME

Fig. 8-9　Temperature　cycle for　the　growth at　６００°Ｃ．　In,Ga, and

　　　　　　　　　工nAs　arebaked before　growth.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１１４－
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and　11000 cm /Vsec by R. F. Leheny et al.[23］．　Although　the　experi-

mental data had been behind　the progress of　the　theoretical arguments

on　the mobility, the　theory　is now, in　turn, being challenged.　For

example, as　shown in Chapter ｖ工I,Fig.　7-6, the ｅχperimental Hall

mobility at　３００Ｋ are on the calculated lines without　alloy　scatter-

ing, but　those at　７７Ｋ are on　the　lines with　the alloy　scattering

included.　The　theory and　experiments are　stimulating each other　for

further　improvements.

８-５．　SUMMARY

１）　High mobility values ( >8 ０００cm /Vsec ) have been obtained　in

In_ coGa- ,^As on InP grown at　650へｊ７５０°Ｃ．

２）　In　theexperiments　on InGaAs here, the　electron mobility

　　　increases　and　the　electron　concentration decreases with

　　　increasing growth-temperature.

３）　Thelattice-temperature dependence of　the mobility of

　　　^"0.53^^0.47^^　is　found　to be weaker　than that of　GaAs.

４）　The electron mobility increases on cooling from ３００ｔ０７７Ｋ in

　　　all　samples.　This　is　the　essential property of high quality

　　　In　　GaAs.　　　　　１-χ　χ

５）　Scattering mechanisms　in ^"0.53^^0.47^^　on　工nP have been

　　　discussed with relation to　growth-temperature.　　　　　’･

６）　It　has been suggested　that　still better　crystals　can be obtained

　　　by　thepurification of melt materials.
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IX.　HIGH-FIELD TRANSPORT PROPERTIES　OFn‾ln0.53

9-1.　INTRODUCTION

Ga As*

　　　　　　　Silicon　isａ　semiconductor which　is　commonly used　for　devices

such as　diodes, transistors, and　thyristors.　However, it　１Ｓnot

satisfactory　In an electron mobility and ａ maximum velocity　for

transistors　to operate　in ａ microwave　frequency region or　at ａ very

high switching　speed.　Thus, GaAs which has　ａ higher mobility

( about　six times　) and ａ higher maximum velocity (　aboutﾆ　twice　）

compared with　silicon　is normally used　for microwave FET's (　field-

effect　transistors　）．　Today (1975), GaAs MESFET's ( metal-semicon-

ductor　FET's　) have　shown　the highest　frequency operation (へｊ８０GHz　）

and　the　fastest　switching　speed (　speed-power product = 4 pj　）ｏｆ　ａ１１

transistors［１１。

　　　　　　　InSb　and　InAshave very high mobility　such as　７８０００and

33 000 Ｃｍ2
/Vsec at room temperature[2], respectively.　However,

thiese materials　cannot be used　for　transistors　at　room temperature.

because of very narrow energy gaps, 0.18 and　0.356　eV, respectively･

The　alloy of　工nAs　and GaAs　can be　expected　to yield ａ higher mobility

than GaAs and ａ wider energy gap　than　工nAs,　Near ａ half　composition

（Ｘ°0.5 ), the　energy gap. Err, becomes　0.75　eV at which　the　ｅｘｔﾆrinsic

carrier　concentration （　>10l5　ｃｍ‾３　）１Ｓｎｏｔﾆaffected by　the variation

of　the　intrinsic carrier　concentration （Qj1011　cm‾３　）．　　Further,the

difference.△E, between the　central and　satellite valleys　in　the

conduction band becomes ｗｉder with　the　Increase　of　the　composition

rate of　InAs.　This　tends　to make ａ maximum velocity higher by　sup-

pressing　the　transferred-electron effect.　Near　χ=0.5,△E was　ex-

pected　to　equal Ｅｇ[3].

1　A. Sasaki, Y. Takeda, N. Shlkagawa, and T. Takagi, Proc. 8th
　　Conf. ( 1976 International ) on Solid State Devices, Tokyo, 1976;
　　Japan.　Ｊ.　Appl.　Phys・，16^ (.1977) Suppl.　16-1, p.　239
　　Y. Takeda, N. Shikagawa, and A. Sasaki, Solid-State　Electron.,
　　( submitted )
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On　the other hand, it becomes　possible　to　apply ａ high

e:Lectric field　to　In
0｡53^^0.47^"　for　the　first　time　in　the

world,

since uniform and high　quality　crystals have been obtained　in　this

study・

　　　　　　　In　this　chapter,the　experimental procedures, the velocity-

ｆ:ield　characteristics, and　the phenomena ｒｅ:Lated　to　the　transferred

electron　effect　are described.

9－2.　EXPERIMENTS

9-2-1.　Device Fabrication

　　　　　　The　工^0.53^^0.47^^^　layers were　Ｆｏ゛１ on Cr-doped (　ｐ）１０３

ncm )　and Ｆｅ－ｄｏｐｅｄ（ｐ＞１０６　ficm ) semi-insulating　工nP　substrates　by

LPE using　similar procedures　described　in Chapter　II.　Coplanar　and

H-shaped　devices　are delineated by　conventional photo-lithographic

techniques　and　sawed　into　the　shapes　as　shown　in Fig.　９－１－ａ．　Ａ

photograph of　ａ　H-shaped GaAs　device　is　shown　in Fig.　９－１-ｂ．　To

eliminate　the　ｅ:Lectric　influence　of　the　Cr-doped　substrate which has

ａ ｒｅ:Latively　１０Ｗ resistivity, the　substrate　is　lapped　ｔ０　１００　um

thickness.　The　dimensions　of　the active region ａｒｅへ一２００×（１５０ＱＪ４００）×

（５ＭＯ）μｍ３　( lengthxwidthxthickness ) and ｔ２００×７０×（５ｙＬＯ）　um　for　the

COPLANAR

(ａ)

H-SHAPED

(b)

Fig. ９－１Device structure for the velocity-field measurements：（ａ）
　　　　　schematic drawings and (b) a photograph of the H-shaped
　　　　　GaAs device.
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coplanar and H-shaped　devices, respectively.　Ohmic　contacts　are

formed onto　the end portions　of　the device by evaporating Ａｕ-Ｇｅ（　８８：

１２in weight ) and Ni and alloying at ４８０°Ｃfor ｌ min in ａ flowing

hydrogen gas.　　Typical device resistances　are ５０Ωｆｏｒ　the　coplanar

and　２００n for　the H-shaped devices.　Similar devices are　fabricated

using GaAs　as　reference devices。

　　　　　　Theelectron concentration and Hall mobility of　the

ｌn0.53Ga0.47ASｗａｆｅｒＳ　are listed　in Table　9-1 along with those of

GaAs　used　in　the　experiments.

WAFER NO. n ( cm ) μH（cll12/Vsec）

　　　　　　　　　　　　　n06

　　　　　　　　　　　　　#210

^"0.53^^0.47^^　　#211

　　　　　　　　　　　　　#220

　　　　　　　　　　　　　#237

1.81 × 1016

5.18 × 1015

3.95 × 1015

2.29 × 1016

4.04 × 1016

8 630

8 450

7 580

7 070

6 690

　　　　　　　　　　　　1N447

GaAs　　　　　N4372

2.65 × 1015

9.28 × 1015

6 600

6 420

Table 9‾1　万he electric?1 properties　of　^"0.53^^0.47^"　and GaAs　used
　　　　　　　　　　mthe　experiments.

9-2-2。　１ﾀ一召Characteristics

　　　　　　Timeof flight［４］and microwave heating[5］techniques have

been used　for　the measurement of　the velocity-field (‘り-E ) charac-

tﾆeristics　of　ａsemiconductor which has　the negative differential

resistivity(　NDR　) region.　If　ｔｈｅび－Ｆcharacteristic　does not have

the NDR　region, much　simp:Ler　technique　can be　employed.　In　the
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－

－

‐

‐

二

author's　experiments, theび一召 characteristics ｂｅ:Lowthe　threshold

field and　the maximum drift ｖｅ:Locityare derived　from the　current-

voltage (　I- V　) characteristics which are obtained using　２　usec

pulse bias voltage (　３３Hz　repetition　）ｉｎａ conventional　５０Ω

Γesistive　circuit　as　shown　in Fig.　9-2.　The drift velocity　is

calculated　from the measured　current, the　cross-sectional　area of

the　active region, the　elecron charge, and　the　ｅ:lectronconcentration

measured　from the Ｈａ１:Ｌeffect.　The　device　is mounted on ａ copper

stud　to prevent　from temperature rise, and　the device and　the　resist-

ances　are　contained　in ａ copper　package as　shown in Fig.　9-3.

PULSER
VOLTAGE

CURRENT

Fig.　９－２　５０ΩΓesistive　circuit　for　the　current-voltage measurement.

2 cm　，。
←。

Fig.　９－３　Ａ photograph of　the　copper package.
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9－2－3.　Measurement of Average Current beyond Threshold

　　　　　　Beyond　threshold,current　instabilities　are observed by　the

oscilloscope.　The Boxcar　integrator is used　to measure　the average

current with sampling　the　current　flow during　the applied pulse

voltage.　　The measurement　apparatus　is　shown in Fig.　９－４．　Pulse

voltage, current, and　gate position of　the Boxcar　integrator are

monitored by　the osci:Lloscope.

Fig.　９－４　Apparatus　forthe average　current measurement.

i) BX-530A, NF Circuit Design Block Ｃｏ・，LTD.

　　　　　　　　　　　－123－
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９-２-４．　Spectrum Analysis beyond Threshold

　　　　　　Tomake　it　clear whether　the　current　instability　is　the

transferred-electron oscillation or not, the　spectrum is　observed

by the　spectrum analyser .　The measurement apparatus　is　similar

to　that　shown in Fig.　9-4, butﾆ　the　current　signal　is　supplied　to the

spectrum analyser.　No　resonant　circuit　is　used.

9－3.　RESULTS

9－3－1.　2J一E Characteristics below Threshold

　　　　　　　Thevelocity - field curves　are　shown　in Fig.　９－５　to　eachone

of　^"0.53%.47^" ^"^ GaAs devices, and　the velocity －field　points

beyond which　the　current　instabilities are observed are plotted　to

the other　devices.　The　letters　工and Ｇ denote　the　InGaAs　and GaAs

device, respectively.　The　subscripts　Ｃ　and Ｈ are　for　ｃｏｐ:Lanar　type

and H-shaped　type, respectively.　Note　that　the　electric　field　is

calculated　simply from the applied voltage divided by　the　electrode
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ELECTRIC Ｆ工ＥＬＤ（ｋｖ／ｃｍ）

６

Fig.　９－５　Derived iｸｰ■Ecurves　and points　for　工11e).53G80.47Aｓ　and GaAs.

ｉ）　851B, 8551B　Spectrum Analyser, Hewlett Packard
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distance.　The　correction　to　the　electric　field　is　discussed　in　§9－

4.

９－３－２．　Average Current　beyond Threshold

　　　　　　Figures　9-6-a, b, and　ｃ　show current vs. voltage　character-

istics　below threshold (　solid line　) and average　currentびＳ．　voltage

characteristics beyond　threshold (　dashed　line　) for　three

工''0.53^^0.47^^ devices with different　electron　concentrations.　In

Fig. 9-6-a, a decrease　in　the average　current　is observed　for　the

device which has　the　lowest　electron concentﾆration among　the　three

devices.　Steep　increase　in　the　average　current　is observed beyond

threshold　in Figs. 9-6-b and　ｃ．　The pulse of　０．５　ysec width　is

also used and no　difference　Is　found　in　the　characteristics　from

those observed　using　ｔﾆhe pulse　of　２ usec width。

　　　　　　The　average　エーＶ characteristics　are measured　for　the GaAs

devices　as　shown　in Figs.　9-7-a, b, and　Ｃ．　The dependence of　the

beyond-threshold　characteristics　of　the GaAs　devices with ２００urn-

electrode distance on the electron concentration　is very　similar　to

those observed　for　the In_ ro^^n
A-j^^
devices.　With　the　same elec-

tron concentration ( made　from　the　same wafer N 4372　）　the decrease

in　the　average　current beyond　threshold　is　clearly　seen for　the

device which has ａ　shorter　electrode　distﾆance (　１００um ）．　　Compare

Fig.　９－７－ｂwith Ｃ。

　　　　　　Figures　９－６－ａへ･JC and　9-7-a Ｑｊｃ are　illustrated　in ｎｅχｔ　two

pages.
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Fig.　９－６　Current below threshold (　solid　line　) and average　current

　　　　　　　　beyondthreshold ( dashed line ) observed　in Ino.53Gao.47As

　　　　　　　　deviceswith　the　same　electrode　distance but　different

　　　　　　　　electron concentration：　(a) n= 3.95×1015　cm‾３，（ｂ）ｎ＝2.29
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Fig.　９－７　Current below threshold (　solid　line　) and average　current

　　　　　　　　　beyond　threshold(　dashed　line　) observed　in GaAs　devices.
(a) The　electrode distance　is 200 ＼m and n　is　2.65×1015
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９－３－３．　Osci:Llation　Spectrum

　　　　　　Observations　of　the current　instabilities　by　the oscilloscope

and　the　spectrum analyser are　shown　in Figs.　９－８－ａへjc, and Figs.　９－９

-ａへ^c, respectively：(a)'s　for GaAs, and (b)'s　and (c)'s　for

ｌｎ０.53Ga0.47AS°　The　instability　in the GaAs　device　is　due　to　the

Gunn oscillation and has　ａ　sharp peak at　1.32 GHz　in　the oscillation

spectrum.　工ｎ　the　^"0.53^.47^"　devices, broader but　definite peaks

are observed at　1.33 and　１．８GHz　as　shown　in Figs.　９－９-ｂ　and　ｃ．　In

the　device made of　the ｗａｔｅｒ　Ｗｌｌ，７which has　the highest　electron

concentration, no　definite peak is　found　in　the　spectrum.

９－４．　DISCUSSION

　　　　　　The　following　three points　are　discussed here：　correction　to

ｔｈｅジーＥ　curve using　the　low field mobility values　and Hall　factors.

comparison of　ｔｈｅび－Ｆcurve with that of　other materials, and　the

origin of　the　current　instabilities beyond　threshold.

9-4-1.　Correction to ｐ一E Curve

　　　　　　工ｎ　the　calculation　toobtain　ｔｈｅび- E curve　from the　エーＶ

curve, the　electron concentration measured　from the Hall effect has

been used.　As　is well known, the　electron concentration ( n　）ｉＳ

related to the Hall coefficient （ＲＨ）ｔｈｒｏｕｇｈthe equation：

ｎ’

ＹＨ

-

ｅＲＨ

where　ｅ　is　the　ｅｌｅＣｔｒｏｎＣｈａｒｇｅａｎｄＹＨis the Hall　factor.　If n'　is

calculated　from 1/e ＲＨ
｀　n'　is

smaller by ａ factor of ＹＨ than　the

real　concentration ｎ：

ｎ゛ ゜ n/Y^
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Fig.　９－８　Oscl:Lloscope ob-

servatlon of　current beyond

threshold. (a) GaAs(lN447)

at 104 V，（b）工nGaAs(//211)

at　９２　V, and (c)工nGaAs(//220)

at　６０Ｖ．

一一129-

Fig.　９-９　Spectrum obser-

vation of　current　oscilla-

tion.　(a) GaAs(lN447) at

１０４V, (b) InGaAs(#211) at

９２ｖ and (c) InGaAs(//220)

at ６０Ｖ．



The　drift velocity derived　from the　current　density using n' is

1)' 　＝ＶＨび
（ ●●

● J = e nび= en' V' )

whereり　is　the real drift velocity･

　　　工ｎ Fig. 9-10, the v'一別 curve where ｙ is the electric field

calculated from the applied bias voltage divided by the electrode

distance (△), thｅ　ｕ　-　Ｅ'　curvewhich is obtained by dividing 。ノbｙ
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Fig.　9-10　Correction　to　ｔｈｅり－ｇcurve using　the Hall mobility,

　　　　　　　　　　driftmobility, and　the Hall　factor.
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＼（　=1.10　in　this　device which was　calculated using　the　same method

described in Chapter VII ）（ｏ），ａｎｄthe finalび一召 curve in which the

electric field is reduced fromＥ'by ａ factor of 0.856 to fit the

10W field　drift mobility 1JD °6 900 ｃｍ2/Vsec which has been calculated

from the measured Hall mobility 1JH°7 650 cm

＝1.10（●）　are　shown.

/Vsec using　the　same ＹＨ

The　corrected　final ｐ 一Ｆ curve has　the maximum drift velocity

of　2.22×107 cm/sec at　the electric　field of 4.0 kV/cm.

　　　　　　Onthe other hand, M.　Ａ．　Littlejohn et at. have calculated

the-０　-Ｆ.curve ｏｆＩｎ０.50Ga0.５０ＡＳＷｉｔｈ　theMonte Carlo method[6]・

They assumed　three kinds　of　the　alloy　scattering potential and have

shown　that　the　scattering affects　ｔｈｅび-E characteristics.　As

shown　in Fig.　9-11, the curve　calculated Ｗｉｔﾆｈ　theelectron affinity

(
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Fig. 9-:LI　Comparison of　the　final び-Ｆ curve with　the　calculated

　　　　　　　　　　curves.　Curves (a)へ･(d) are for ^"0.50^30.50^s with

　　　　　　　　　　different　scattering potentials.　Curve (e) is　for GaAs.

　　　　　　　　　　Thedonor　concentration　is　１×1017　Cm‾３　in (a)ﾍﾉ（ｅ）．

　　　　　　　　　　For　othernotations　see Ref. 6。
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difference as　ｔﾆhe　scatteringpotential agrees　fairly well at　the

maximum drift velocity with the　final V-E curve　in Fig.　９－１０．

　　　　　　Similarprocedures　for　the curve　correction have been

conducted　for GaAs.　The result　shown in Fig.　9-12　agrees　fairly

well with　the reported　curve[７，８]．

(
ｓ
／
ｕ
J
3
。
０
ｌ
）
／
ｉ
ｌ
Ｄ
Ｏ
１
３
Ａ
　
　
　
ｉ
ｄ
ｉ
ｙ
ａ

１　　　２　　　３　　　４　　　５

　ELECTRIC　ＦＩＥＬＤ(ｋｖ／ｃｍ)

Fig.　9-12　Correction to　the V -E curve　for GaAs 。

６

9-4-2. Compariso!l of V~ E Curve with That of Other Materials

　　　　　　InFig.　9-13, the‘り-Ｅ　ｃurves for GaAs[7], InP[8], and

ｌｎ０.53Ga0.４７ＡＳａｒｅ　shownfor comparison.　The　characteristics　should

be compared at　the　same doping level, since both the maximum drift

velocity　and　the １０ｗfield mobility are affectﾆed by　the　ionized

impurity　scattering.　　It has been　shown　in Chapter ｖｌ工　that　at　the

same　carrier concentration the mobility of　^"0.53^^0.47^"　is　higher

by ａ factor of '^'1.5　than that of　GaAs.　The maximum drift velocity

of　the alloy is higher ｂｙへ^30%　than that of GaAs.　The V -E curve

　　　　　　　　　　　　　　　　　　　　　　　　　－132－
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Fig.　9-13　The V一E curves　for GaAs,　l血PI･and　^"0.53^^0.47^"　are
　　　　　　　　　　　compared.

of pure　InP　is　shown　in　the　figure, and　the maximum velocity　Is

about ２．４×１０７cm/sec. At　the　same impurity concentration,

］:n0.53Ga0.47ASｗｏｕｌｄ have　the　same or a higher maximum drift

velocity than工nP.　However, the mobility of　InP　is much lower

（３ ０００へJ4 000 cm /Vsec ) and the threshold field is much higher t:han

those　of　工"0.53^^0.47^^ °　Thus ゛工n0.53Ga0.47AS｀ｗｏｕｌｄbe better

suited　to　the high frequency FET's　and high　speed　switching devices

than GaAs and　InP 。

９-４-３．　FETModel Calculations

　　　　　　The　１０Ｗfield mobility and　the maximum drift velocity are

the　two of　the most　essential parameters which predict　the highest

operating frequency of　ａrelatively long channel FET.　Some of　the

FET　characteristics　can be predicted by ａ　simple　scaling process as

shown　below。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１３３－



　　　　　Anequivalent circuit of ａ MESFET is shown in Fig.　9-lA[9]・

The notations　in　the　intrinsic FET model represents as　ｆ０１１０ｗＳ：

（Ｃｄｇ十Ｃｇｓ）；　the　total　gate-to-channel capacitance.

^dc　　　　　　　　；　the　capacitance of　the dipole　layer,

Ｒｉand Ｒｄｓ　　；　theeffects　of　the channel resistance.

　
Ｓ
　
ｄ
　
ｍ
　
ｏ

・
ｌ
　
ｇ
　
て

･

w
＼ the voltage-controlled　current　source.

；　the　transconductance, and

；　ａphase　delay reflecting　the　carrier　transit　time　in

　　the　channel　section.

The extrinsic (　parasitic　) elements ａｒｅ：

Ｒ
ｓ

Ｒｄ

Ｒ
ｇ

Ｃｄｓ

；　the　source resistance.

；　the　drainresistance,

；　the　gate-metal resistance, and

；　the　substrate　capacitance.

Some of　the　electrical properties　and　the　equivalent-circuit parame-

ters used for a GaAs-MESFET［11] and工110.53G30.47Aｓ‾ＭＥＳＦＥＴ model

calculation with １’ym-gate　length and ５００μm-gate width are　listed

in Table　９－２．　In　the estimation of the parameters　for　ｌｎ０.５３ＧａＯ｀Ｌ４７ＡＳ゛

Ｒｉ and Ｒｄｓ　are　reduced by ａ　factor　of ５／７‘5which　is　the ratio　of

GATE　　　
“9［‾‾‾

¶2!9‾‾‾‾‾ごと巴IL‾‾‾］“d

　°プJﾄﾞﾂ

^dc　　　　.

l

　　　　F　　　　　　　I（ls↓　‰　　　　し;a、

　　　　即i　　　　　　　　l

　　　　'
'

_-J---'---'-!

SOURCE

DRAIN

SOURCE

Fig.　9-lA　The equivalent　circuit　for operation of　ａMESFET　in　the

　　　　　　　　　　saturatedcurrent region　in common一source configuration.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１３４－



mobility values （ｐＨ゛ｓ　gs' dg. ａｎｄＣｄｃａｒｅ　increasedby 11.38/

10.9 which　is　the ratio of　dielectric　constants （　Ｓ°゛ｓ　), and ^ds　is

reduced by 9.52/10.9 which is the ratio ０ｆ Ｓ。゛Ｓof the substrates

( InP and GaAs ）。　て。is reduced by ａ factor of 1.112.21 which Is

the ratio ０ｆ　the ｍａχImum drift velocities (び　　’Ｓ　）。　９　１Ｓ　calcu-
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｍａχ　　　　　　ｍ

lated with　the Lehovec and Zuleeg model［12], using　the ratios　Ｏ’ｆ　Ｃ。，

＼ GaAs 工''0.53^^0.47^^

ｎ

ａ

兌

Ｗ

ｖ
　max

μＨ

Ｓ。

　1×1017　　　　Cm‾3

　　　0.8　　　　　μm

　　　　l　　　　　ym

　　　500　　　　Um

1.7×107　cm/sec

　　5 000 cm /Vsec

　　10.9

　　　　　　　11

　　　　　　　n

　　　　　　　11

　　　　　　　11

2.22×107　　cm/ sec

　　　　7 500 cm2ﾝVsec

　　　　11.38 ･

Ｒｄ

Ｒｇ

Ｒｓ

＼

Ｒｄｓ

ＣｇＳ

<=dg

^dc

^ds

ｒ。

　　　3　　　　　　Ω

　　2.9　　　　　Ω

　　2.0　　　　　　Ω

　　2.6　　　　　　Ω

　　400　　　　　　Ω

　0.62　　　　　pF

0.014　　　　　pF

　0.02　　　　　pF

　0.12　　　　　pF

　　5.0　　　　psec

　　1.73　　　　　Ω

　　267　　　　Ω

　0.647　　　　　pF

0.0146　　　　　pF

　0.021　　　　　pF

　　0.10　　　　　pF

　　　3.8　　　　psec

ａ：　active　layer　thickness, £：　gate length, W：　gate width

Table　９－２　Fundamental electrical properties　and device dimensions

　　　　　　　　　　ofMESFET's　are　listed　in　the upper half　, and　the

　　　　　　　　　　equivalent-circuit　parameters　are　tabulated　in the　lower
　　　　　　　　　　halfof　the　table.
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ｐＨ゛ａｎｄびｍａｘ°　Ｒｄ゛Ｒｇ゛ａｎｄＲＳａｒｅ assumed　to be　the　same as　those of

GaAs°　Ｒd ａｎｄＲｓｗｏｕｌｄ be　smaller　ｉｎｌｎ０.53Ga0.47Aｓ゛ｓｉｎｃｅ　they

contain　sheet resistance of　the semiconductor which　is　smaller　in

ｌn0.53Ga0.47Aｓ°

　　　　　　　The　transconductance g , the　frequency at unity　current　gain

ｆＴ゛　and　the maximum frequency of　oscillation ｆｕａｒｅ　calculated using

the equivalent-circuit parameters　in Table　9-2.　The results　are

listed　in Table　9-3.　They are　the predicted values　for an

ｌｎ０.53Ga0.47AS‾ＭＥＳＦＥＴ‘on InP　substrate with the　same dimensions.

carrier　concentration and　contact resistances as　those for ａ GaAs-

MESFET.　The　frequencies are　Increased with　the mobility and　the

maximum drift velocity, but　some what decreased with　the　increase of

the dielectric constants.　The　transconductance　ｇ　benefits　the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｍ

increases of　all e°゛１ＪＨ゛ａｎｄリｍａｘ°　The　frequencies would be　still

higher if　the　contact ｒｅＳｉＳｔａｎｃｅＳＲｄand ＲＳ．are　correctly evaluated°

　　　　　　　Fromthese model calculations based on　the experimentally

determined parameters, it　can be　expected　that　^"0.53%. 47^" has　ａ

potential　for higher　frequency and higher　switching　speed　devices

than GaAs and probably than InP.

犬 GaAs 工"0.53%. 47^"

Sm

fT

fU

　　53 mmho

13.6　GHz

45.6　GHz

74.6 mmho

18.4　GHz

53.4　GHz

Table ９‾３　Sm≫　fj.　and　fuderived　from the equivalent-circuits　are
　　　　　　　　　comparedbetween ａ GaAs- and Ino.53Gao.47As-MESFET°
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９-４-４．　Origin of　Current　Instability beyond Threshold

　　　　　　InGaAs　it　is well known　that beyond　threshold　the oscillation

occurs　due　to　the　transferred-electron effect, -i.e..　the Gunn oscil-

lation under　certain conditions[10-12].　１ｎ addition, at　the　same ｎ。

the maximum electric field in the domain (‰)ｉＳ higher with the

longer Ｌ when biased at　threshold[13], and　further, at　the　same

applied external voltage the £■Is higher with the :Larger ｎ。Ｌproduct

[lA], where ｎ。　Is　the　constant　equilibrium value of　electron concen-

tration and Ｌ　the　length of　the active region.　If　the maximum domain

field　１Ｓhigh enough, current　Increase rather　than　saturat:ion　is

observed due　to　the　impact　Ionlzation of　carriers　in the high　field

domain[15]・

　　　　　　Thephenomena ･observed　in the GaAs　devices are just　the same　as

described　above：　the decreased　current　region is wider　in the　lower

electron concentration device and　the　decrease of　the　current　１Ｓ

clear:ly observed　in ａ　shorter　length device.　In addition, in　the

correctedび－Ｆ curve　the　threshold　field　is　about　３．５ kV/cm which　１Ｓ

common in GaAs[4,5,11,12].　Thus, it　can be　stated　that　in the GaAs

devices　the Gunn oscillation starts beyond　threshold and　then　the

Impact　ionization due　to　the created high　field domains　follows.

　　　　　　In　the　^.53%.47^" devices, very similar phenomena　to GaAs

are observed　in　the average　ｌ －ｖ characteristics.　Moreover, the

definite peak is　observed　in the　oscillation spectrum, and　from the

frequency the domain velocity　is estimated to ｂｅ２へ･３×１０７　cm/secor

less.　It　can be considered　from these　observations　that　the　trans-

ferred-electron oscillation occurs　^" ^"0.53^^0.47^" beyond　threshold

and　then　the　impact　ionization follows.

　　　　　　At　thebeginning when we　started　the ･research on InGaAs, we

had　considered vaguely　that　the　transferred-electron effect would be

suppressed　in %.53%.A7^" by　the wide　energy separation (　△Ｅ　)

between the　central and　satellite valleys, since　it had been pre-

　　　　　　　　　　　　　　　　　　　　　　　　　　－１３７－



dieted from ａ　simple　consideration on the band　structure　that　in

^"0.53^^0.47^"　ｔｈｅ△Ｅ is　equal　to　or　larger than　the　energy gap　and

that　the　transferred-electron effect will not　occur　at　this　compo-

sition[3,16]．　In Ref. 3, the E of　ＩｎＯ．'５３Ｇａ０.４７ＡＳＷａＳassumed　ｔﾆｏ be

０.86　eV and　equal　to △E, since　in the calculation　the　linear depend-

ence of　the　energy gap　and　separation on　composition was used.

However, the Ｅｇ of　^"0.53%.47^" ^^^ been determined　accurately　to

be 0.75　eV at RT as　described　in　Chapter VI.　Moreover, the　trans-

ferred-electron oscillation　is　observed　in　this alloy as　opposed　to

the prediction.　Thus, further　consideration　should be　given　to　the

band　structure.

　　　　In GaAs　it has been believed　that　the　second　lowest　conduc-

tion-band minima are　at χ(1,0,0). However, since　the　Schottky-barrier

electro-reflectance measurements using　synchrotron radiation[17,18],

the evidence has been accumulated which indicates　r-L-χ conduction

band　ordering　for GaAs[19].　The band　structure of　InAs　is　shown　in

Fig.　9-15-a and　that　of　GaAs　in Fig. 9-15-c°　The ＥＬ－ΓａｎｄＥχ－ｒfor

InAs　and　GaAs　are　found　in Ref. 16　and Aspnes' reports[20,21],

respectively.　The　quadratic　composition dependence　of　energy　ex-

pressed　by　the Thompson-Woolley　formula[22]：

　　　　　　　　　　　　　　　　　　　　　　０．３

　　　　Ｏ
Ｏ　-Ｏ

　　　　　　　　１　２　１　　厄可可呵ｙ

gives ０.78 eV for　ｔｈｅＥｇ of　工"0.53^^0.A?"^" and is more appropriate

than　the　simple　linear　composition　dependence. In　the formu:Ｌａ゛Ｅｌ

and Ｅ２　denote　the　energy gaps for　two　end materials.　Van Vechten

and Bergstresser[２３]have　theoretically　calculated　the bowing　para-

meter,･£．ら　　the　coefficient of (x‘－ｘ），ｉｎ the　quadratic　composition

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・　　　　　　　　４
dependence. but　it　is　applicab:Le　to　the energy gap at ｋ＝（．０，０，０）．

工ｔ　is not　examined　that　the Thompson-Woolley　formu:La　can be used　for

the　indirect　gaps.　However, the　formula　is　expressed with　the energy

gaps　of　two　end materials and　is　convenient　for　the　first　order

approximation of　the　energy gap　calculation of　ternary　alloys.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１３８－
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Fig.　9-15　The band　structure　of InAs,　Ing.53^^0.47^^　and GaAs°　The
　　　　　　　　　　　values　indicated　inthe　figure are　in units of　eV.

Ａ predicted .band　structure of　ｌｎ０.53Ga0.47Aｓｉｓ　shown　in Fig.　９－１５-ｂ．

The values　of ＥＬ－ΓandＥχ-Γ are　calculated　from the Thompson-Woolley

formula.　From the figure, it　is　seen that　the energy　separation ＥＬ-Γ

is　larger　than ｔｈｅ･energy gap　and　seems　that　the　transferred-electron

effect　is　suppressed　in　this　alloy.　However, it has been　shown　that

・the　energy as　large as　about　１．５　times　of　the　energy　gap　is necessary

　to　impact-ionize　the electron-hole　pair　across　the　energy ｇａｐ［241.

The　threshold　energy for　the　impact　ionization　in 工ｎ0.53%.47^"　is

calculated　to be about　1.13　eV ( = 1.5×0.75　eV　）．　Thus, it　is　possi-

ble　to　predict　from this band　structure　that　the　electron　transfer

occurs　before　the　impact　ionization･ starts　in ａ １０Ｗelectron con-

ｃｅｎｔｒａｔｉｏｎＩｎ０.53Ga0.47AS’　If　the　energyseparation　in　the actual

]:"0.53%.47^^ ^"　smaller　than 0.88 eV, tﾆhe possibility　is　still

higher.

　　　　　　　Investigationsof　the　impact-ionization coefficients　for

electron and hole, the　coupling　constants between the central and
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satellite valleys, and　the electﾆron effective masses　at　the　satel-

lite valleys are left　for　further　study｡

　　　　　　Theavalanche breakdown due　to　the　impact　ionization is

undesirable　for　the FET applications, since at　ａdeep　gate bias　or

at　ａhigh　source-drain voltage　the electric field　in　the channel　can

be　so high as　to　induce　Impact　Ionizatlon.　The predominance of　the

transferred-electron effect　is one of　the merits　of　this material

for　the　FET applications.

9-5.　SUMMARY

　　　　　　Ａhigh electric　field has been applied　to　the　工^0.53%. 47^^

planar devices, since uniform and high quality crystals have been

grown.　　The　results ｏｂｔﾆained　inthis　chapter are　listed below･

１）　The velocity-field curve has been derived　f°^ ^"0.53^^0.47^"

　　　below threshold.

２）　The　current　instabilities have been observed beyond　threshold.

３）　The　instabilities have been　found　to be　caused by　the transfer-

　　　red-electron effect and　that　the　impact-ionization follows.

４）　The　transferred-electron oscillation peak has been observed by

　　　the　spectrum analyser・

５）　The　correctedＵ-Ｅ curve using　the Hall　factor and　the　drift

　　　mobility agrees　fairly well with　the　curve calculated by　the

　　　Monte Carlo method.

６）　Ａmodel　calculation based on　the　experimentally　determined para-

　　　meters predicts ａ larger　transconductance and higher operation

　　　frequencies　for an Ｉｎ０.53Ga0.47Aｓ’ＭＥＳＦＥＴ　thanａ GaAs-MESFET with

　　　the　same dimensions　and　carrier　concentration.
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PROPERTIES OF Zn-DOPEDp‾ln0.53Ga0.47AsON InP AND APPLICATION

TO P-N JUNCTION｀゛

10-1.　INTRODUCTION

　　　　　　Although　interest　isbeing　focused on　the applications　of

^^0.53%. 47^^　for optoelectﾆronic devices　such as DH lasers[１，２]and

ＡＰＤ゛ｓ[3],there are　few reports　on　the properties　of p-type

工n0.53Ga0.47AS°　P-type layers　play a very important role　in opto-

electronic devices which utilize p-n junction.

　　　　　　工ｎthis　chapter, electrical and optical properties of Zn-

doped p-type　%. 53^^0.47^"　grown on InP　substrates by liquid phase

epitaxy, and　their application　to　p-n junction are　described.

10-2.　EXPER工MENTS

１０-２－１．　Growthｏｆｐ‾ｌｎ０.53Ga0.47Aｓ

　　　　　　・The　temperature　cyclefor　the growth　is　similar　to　Fig. 2-4.

After　cooling　the melts　to　room temperature, the　InP　substrate,

polycrystalline　InAs, and　dopant Ｚｎ（　five　９゛ｓ　pure　)are　introduced

Into　the boat.　The　saturation　period at　６５０°Ｃ　is　３０へ，４０min.　The

cooling interval　is ５°Ｃwith ａ　cooling rate of ０．２・ｘj0.25°C/min.

It deposits　about　２ ＼m thickness of　the　layer.　　Zn　１Ｓ　etched with

the Ｈ２０２：HCl（　２０：１　involume　） solution for　１０　secat RT.　Other

materials preparation　is　similar　to　those　described　in Chapter　工工．

１０-２－２．　ElectricalProperties　of　ｐ‾ｌｎ０.53Ga0.４７ＡＳ

　　　　　　　Carrierconcentration, resistivity, and Hall mobility are

大　Y. Takeda, M. Kuzuhara, and A. Sasaki, Japan.　J. Appl. Phys
　　（ｔｏbe published ）
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measured　by van der Pauw' ｓ method [4].　The magnetic　field　is　５　kG.

The contact　electrodes are made with pure　In dots　alloyed at　４５０°Ｃ

for　ｌmin in ａ　flowing hydrogen atmosphere.　Semi-insulating　InP

substrates　facilitate electrical　evaluations　of　the　grown layers.

10-2-3.　Growth of　p-n Junction

　　　　　　Ａ　temperature cycle　for　the　growth of p-n junction is　shown

in Fig.　10-1.　The　substrate　surface　is　etched by　the pure　In for

１０へ･１５　sec just prior　to the growth of　InP buffer　layer.　Ｔｈｅｎ＋-

InP buffer　layer, non-doped ｎ‾工n0.53Ga0.47Aｓ゛and p十‾ｌｎ０.53Ga0.47Aｓ

layers　are　successively　grown.　The growth　from ６４０°ｔ０　６２５°Ｃ

gives　７へｊ８ um thickness　of　the　InP　layer.　　Since　the　Sn-doped InP

epitaxial layer　tends　to　grow non-uniformly［5], Te　is used as　ａ

dopant　for　the ｎ十-ｴnP buffer　layer. Starting　from ６２５°C, the　cooling

intervals of　５°Ｃand ６へｊ７°Ｃgiveへｊ２ ym ａｎｄへ，３μｍthickness of

ｌｎ０.53Ga0.47Aｓ゛ｒｅＳｐｅＣｔｉｖｅｌｙ‘　　Typicalcarrier　concentrations　are

ｎ゛２×1016　cm　and ｐ°２×1018　cm‾３．　The substrate　is　Sn-doped

ｎ十一InP ( nへｊ２×1018 cm‾３）ａｎｄ（１ｎ）Ｂ－ｏｒｉｅｎｔｅｄ．　Ａcross　section of

the p-n junction is　shown in Fig.　１０－２．　The　creaved　cross　section

　↑

ln十G(1

800°C

3h「

　　↑

InP SUB.

InAs

Zn

640°C

l h「

Fig. 10-1　Temperature cycle for the growth of p-n junction.
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Fig.　１０－２　Ａ cleaved　and

etched　cross　section of

the　工^0.53^^0.47^^　homo-
junction diode on　InP.

トー－－－－･1

　20 ym

has been　etched with　the A-B　solution［６］at　５０°Ｃ　for　several　sec.

The　interfaces　are　seen to be planar.

１０－２－４．　SEMand EBIC Observation

　　　　　　　The　SEM(　scanning electron microscope　）ｏｆ　the Auger　ｅ:Lectron

ｍｉｃｒｏＳＣｏｐｅｉ）ｉＳｕＳｅｄ　for　thesecondary-electron and EBIC (　ｅ:Lectron-

beam induced　current　）ｍｏｄｅ observation of　the　junction.　With　the

secondary-e:Lectron mode　the heter01unction　interface and/or　the　p-n

junction　interface　are　delineated without　chemical　etching, since

the　emission rate　of　the　secondary-electron depends　on　the materials

or material　characteristics.　In　the EBIC mode　the brightness　of　the

CRT　display　is modulated by　the　ＥＢ工Ｃ　intensity.　At　the　same　excita-

tion, the　intensity varies with　the distance　from the junction　inter-

face, the diffusion　length, the　defects, and　any mechanism which

affects　the　flow rate of　the　created minority　carriers　through　the

p-n junction.　For　ａ general　description of　the　SEM and EBIC used

for　characterizations　of　semiconductor　devices, see Ref. 7.

10－3.　RESULTS AND DISCUSS工ON

i) JAMP-3, JEOL LTD.
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１０－３－１．　Zn-Doping

　　　　　　　Undoped　layers　of　工^0.53^^0.47^"　are n-type with　carrier　con-

centration n°１へj2×:Ｌ０１６　ｃｍ‾３，　resistivity　ｐ＝ご0.08ΩＣｍ，ａｎｄHall

mobility １ＪＨ°7000 ’｀’８０００Ｃ゛２／ＶＳｅＣ８ｔ RT as shown in Chapter Ｖ工工工’

Ge and　Zn are commonly used as　an acceptor　in GaAs.　However, it has

been　reportﾆed　that p-type　工ｎ:Ｌ-ＸＧａｘＡＳｃａｎｎｏｔbe obtained by Ge-doping

for χ＜０．９［８１．　SinceZn　is used as　an acceptor　in　工nAs, it was

decided　to investigate　Zn-doping　in　工n0.53Ga0.47Aｓ°

　　　　　　Zn　is　quitevolatile and R. E, Nahoryｅｔ a1．［９］used　graphite

plugs　capping　the melt wells　to　reduce Zn evaporation.　Graphite　caps

are used　in our boat, anticipating dopant　loss　during　the　saturation

period.　However, noticeable　dopantﾆ　loss　is not observed　in our

growth at　６５０°Ｃwhich　Is much　１０■ｗｅｒ　than　thoseof Nahory ｅｔal. (≧

８００°Ｃ　）．　This　is　confirmedby repeating　the　growth using　the same

melt　and　the　same　temperature　cycle.　The hole　concentﾆrations and

Hall mobility values　are　the　same between　the　first　and　the　second

wafer.

Fig.　１０－３　shows　thehole　concentration as　ａ　function of　the

atomic　fraction of　Zn in the　solution, natomic　traction of　Zn in ｔﾆhe　solution　ｎ"．　The hole　concentration

is proportional to the square ・oot ｏｆここ7ぞ゜゛゜’ｐ°゜!?
i-゜

　　　　　　　InGaAs　the　same relationship has　been observed[10].　From ａ

simple　theory which assumes　growth　from ａ dilute　solution and equi-

librlum between　the bulk of　the　solid　and　the　liquid　solution, the

dopant concentration　in the　solid n　is　proportional　to　the　square

root　of　the dopant　atomic　fraction　in　the　liquid n when ｎｓ＞＞ｎ．
　　　１

Here, n. is　the　intrinsic carrier　concentration　in　the　solid at　the

growth　

;

ｅＩＩｌｐｅｒａｔｕｒｅ°　Since　inGaAs "l ゛ 1016へ'1017　cm　at　the usual

LPE　growth　temperatures of　８００へｊ９００°C,the extrinsic approximation

is appropriate　for　the usual　doping of　interest[１０１．　工ｎ addition.

Zn １Ｓ　ａ　fast diffusing dopant and　the　equilibrium Is　thought　to be

established　for　the moderate growth rate[１０１。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１４６－



参

　　　　　　The　intrinsic carrier　concentration of ^"0.53^^0.47^^　at

６５０°Ｃ　is’ｘｊ３×1017　cm［11],　and　it　can be considered　to be　extrinsic

for　the doping range　in Fig.　１０－３．　The growth velocity　ｉｓ’ｘｊ１０‾７　cm/

sec　ｉｎ工ｎ
0｡53^^0.47"^^ on (lll)B-orie゛ｔｅｄ工nP　substrate.　Both extrin-

sic and　equilibrium conditions may be　satisfied, and　thus　ｐ　is　pro-

portional ｔｏ(ｌｌｌｎ)｀}゜　工11工110.15G80.85AS'ｔｈｅｈｏｌｅ　concentration　is

proportional ｔｏ吋ｎ[９]゜工11tﾆheir　case　it would be　considered　thatﾆ

the Zn　evaporation affectﾆed　the　relationship・

The　same Ｉ‰ｇｉｖｅＳhigher hole　concentration　^" ^"0.53^^0.47^^

than　in GaAs ．　This　tendency　is　agreeable with　the prediction　from

the　Schottky barrier　effect[10,12].　１ｎ liquid phase　epitaxy, the

melt　is ａ　liquid metal and　the　growing　solid　is　ａ　semiconductor.　工ｎ

this　case, the　Schottky barrier　is　formed at　the　interface.　This
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Fig.　１０－３　Hole concentration　in　Ino.53Gao.4°■jkｓ．　ｇでown at　６５０°c,　as

　　　　　　　　　　ａfunction of　atomic　fraction of　Zn　in melt.　The line

　　　　　　　　　　drawn　through　the data points has ａ　slope of　－１／２．
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Schottky barrier modifies　the growth behavior of　liquid phase

epitaxy.　　The variation of　growth rate with　the　crystal orientation

is　explained by　the barrier-height dependence on the orientation.

Although　the barrier heights　of　the liquid Ｇａ：GaAs　contact and　the

liquid ( In十Ｇ８）：^"0.53^^0.47^" ゛ｅ ゛ot knov゛１１・itwould be reasonable

to assume　that　ｌｎ０.53Ga0.４７ＡＳｈａＳａ lower barrier height　than GaAs

[13].　The distribution coefficient k(T) is　expressed ａＳ：

;<(T) = k。(T) exp( -φＢ/ｋＢＴ）

where ｋ。(Ｔ)　isａ concentration independent　term and φＢｉｓ　the

Schottky barrier height[１０１．　The　equationshows　that at　ａlower

barrier height　the distribution coefficient　is　larger and　thus　the

hole　concentration is higher at　the　sameｎｓ．

10-3－2.　　Resistivity and Hall Mobility

　　　　　　Thevariations　in the room-temperature resistivity and Hall

mobility　of　Zn-doped　^"O.53^^0.47^"　are　shown in Figs°10‾4　and　10-5

together with　those of　Zn-doped　1110.15G80.85ASE9]゛　The　solid　circles

are for　ｌｎＯ'．５３Ｇａ０.47Aｓand open circles are　for　ｌｎ０.15Ga0.85Aｓ°

There　is　seen to be very little difference between them.　Zn-doped

InAs　gives room-temperature Hall mobility of　１５０　cm
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一一　　　－

1017
　－３
cm and 1010　cm /Vsec at p＝7×1018　cm‾3

２

/Vsec at ｐ °２×

[14].　These mobility

values　are　slightly higher　than those of　alloys.　Nahory ｅｔ aZ.[9]

found no　difference in the resistivity and Hall mobility between

^"0.15^^0.85^^　and GaAs　grown in the　same growth　system°

　　　　　　In relatively highly doped p-type ｌｎ１-ＸＧａｘＡｓ　as　shownhere.

there　seems　to be no　strong variation in the room-temperature

electrical properties with composition.　０ｎ the other hand, in ｎ－

type ｌｎ１－ＸＧａｘＡＳ゛ｅｌｅＣｔｒｏｎmobility　is　greatly dependent on composi-

tion［15].　Effects of　disorder on electrical properties　in purer

-148-
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p-type　ｌｎ１-ＸＧａｘＡｓｗｉｌｌbe　interested.　Theoretical　calulation and

ｅｘｔﾆensive　review of hole mobility of　ＩＩエーｖcompounds　are　given by

Ｊ．Ｄ．Wiley[１６]．
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Fig. 10-4　Room-temperature resistivityびＳ.　hole　concentration.　The
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　　　　　　　　　　　　represent　the　reported　da£ａfor*Ino.i5Gao.85As.
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１０－３－３．　Photoluminescence

　　　　　　Photoluminescence experiments　are　similar　to　those described

in Chapter　Ill, but　samples　are not　angle-lapped.　Fig.　１０－６　shows

hole concentration dependence of　the energy at peak PL　intensity.　Ａ．

slight　decrease　in energy is observed both at　３００and　７７Ｋ．　工ｎZn-

doped GaAs, distinct decrease of　the photon energy at peak was　ob- ・

served, and　this　is　explained as ａ　shrinkage of　band gap due　to

heavy doping[17]。

　　　　　　Thefull width at half maximum ( FWHM ) of the PL spectra in-

creases with hole concentration as　shown in Fig.　１０－７　and　thede-

pendence　in ^"0.53^^0.47^" "■'weaker　than in GaAs[１７]･．　The FWHM of

undoped ^^0.53^^0.47^" ^" １２へｊ１３meV at ７７Ｋ and ４０へj45 meV at 300 K.

10-3-4.　SEM and EBIC Observation of Cleaved Cross　Section

　　　　　　Figure　１０－８－ａshows　the　SEM observation of　the　cleaved　cross

section　in　the　secondary-electron mode.　The p-n junction inter-

face　is　clearly delineated without　staining.　　Fig.　１０－８-ｂ　shows　the

EBIC micrograph of　the　same portion as Ｆｉｇ・．１０－８-ａ．　Thewidth and

brightness　of　the white portion along the junction are uniform.　It
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can be　considered　from the　figure　that both　the diffusion lengths　of

the　electron and hole are constant　along the　ｐ‾ｎjunction:interface,

indicating uniform crystal　quality　and　doping level　in　the　alloy

layers.　Ａ:Line　scan of　the　ＥＢ工Ｃ　intensityacross　the junction　is

superimposed　in Fig. 10-8-b.

１０－３－５．　Minority-Carrier Diffusion Length

　　　　　　The ＥＢ工Ｃ　ｉｌｌｔｅｌｌＳｉｔｙ（ＩＥ）　is　ａ　functionof　the distance　from

the　p-n junction　interface (d ), minority-carrier　diffusion　length

（Ｌ），　and　surface-recombination velocity (v ), when the excitation
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is　constant　in ａ normal material.　However, it has been shown　that

゛jhen d>2L, I_≪exp(-d/L) and Independent of ゛Ｓ［１８］゜

　　　　　　Figure　１０－９　１Ｓ　anexample of　the ＥＢ工Ｃ　intensity variation with

distance from the p-n junction　interface.　The　acceleration voltage of

the electron beam is 20 kV and　the beam current　ｉｓ１×１０‾１０Ａ．

　　　　　In　the figure　the distance　１７Ｓ longer　than ２Ｌ　in both ｎ－ and ｐ－

type　layer.　From the　slopes, minority-carrier diffusion lengths Ｌｎ

( for the electron in the p-type region ）へ･1.6 ym and Ｌ　( for the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｐ

hole　in　the n-type region ）へ’Ｏ°43ym are derived.　The Ｌｎ is　com-

parable to　that observed　in iHo^i^GaQ^ggAs homojunction［１９］゛　With

the measurements　In other ｊｕｎＣｔ１０ｎＳ，ｔｈｅＬｎａｎｄＬｐａｒｅfound　to be

l.S'V'A.a ym and 0.39へ･0.65 ym, respectively.　The dependence of　the

diffusion length on the maj ority-carrier concentration, which　１Ｓ

observed　in GaAs［20], is not　clear, and　left for further　study・

10-4. SUMMARY

１）　Zn has been found　to be ａ useful dopant　as an acceptor　for

　　　^^0.53^.47^" and　ｉｔｙａＳｌｂｅｅｎｆｏｕｎｄ　that　thehole concentration

　　　is proportional　to （111n）２’

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●２）　Noticeable　Influence of Zn evaporation has not been observed

　　　at　６５０°Ｃ．

3) The variation of resistivity and Hall mobility of Zn-doped

　　　^"0.53^^0.47^" at RT　Is essentially　the same as　those of　Zn-

　　　doped　工"0.15%. 85^"　and　GaAs °

４）　The photon energy at peak intensity and　full width at half maxl-

　　　mum of　the PL　spectra vary with the hole　concentration in the

　　　same manner as GaAs, but　the dependence　１Ｓ weaker　than GaAs.

５）1110.53G80.47Aｓ homojunction has been formed on　InP　substrate

　　　utilizing　the Zn-doplng・

６）　Minority-carrier diffusion lengths have been derived using　the

　　　　　　　　　　　　　　　　　　　　　　　　　－１５３－



distance　dependence of　the EBIC　intensity.　　The　results are　that

Ｌ　is １．３へ・４．３ ym and that Ｌ　is 0.39へjO.65 Um.
　－　　　　　　　　　　　　　　　　　　　　　－
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XI.　INFRARED　PHOTODETECTOR｀i

11－1.　工NTRODUCTION

　　　　　　In　theoptical　fiber　transmission system ａｔﾆ　thewavelength of

0.85　ym, those of　the optical　source of　GaAs　laser, the　transmission

line of　silica fiber, and　the detector of　Ｓｉ-ＡＰＤ(　avalanchephoto-

diode ) are used.　The fabrication technology of the GaAs DH ( double

heterojunction　) laser　is well　established, and　the　Si-APD　is　ａvery

reliable detector.　The　transmission system at　0.85　urnis　an epoch-

making　one and　superior　to　the　conventional microwave　system in many

respects[1,2]。

　　　　　　However,for ａ higher capacity and longer distance ( e.g.j　＞

５０km ) transmission, the wavelength of へ，１．３lim１Ｓbest suited to

ｔﾆhesilica fiber. 工ｔis because at this wavelength the transmission

loss １Ｓas １０Ｗas ０.47 dB／ｋｍ[３]andthe material dispersion is zero

[４]。

　　　　　　TheInGaAsP/工nP DH laser is well developed for an optical

source　at 'i-l.Sｐｍ[５]and has　ａ　fairly　long　life　at　cwoperation at

room temperature[６１．　The detector　for　this wavelength　１Ｓnow being

developed.　The Ge-APD　is　the only device which can be used at

present.　However, the Ge-APD　suffers　ａ high leakage　current and　ａ

large　avalanche noise[フ,81.　Many materials　such as　工nGaAs/lnP[91，

ｴnGaAsP/ｴｎＰ[10], AlGaSb/GaSb[11], and AlGaAsSb/GaSb[１２]are now

being　investigated, and　the Ge-APD　is being refined。

　　　　　　On　theother hand, a　silica　fiber which has　an extremely １０ｗ

loss at .the wavelength of 1.55 um as　１０ｗas ０.20 dB/km has been

fabricated very recently[131.　工ｔ　is　expected　that with　this　fiber

ａ longer distance　than １００km transmission　１Ｓavailable without　any

大　Y. Takeda and A. Sasaki, Rept.　Tech. Group Electron Devices,

　　　ED78-62 (1978-10)工ECE Japan （　１ｎJapanese　）

　　　Y.Takeda and A. Sasaki, 1979 Nat. Conv. Rec, IECE Japan.　S3-19
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repeater.　Among　those materials mentioned above, InGaAs/InP　and/or

AlGaSb/GaSb would be　suited　to　the detector　at　this wavelength, since

they　cover　the wavelength as　long as M.6 um.　The　InGaAs/lnP　photo-

diode covers　the　１０Ｗloss region of　the　silica fiber　as　shown　in

Fig.　11-1.　The wavelength dependence of　the photoresponse of　the

diode　is　shown　in　§１１－３－２。

　　　　　　Sincehigh quality of　^"0.53^^0.47^"　layers　on InP　substrate

are　obtained and　it has　the energy gap　of　０.75　eｖ（　corresponding　to

1.65　μｍwavelength　）ａｔroom temperature, an infrared photodetector

has been fabricated with　this material。

　　　　　　１ｎ　this　chapter,the electrical and optical　characteristics

of　the　^"0.53^^0.47^" homojunction diodes, and　the APD-operation are

described.

１００
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Fig.　ｎ－:Ｌ　TheIng 53Gao.47As/lnP photodiode covers　the　１０ｗloss

　　　　　　　　　regionof　the　silica fiber.
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11-2.　EXPERIMENTS

11-2-1.　Fabrication of Diode

　　　　　　The　growth procedures　for　the ｐ’ｎjunction are described　in

Chapter ｘ．　The　InP　surface of　the wafer　in which p-n junction　１Ｓ

formed　is　lapped　and　polished　to　the thickness　of　１５０へ／２００μｍ．　　Ohmic

contact materials, Au-Sn　（９０ ：１０ in weight ) for n十一InP and Au-Zn

（９０：１０In weight ) for p十‾ｌｎ０.53Ga0.47Aｓ゛　are　evaporated onto　the

wafer　surfaces on which contact patterns are delineated by ａ conven-

tlonal photolithographic　technique.　The photoresist　is used as　an

evaporation mask.　After removing the photoresist （　the　contact

materials which are evaporated directly onto　the　semiconductor

surfaces remain keeping the contact pattern after removal　), the

contacts　are alloyed at ４５０°Ｃ　forｌ min in ａ flowing hydrogen atmos-

phere。

　　　　　　The wafer　is　etched　to　form mesa-shaped　diodes, as　shown　in

Fig.　11-2, with a　solution of H_SO,：Ｈ２０２;Ｈ２０　（　３へ･５：１：１　１ｎvolume )

０１７　ＨＦ：ＨＮ０３：Ｈ２０（１：１：１ ｉ１１volume ) at room temperature. Bpth solu-

tions　etch InGaAs　selectively, since the etching rate　for　InP　１Ｓ

much lower　than for　InGaAs.　The diode　is mounted with In　solder on

the copper plate･ which has　an　aperture for　the　incident　light.　The

ohmlc　contact　of　the ｐ・-layer　is　connected with an electrode　by ａ

microprobe under ａ microscope.

Fig.　11-2　Ａ schematic drawing of
the mesa-shaped　diode.　It　１Ｓ
mounted on ａ copper plate which
has an aperture.
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11-2-2.　　Capacitance －Voltage ( C- V) Characteristics

　　　　　　The　Ｃ－ｖ characteristics of　the diodes are measured with ａ

conventional capacitance meter by changing the reverse bias

voltage.

１１－２-３．　Photoresponse

　　　　　　　Thephotoresponse of　the diode, i.e.j　the wavelength-depend-

ence of　the　short-circuit　current, is measured　by irradiating　the

diode　surface with ａ monochromatic light whose wavelength is varied

continuously by ａ monochromator・１)．　The　optical source is a tungsten

lamp・

　　　　　　　Therelative　intensityびＳ．　wavelength characteristics of　the

Incident beam on　the diode　surface　is measured by ａ PbS photﾆocon-

ductive　cell whose responslvity　is known.　It　is　shown　in Ｆｉｇ・．11-3 ．

１．０
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Ｓ
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１ ０ １．２ １．４ １．６

WAVELENGTH　（μｍ）

１．８

Fig.　１１－３　Spectraldistribution of　the excitation･ light　for　the
　　　　　　　　　　photoresponsemeasurement.

i）

ii）

LCR meter 4332A, Yokogawa Hewlett　Packard

G-250, Nippon Kogaku Kogyo K.K.

　　　　　　　　　　　　　　　　　　　　　　　　－１６０－
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Ｓ

１１－２-４．　Current － Voltage （　I -V　) Characteristﾆics

　　　■　　　

The　エーｖ characteristics of the diodes　ａｒｅｍｅａＳｔ１万edby　tﾆhe

χ－Ｙ recorder or　the electrometer and microvoltmeter

11-2-5.　Measurement　of Avalanche Multiplication

　　　　　　Thereverse voltage dependence of　the avalanche multiplication

is measured by ａ lock-in　technique using　the　apparatus　shown　in Ｆｉｇ・

11-4.　The photo-carriers are　generated by ａ YAG laser"'""'""''beam

OPTICAL FIBER

NEUTRAL

-

CHOPPER

1一一

AND LOW
PASS FILTER

YAG LASER
-
1.06μｍ

REVERSE VOLTAGE

He-Ne LASER
-
6328 X

GAIN

Fig.　１１－４　Schematicdiagram of　the apparatus　for　the measurement　of
　　　　　　　　　　avalanchemultiplication.

i）
ii）
iii)

VIBRATING REED ELECTROMETER, TR-48M, TAKEDA RIKEN

Model AM-1001, OHKURA ELECTRIC Co .

YAG-TWO, general photonics　corp・
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（　1.06　ym wavelength　) which is　attenuated　by neutral　filters　to

give ａ photocurrent　of　１へｊ２ uA at　the bias-voltage　of　zero.　With

ｔﾆhelock-in　technique the　increase of　the DC　dark current　at　the

reverse　bias　is　eliminated　from the measurement　of　photocurrent which

is　induced　by　the chopped　laser beam, since only ａ synchronized

current　with the　chopped　beam is detected by　this　technique.

11-3.　RESULTS AND DISCUSSION

１１-３－１．　Ｃ－Ｖ Chａｒａcteristics

　　．　　　　The　characteristicsｏｆ１／Ｃ２びＳ．　voltageat　low reverse volt-

age are　shown in Fig. 11-5.　The　capacitance　is normalized　to　the

area of　ｌ　ｃｍ早．　Ａ１１　thedata are on the　straight　lines, indicating

the abrupt junction being formed.　　Since the n-layer has lower

carrier　concentrations by about　two orders of magnitude　than the ｐ－

layer (　p-2>く1018 cm‾３　),the junction　is　the one-sided　abrupt June-

tion.　In　the one-sided abrupt junction the　shape　of　the electric

field distribution is ａ,right-angled　triangle.　This　is　the　simplest

　　　　　　　　　　　　　　　　■　　　　
0.5　　　　　　　

VO

r

rＡＧＥ　　　　‾

Ｕヵ

Fig. 11-5　Capacitance-voltage characteristics at low voltage. 1/C2

　　　　　　　　　　　　　　771;ｅ７

ｎ

８;;

e

p17Σ;:2jg8111ｓt ｖ　to　confirm the　abrupt June-
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參

and　convenient　for　the analysis　of　the behavior　of　carriers　in　ｔﾆhe

field.　The built-in voltage　at　the junction　is　seen　to be　about

０．６Ｖ．

　　　　　　Figure １１－６－ａ　shows ａ１／Ｃ２－ＶＣｈａｒａｃｔｅｒｉＳｔｉＣof　ａ diode　in ａ

wider　range of　reverse voltage, as high as　－１８ Ｖ．　It　is　seen to

have　two different　slopes;　at　the lower voltage　the　slope　corresponds

to Ｎｄ°１°９×1016　cm‾３　and at　the higher voltage Ｎｄ°２’７×1016　cm‾３・

The donor concentrations　are　calculated　from the well-knoxm equation
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０
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３
Ｈ
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３
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　　　　　　　　　　　　　　　　　　　　　　（ｂ）

Fig.　11-6　(a) 1/C -V characteristic　in ａ wide　range of　reverse

　　　　　　　　voltage, (b) The same ｄ副ﾆ゛１are plotted　in １０ｇＣ vs. １０ｇVr

　　　　　　　　to　find　the　slope variation.

　　　　　　　　　　　　　　　　　　　　　　－１６３－



for　the　one-sided　abrupt-junction：

　d（1/C2）＿
-

　2

ｅ ｃ°
r
Ｎｄ

The deviation　from the abrupt junction at higher reverse voltage　is

more　clearly　seen　in Fig. １１－６-ｂ．　The　abscissa　is （Ｖ十ｖｂｉ）８１１ｄthe

ordinate　is　the capacitance.　Here, V　is　the applied voltage　and ＼±

is　the built-in voltage.　At　lower voltages　thanへｊ５ V,　the data are

on　the　straight　line which has　the　slope of　－１／２、but　at　higher

voltages　the　slope varies and appears　to approach to　－１／２　again.

At　-１８ ｖ　the width of　the depletion region　is　calculated　to　be へにＬ．３

μｍ．　The　donor　concentration variation　in the １．３　um thickness　of

undoped n-type　^^0.53^^0.47^^ might be due　to　the　growth behavior

of　the alloy in　the　temperature　lowering　growth method、０ｒ to　the

compensation of　donors near　the　interface by the Zn-dopant　in the ｐ－

layer.

　　　　　　The　capacitance of　the diode with ａ diameter of　２００um is

3.45 pF at －１８Ｖ．　　　　　　　　　　、、　　　．．　　　‥

11-3-2.　Photoresponse

　　　　　　Relative　intensity of　short-circuit　current　as　ａ function of ｌ

wavelength (　being called here as　photoresponse　）ｉＳ　shown　in Fig.

11-7.　The　light beam is　incident　on　the　InP　surface.　The　intensity

is normalized by　the peak at　around　1.65　Um.　The　intensity at　１．３

ym is ７５Ｚand at　1.55 ym is　９６Ｚof　the peak intensity.　The curve　is

very similar　to　that reported by T. P. Pearsall［９１。

　　　　　　Thephotoresponse　is calculated with the absorption coeffi-

clent, minority carrier diffusion lengths, and　thicknesses　of n, p.

and depletion layers, using Terman's　equation［１４］and　taking　the

generation of　carriers　in the depletion layer　into　account.　Ａ

wavelength dependence　of　the　absorption coefficient　for undoped
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^^0.53^^0.47^^　is　shown　in Fig. 11-8

lated with　the　same way as described

carrier ｄｉｆｆｕｓｉｏｎｌｅｎｇｔｈｓ゛Ｌｎand Ｌ

as described　in Chaptﾆer χ．
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　　This　is measured　and　calcu-

in Chapter VI.　The minority

　are measured using　the EBIC
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Ｆｉｇ°11-7　Photoresponse　of　工"0.53%.47^^ homojunction diodes　on　InP.
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Fig.　１１－８　Wavelengthde-
pendence of　the absorption
coefficient　of undoped

^"0.53^^0.47^"



　　　　　　Ａcalculated result　is　compared with the　experimental data

in Fig.　11-9.　The　thickness　of　the n-layer （Ｄｎ）’ｐ‾１８ｙｅｌｒ（ＤＰ）８１１ｄ

depletion layer (D), and　the diffusion lengths of　electron and hole

are　indicated　in　the　figure.　　工ｔ　is　seen　that　they fit　fairly Ｗｅ:LI

with each other.　At　the　shorter wavelength, the discrepancy　is

larger.　　In　this wavelength region the measured　signals　of　the photo-

response and　the light　transmission (　for　the measurement　of　the

absorption coefficient as described　in Chapter VI　) become　small.

because　of　the　strong absorption of　the　incident　light by　the alloy

layer.　　The discrepancy would be　caused　by the errors　in the measure-

ments of　the photoresponse　and　the absorption coefficient.

01　　　　I　‥＿1.

1.0　　1.1　　　1.2 1.3 1.4　　　1.5　　　1.6 1.7

２

１ ８

　　　　　　　　　　　　　　　　　　　　　　WAVELENGTH(pm)

Fig.　11-9　Ａ Ｃａ:Lculated　curve　is　comparedwith the　exper:imental data.

　　　　　　The photoresponse of　the ^^0.53%.A7^" and Ge[7]photo-

diodes are　shown　in Fig.　11-10.　１ｔ　is　clear　that　the ^^0.53^^0.47^"

photodiode　is　better　suited　to　the　1.55 um wavelength detection　than ・

Ge photodiode.　At　1.55 ym, the absorption coefficient　of　Ge　is

゛３)(１０２　cin~-^[15]and　that　of　^^0.53^^0.47^"　ｉｓ｀５｀１０３　cm　Ａ smaller

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１６６－



WAVELENGTH (um)

Fig.　11-10　Photoresponse　of　^"0.53^^0.47^^ and Ge diodes.　Both are

　　　　　　　　　normalized　at　peak intensities‘ The Ge diode has a high

　　　　　　　　　　　responseonly in ａ direct transition region(λ≦1.55 um ）．

１．５　　　１,６　　　１．７ 1,8

１１－３－３．　１－Ｖ Characteristics

　　　　　　Ａhigh crystal　quality and high device　technology are neces-

sary for　the　fabrication of　the APD's, since　leakage　current　as　１０Ｗ

as　possible　and ａ　sharp and uniform breakdovm characteristics　at　ａ

deep reverse bias　are　essential　to　the　operation of　the APD.

　　　　　　With the　InP　substﾆrate which has ａ high etch pit　density

（ＥＰＤ）（＞５×１０５ｃｍ‾２　）ｉｔwas　impossible　to　increase　the breakdown

voltage above MO Ｖ．　Low EPD　portion （く1×104　cm‾2　) was　found out

－167－

－

absorption coefficient　results　in ａ wider　region of　the photo-

carrier　generation　in　semiconductor.　Ａ wide absorption region

causes　ａ　slowresponse　of　the diode due　to　thelong　transit-time

of　the　generated　carrier.
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by etching the whole polished　substrate with the A-B solution［１６］at

６０へｊ７０°Ｃfor １０min.　Ａｎエーｖ curve of the mesa-diode on the １０ｗEPD

substrate　is　shown　in Fig.　11-11.　The breakdown voltage　is　increased

and　the　avalanche multiplication　is　observed　in　this diode as

described　in　the next　sub-section.　However, the breakdown charac-

teristic　is　too　”soft”to　obtain ａ large ｍｕ:Ltiplication.　Further

improvement　of　the　crystal　quality and　fabrication　technology　is

required　for　the APD　operation.　　　　　　　　　　　　　　　　　　　　　゛

　　　　　　　　　　　　　　　　　　0.5 -

　　　　　　　　　　　　　　　　　　0.4 -

　　　　　　　4 411-2　　　(mA) 0.3 －

　　　　　　　　　　　　　　　　　　0.2 -

　　（V）　　　　　　　　　　　　　　　　　　0.1 -

-20　　　　　　　　　　-10

　1　　　　　　　　　　　　1

ナ

|∧　l
0.2 o:4

(hA)

Fig. 11-11　エーｖ　curve　of　ａmesa-diode on the　InP　substrate with ａ

　　　　　　　　　　lowEPD.

11-3-4.　Avalanche Multiplication

　　　　　　Ａmultiplication vs. reverse voltage　Is　shown　in Fig.　11-12.

Multiplication as　large as　１．８　is　obtainedat　－２０ｖ　in　thediode

which has　the　ｌ－ｖ curve　shown　in Fig.　11-11.　At　ａ higher reverse

voltage, the　shot noise　increases　ｓ０　largeas　to disturb　the measure-

ment.

－168－

ｆ



20０

Fig. 11-12　Multiplicationびs, reverse voltage observed　in the　diode
　　　　　　　　　　　shown　inFig. 11-11.
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REVERSE VOLTAGE （V）
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　　　　　　Inthe Si-APD and Ge-API? the multiplication of about 500［17］

and 100［171　are commonly obtained at　lower frequencies, respective:Ｌｙ･

In　the　Si-APD, the device characteristics have been　shown to be

degraded by　the microplasmas which are　Induced from the dislocations

in the active area［18], and　thus　the defect-free　Si　is　commonly used

as　the　substrate.　Moreover, it　１Ｓａ conventional　technique　in　Ｓ１－

and Ge-APD　to　form the　”guard ring”surrounding　the active area in

order　to obtain uniform avalanche　characteristics［１９１。

　　　　　　Boththe reduction　in EPD　and　the guard ring formation are

required　for ａ　stable, low-noise and high-gain operation of　the

Ｉｎ０.53Ga0.47Aｓ‾ＡＰＤ‘　Since　InP　isused　as　ａ ”window layer”( which

has　ａlarger energy gap　than　the active　layer　and　transparent　to　the

incident　light　) for　the　^"0.53%. 47^"　active layer, the　surface-

recombination of　the photo-generated　carriers　can be　eliminated by

the hetero-interface.　The recombination at　the lattice-matched

Interface　is expected　to be much:Lower　compared with that　at　the

２．０
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free　surface of　ｔｈｅ工^0.53^^0.47^^　layer.

　　　　　The　improvement of　the　ｌｎ０.53Ga0.47Aｓ‾ＡＰＤ　isbeing vigorously

made, since　this detector　is　thought　as　ａ clue to　the　success　of　the

extremely　long distance (　〉１００km ) transmission　system with no

repeater.

11-4.　SUMMARY

］．）　Photodetectors　and APD's have been fabricated with Ino^sgGaQ^^^As

　　　on　InP which covers　the wavelength region from １．０　to　:L.65　ym.

２）　From　the Ｃ－ｖ characteristics　it has been　found　that　an abrupt

　　　junction　is　formed　and　that　the built-in potential　is　0.6　eV,

　　　that　ａ　slight variation of　donor　concentration　is　there　in　the

　　　undoped　Ｉｎ０.53Ga0.47Aｓ工ayer.

３）　The photoresponse has　ａ peak at　around 1.65　りｍ and　the diode has

　　　been　found　to　be　suited　to　the detector at　1.55 ym wavelength.

４）　The breakdown characteristic　is　improved by use　of　１０ｗ EPD　工nP

　　　as　the　substrate.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　７

５）　Ａ multiplication of　photo-current　as　large　as　１．８ has been

　　　obtained　in ｔｈｅｌｎ０.53Ga0.47AS‾ＡＰＤ°
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XII.　CONCLUSIONS

When we　started　the study on ｌｎ１-ＸＧａｘＡｓ　onInP　substrate,

it had been uncertain　that　ａ　ternary alloy can be obtained by hetero-

epitaxy on ａ　substrate which　is not　the　constituent　binary　compound

of　the　alloy, and　it　had　been ａ conventional　technique　to　grow ａ:Lloys

on　the　constituent　binary-compound　substrate by　step-wise or　continu-

ous　composition grading　to obtain　the　alloy of　ａ desired　composition.

However, in　this　study, it has　been　confirmed　that　such hetero-

epitaxy　is　possible　and　demonstrated　that ａ very high qualitﾆｙ alloy

is　obtained　at　the　lattice-matching　composltﾆion.　By eliminating　the

problems due　to　the　lattice mismatch, the essential properties　of

the　ternary alloy have been revealed and　the alloy has become

possible　to be applied　to devices.

　　　　　　　工nthis thesis, liquid phase epitaxial　growth of　工n1-ＸＧａｘＡｓ

on (lll)B-orlented　InP has been carried oｕtﾆ, and optimum growth

conditions have been　shown　to yield high quality alloys･．　Many

characterizations have been　conducted　on　the grown alloys　and among

them the　electrical properties　have been extensively　investigated

both experimentally and　theoretically.　　High-field　transport proper-

ties and p-n junction characteristics　of ^^0.53^^0.47^" have　shown

that　this alloy has　superior potential　in　the high-frequency field-

effect　transistors (　FET's　) and high　switching　speed devices, and

in the　infrared photodetectors　and　avalanche photodiodes ( APD's　）．

　　　　　　InChapter　II, the LPE-growth　system used　in　the experiments,

careful procedures　for　the material preparation, tﾆhe　temperature

cycle　for　the pre-baking and growth, and　the phase diagram calcu-

lation　based　on Wu and Pearson's model have been described。

　　　　　　InChapter　Ill, it has been　shown　that　the　IhP　substrate

surface　is　thermally etched　during　ｔﾆhe　saturation period by the
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evaporation of　phosphorus　and　that　the　surface morphology of　the

grown layer　is affected both by　the lattice mismatch and　the rough-

ness　of　the　thermally etched　substrate　surface.　The　thickness　of

the grown layer　increases with growth　temperature　except　at　７５０°Ｃ，

following　qualitatively the　temperature dependence of　the As　frac-

tion　in　the melt.　The x-ray　transmission Laue pattern has　shown

clear　evidence　of　the epitaxy of　the ａ:Lloy　layer and has　shown

lattice　distortion　in ａ mismatched　layer.　The　etch pit　density

（　EPD　) increases with lattice mismatch ( when x< 0.47　) and　the

lower limit　is　about 1×１０５　ｃｍ‾２．　The　composition of the ａ１:Loy has

been evaluated　by x-ray diffraction at　high reflection　angles using

the　InP　reflection as　an　internal　standard.　The　composition and

crystal　quality have been　shown to be very homogeneous　and uniform

ａ:Long the　growth direction and　over　the　surface.　The　same　ｑｕａ:Lity

layers have been obtained　at　temperatures between ６２０°and　７００°Ｃby

etching back the　substrate　surface with pure　In just prior　to　growth

and by matching　the lattice parameter　closely･

　　　　　　In Chapter　工V, the　effects ，０ｆ　the　incomp:Lete　removal ０ｆ melt

on the characterization of　the grown layer have been revea:led　’‘

experimentally, taking the growth of　ｌｎ１-ＸＧａｘＡｓ　asan　example.　The

remaining melt　deposits　the quasi-grown layer whose characteristics

are much different　from those of　the actual　layer which was　intended.

The　quasi-grown layer has been　shown to have　ａ rough　surface, lower

PL　intensity, and　larger　spectral width.　工ｎ the　quasi-grown layer,

the composition varies　along　the　growth ｄｉでectlon and　the EPD　is

high.　Growth of　the quasi-grown layer has　been avoided by the com-

plete removal　０ｆ melt with ａ well-designed boat　structure.

　　　　　　工１１Chapter V, InχＧ８χＡＳ（　Ｏ゛３≦゛≦Ｏ°６５　)has been directly

grovm on InP and on InP with ａｎｌｎ０.53Ga0.４７ＡＳ buffer　layer. 工ｎ

the direct　growth, it has been　found (1) that　the composition　is

latched　to x=0.445±0.005 with ａ small　cooling rate and ａ　small　step-

cooling　interval, and (2) that　the layer of　composition between 0.A5

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１７４－
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and ０.５０ deposits uniformly, (3.) that the island growth is obtained

at x<0.39 and ｘ＞０．５５．　In the growth with the buffer　layer, the

latching phenomenon　has not been observed and ａ wide range of

composition from ０.40　ｔ0　0.７０ has been obtained.　The step-wise

composition grading has been shown ｔ０　improve　the crystal　quality of

the　layer with ｘ≠０.hi.

　　　　　　　In Chapter VI, with the high quality 工"0.53^^0.47^"　layer.

the energy gap has been determined　to be 0.75　eV from the photon-

energy dependence of　the absorption coefficient.　The value has been

shown　to be consistent with the result　in photoluminescence (　PL　）

measurements ．　The　Infrared　transmission spectrum of　^"0.53^^0.47^"

changes　steeply near　the absorption edge, indicating good crystal

quality and　composition homogeneity of　the alloy.　The　intrinsic

carrier　concentration has been calculated　to be 6.4×1011 Cm‾３　at

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●room temperature.

　　　　　　　工ｎChapter ｖ工I, the　drift and　the Hall mobility and　the Hall

factors of.　ternary alloys have been theoretically calculated by the

iterative method　taking　the polar-optical phonon, acoustic phonon.

piezoelectric, ionized　impur i ty, and/or alloy scattering　Into

account.　　Simplifying assumption such as　the　summation of　the　inverse

μ　limited by each scattering, the relaxation-time approximation, and

the parabolic band approximation have not been used in　the calcu-

lation.　The Hall　factors have been found　to become　smaller with

increasing, but moderate, ionized　impurity concentration.　The

difference between　the drift and　the Hall mobl:Lity cannot be ｎｅｇ‘

lected　in ａ pure material.　The　temperature dependence of　the Hall

mobility and　the Hall　factors of n-工"0.53^^0.47^" has been shown°

The donor concentration dependence　of　the Hall mobility of

n-In

0.53^^0.47^^ ^^
３００and　７７　Ｋhas been calculated　and　compared

with　the　experimental data.

　　　　　　］:nChapter ｖ工工I, the Ｈａ:LI mobility of　ｎ‾ln0.53Ga0.47Aｓ has

been　investigated experimentally.　High mobility values (　〉8 000

　　　　　　　　　　　　　　　　　　　　　　　　　　　－175－



C°/Vsec　）ｈ３゛e been obtained in l1‾1110.53G80.47Aｓglroi｀’１１ ８ｔ 650° ’｀’

750°C.　The electron mobility increases on cooling from 300 to フフＫ

in all　samples, and　this　is　the essential property of　high quality

ｌｎ１－ＸＧａｘＡＳ°　The lattice-temperature dependence of　the mobility ｈａＳ‘

been found　to be weaker　than　that of　GaAs.　Scattering mechanisms　in

Ｉｎ０.53Ga0.４７ＡＳｈａｖｅ been discussed with relation　to growth　temper-

ature, and　it has been　suggested　that　still better　crystal can be

obtained by　the purification of melt materials.

　　　　　　In Chap ter　ＩＸﾀ　ａ high electric field has been applied　to　the

工"0.53^^0.47^^　planar devices　fabricated　from the uniform and high

quality　crystals.　　The velocity - field (び－Ｆ　) curve has been

derived　for ｎ‾ｌｎ０.53Ga0.47Aｓ below　threshold, and agrees fairly

well with　that calculated by　the Monte Carlo method.　　The　transfer-

red-electron oscillation has been observed beyond　threshold　and　the

impact ionization has been found　to　follow it.　Ａ model calculation

ｏｆ工％．５３Ｇ８０.47Aｓ‾ＭＥＳＦＥＴ（ｍｅｔａ１－Ｓｅｍｉｃｏｎｄｕｃｔｏｒfield-effect tran-

sistor　) based　on　the experimentally determined parameters has　shown

superior characteristics　to　those of　GaAs －MESFET.

　　　　　　工ｎ Chapter ｘﾀ　Zn-doped p-type　^"0.53^^0.A7^" has been grown°

Zn has been found　to be ａ useful dopant as an acceptor and　found

that　the hole　concentration　is propoi°tional　ｔｏ（１１Ｌ）を, where １１１ｎis

the atomic　fraction of　Zn in the melt.　The electrical properties

have been found　to be very similar　to　those of　Zn-doped p-type GaAs

and　ｌｎ０.15Ga0.85Aｓ’　The photon energy at peak intensity and half

width of　the PL　spectra vary with　the hole concentration　in　the　same

manner as　in GaAs, but　the　dependence is weaker.　^^ %.53^^0.47^"

homojunction has been formed　on　InP utilizing　the　Zn-doping・

Minority carrier　diffusion lengths　have been derived using.the

EBIC (　elec tron beam induced current　）ｉｎ　the　diode.

　　　　　　Finally, in　Chapter ｘ工, photodetectors　and APD's have been

fabricated with 1110.53G80.47ASｗｈｉＣｈ covers　the wavelength region

from 1.0 to　1.65 ym.　　The　photoresponse has ａ peak at　around　1.65

　　　　　　　　　　　　　　　　　　　　　　　　　　　-176-
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μｍand　the　diode　is　considered　to be best　suited　ｔ01.55 um wave-

length detector.　The capacitance －voltage （　C-V　) characteristics

Indicate　that　the junction　１Ｓan abrupt one and　that　there　１Ｓ　ａ

slight variation of　impurity concentration In　the n-type region.

The breakdown characteristics have been　Improved by use of　the　１０ｗ

EPD　工nP　substrate and ａ multiplication of　photo-current as　large as

１．８has been obtained　in　the ｌｎ０.53Ga0.47AｓｓＡ］ﾖ）Ｄ°

　　　　　　　Suggestionsfor further　study are summarized as follows.

工ｔ　is　ａnatural extension of　this　study　to　fabricate　FET's, switch-

ing devices ， and APD's.　For　these applications, investigation has

to be ｅχtended　to　solve further　probelms.　For　FET's and　switching

devices, theり－Ｆ characteristics over ａ wider range of　electric

field and　their carrier　concentration and　temperature dependence

should be　investigated.　Good　Schottky ａｎｄ・ohmic　contacts are neces-

sary.　　The MOS　structure　should　be　studied.　　For APD's, the　stable

and high avalanche gain　is required, and　the　crystal　quality and　the

device　structure　should be simultaneously Improved°　^"0.53^^0.47^^

with １０Ｗcarrier concentration ( e.g..　く1012 Cm‾３　)and well-

controlled　Impurity diffusion are essential　to designing　the optimum

device　structure.　Other material parameters　such as　the　impact-

Ionization coefficients for　electron and hole, life　time of minority

carrier are　remained unknown.　The reliability of　the device　１Ｓ　also

unknown at　ａvery high electric field。

　　　　　　　工ｎ　thecrystal growth, uniform and homogeneous layers of　the

alloy on ａ larger area ( as　large as　possible　）ｏｆ　the　substrate are

desired for practical use　in industry.　　Precise　control ０ｆ　thelayer

thickness　and　its reproduclbillty are also desired.　Seml-lnsulatﾆing

and high purity layers are needed　for many device applications.

Growth　on other crystal　surfaces, e･ｇ･ｊ（１００）ａｎｄ　growthby vapor

phase　epitaxy are　interesting・
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　　　　　　工ｔis possible that　the electron mobi:lity of　Ｉｎ１－ＸＧａｘＡｓmay

increase　still　further.　The utmost limit of　the mobility both　at

room　temperature and at lower　temperatures will　give ａ clear　answer

to　the origin and nature of　the　”alloy　scattering”．
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