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InP was grown on (001) and (1 11)B InP substratesby the supercoolingand step-coolingtechnique and In
1 — ~Ga~As~Pi—

(x — 0.2 and y — 0.5) wasgrown on (001), (1l1)A and(111)BInP substratesat640—650°Cby thestep-coolingtechnique.Calculated
growth ratesassumingdiffusion limited growth, usingexperimentalphasediagramrelationswere comparedwith experimentaldata.
Excellent agreementwas found for the growth of InP on (001) and (111)B InP and for the growth of InGaAsP on (001) InP
substrates.For thenucleationof InGaAsPon (111) facesa critical supersaturationof 4°Cwas observed.Thecriterion of constant
compositionfor quaternarylayers grown atconstanttemperaturewas verified usingdoublecrystalX-ray diffractometry. A constant
compositionwas observedon the(001) and(111)A faces, in contrastto the(111)B face, where thegrowth seemsto be dictatedby
surfacekinetics.

1. Introduction section3. In section4, the experimentalresultsare
presentedandcomparedwith the diffusion limited

Liquid phaseepitaxy (LPE) is frequently used growth model for the growth of InP on (001) and
to grow thin layersof Ill—V compoundsfor opto- (111)B InP substratesby the supercoolingandthe
electronic devices.From the literature it is clear step-coolingtechniqueand for the growth of In-
that the growthrateof binary Ill—V compoundsis GaAsP on (001), (111)A and (111)B InP sub-
determinedby the rate of diffusioi~of group V stratesby the step-coolingtechnique.
solutestowardsthe solid—liquid (S—L) interface.
The diffusion limited growth model has beenex-
tended to the multicomponent system by de 2. Diffusion limited growth model
Crémoux[1]. Relationsfor the layer thicknessand
the compositionof the solid phasewere deduced The LPE growth rateof Ill—V compoundshas
with the aid of linearizedphasediagramdata.For beenexperimentallydeterminedby many authors
the growth of InGaAsP lattice matchedto InP, andthe resultshavebeenanalysedon the assump-
diffusion limited growth on (001) InP [2—4]and tion that the growthrateis determinedby therate
also orientationeffectshave beenreported [5,6]. of solutediffusion towardsthe S—L interfacewith
Up to now however,no studyhasbeenreportedin fast interfacekinetics. If thereis no free convec-
which a quantitativecomparisonis madebetween tion and the areaof the growth solution is smaller
experimentalresultsand the theoreticaldiffusion than or equal to that of the substrate,the mass
limited growth model using experimentalphase transferof solutestowardsthe S—L interfacecan
diagramdataof a multicomponentsystem. be describedin the caseof an n-componentsys-

In this reportthe resultsof the multicomponent tem by (n — 1) one-dimensionaldiffusion equa-
diffusion limited growth model are given in sec- tions:
tion 2 and experimentalmethodsare describedin a

2cL(u, t) acL(u, t)

D l = I

au2EindhovenUniversity of Technology,5600 MB Eindhoven,
The Netherlands. i = 1, 2 n — 1, (1)
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where (~,L(u, t) is the concentration(atoms/cm3) cooling growth technique: the relation expressing
of component/ in the solution at position u and the layer thicknessas a function of the growth
time t and D, the diffusion coefficient of compo- time and supersaturation(eq. (2)), and the con-
nent / in the solution (cm2/s). stantcompositionacrossthe thickness.

The motion of the growing interface is ne-
glected, the diffusion coefficientsare assumedto
be mutual andconcentrationindependentand the 3. Experimentalprocedures
liquidus curve of a multicomponentsystemis lin-
earizedfor the small cooling intervals applied. 3.1. Growth method

With theseassumptions,as long as the solution
may be regarded as semi-infinite (I ~< d2/D~, The experimentalLPE apparatusconsistedof a
where d = the thickness of the solution (cm)), horizontal furnacesystemanda conventionalslid-
these equationshavebeen previously solved for ing graphite boat, made from POCO DFP 3-2
boundary conditions correspondingto different graphite. Palladium diffused H

2 flowed through
LPE techniques. the fused silica reactor tube inside the furnace.

For growth by the supercoolingtechniquethe Prior to each experiment, the reactor tube was
layer thicknesse is the sum of the layer thick- evacuated(<5 X 102 Torr) to remove oxygen
nessesfor the step-coolingandfor the equilibrium and water vapour. The dimensionsof the bins
growth technique: were 20 x 12 mm

2.while the substrateswere 22 x
12 mm2. To preventfree convection,3.2 mm thick

e = K( ~ T’ - + ~ Ri / ). (2) solutionswith graphiteblocks on top wereused.

where /.~Tis the initial supersaturationof the For the growth and seed-dissolutionexperi-
solution (°C). R the cooling rate (°C/min),and ments,(001), (111)A and (111)B orienteddisloca-
K the growth rateconstantgiven by tion free lnP substrates(S doped, n = 2 X 10~

cm 3) suppliedby internal sources[8] were used.
2CL n—I C.S(O, t) — CL(O, t) The (001) and(111)B substrateswerecleanedand

K=—F- ~ a, , (3) etchedin a 2% bromine—methanolsolution. Dur-
= I ing the heatingthe substrateswereprotectedfrom

where phosphorusloss by a 4 wt% InP solution in 6N Sn(Billiton) [9]. In the lnGaAsPgrowth experiments
CL — ~ C’- an InP buffer layer was grown first to bury any

— L.~ . residualdamage;in the caseof (111)A substrates

an In melt-etchwasused.
a, = ~T,/Ox,L is the partial derivativeof the liqui- In the seed-dissolutionexperiments, the solu-
dus function (°C),and CIS(0, t) the concentration lions werecomposedof 6N In (Billiton), undoped
(atoms/cm3)of component i in the solid at the InAs (MCP) and GaAs (Philips). In the growth
S—L interfaceat time t (atoms/cm3). experimentsundopedInP (MCP) sourcematerial

For thecompositionof an epitaxial layergrown was used. Prior to each experiment the In was
from a multicomponentsolution de Crémoux[1] etchedin concentratedHC1 and the sourcemateri-
derived relations using generalized segregation als werebatch-wiseetchedin bromine—methanol.
coefficients.He concludedthat the growth by the The solutions were homogenizedfor at least 30
step-coolingtechniqueshould result in epitaxial mm at 680°Candthe seed-dissolutionandgrowth
layerswith a constantcomposition.This was cx- experimentswerecarriedout at 640—660°C.Dur-
perimentallyverified by Feng et al. [7]. ing the seed-dissolutionexperimentsthe solution

Therefore,in orderto determinewhethergrowth was kept in contact with the substratefor I h at
of a multicomponentepitaxial layer occurs in constanttemperature(~T< 0.1°C).In the growth
accordancewith the diffusion limited growth experimentsInP layerswere grown usingthe su-
model thereare two things to check for the step- percooling and the step-cooling technique and
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InGaAsPepitaxial layersweregrown by the step-
cooling technique. All epitaxial layers were not ———Hsieh 1121
intentionallydoped. T (K) —this work

3.2. Characterizationof theepitaxial layers 4r2.24xlO3exp.(-117501 I
923

The thickness of the epitaxial layers was / ,

determinedat 20 spots using Nomarski phase I /

contrastmicroscopyfor eachwafer. Thin epitaxial / II
layers (e <0.5 ~tm) were measuredby meansof 918 . / /

scanningelectronmicroscopy(SEM). / /
X-ray diffraction analysisusingmonochromatic / /

Cu Ka
1 radiationwasperformedto determinethe /

relativerelaxedmismatchia/a [10], where ~a = /

a4 — a, a4 and a beingthe latticeconstantsof the 913 /\ 3

quaternarycompoundand InP, respectively.For / x~1.76x10exp.t-114111T)

(001) substratesthe (004) reflectionand for {111} /
substratesthe (222)reflectionwas used[11]. /

Photoluminescencemeasurementswere carried /

out on the surfaceof the as-grownepitaxial layers 908 /

at room temperaturewith standardphotolumines-
cenceequipmentunderlow excitationdensity(200 0 07 08
W/cm

2) usinga Kr laser (A = 647 nm). x~,i’100(atfr.)

Thecompositionsof the In
1 — ~Ga Ask,P1_,. epi- Fig. 1. Partof theliquidus curveof In—P.

taxial layers were measuredwith the electron
microprobe analyser(EPMA) “Camebax”, with
InP andGaAsas standards.The quaternarylayer
thickness of the analysed sampleswas always evaporationof phosphorustook place during the
greaterthan 2 ~emto avoid interferencefrom the seed-dissolutionexperiments.
substrate. Growth parametersand layer thicknessesof

InP epitaxial layersgrown around650°Con (001)
substratesby the supercoolingand by the step-

4. Growth experiments cooling techniqueare shown in table 1. For the
growth rate constantof InP on the (001) plane,

4.1. Growth of InP on (001) and(111)BInP usingeq. (2) we found:
— is lists ii IVIC bc’ 1/2

The P concentrationin indium in equilibrium — iJ.IIJV — ‘J.’Ju.) sm1 ~ iThfl
with (001) InP, derivedfrom the weight lossof the In experimentswhere (001) and (111)B InP sub-
substratein seed-dissolutionexperiments,can be strateswere put side by side under the same
expressedby solution we observedthat thetwo lnP layer thick-

4 = 2.24 X i0
3 exp(— 1175o/T). (4) nessesdid not deviatesignificantly.

Fig. 1 shows that the difference betweenour re- 4.2. Calculation of growth rate of InP
sults and earlier publisheddata [12] can be fully
attributed to a differenceof 9°Cin the tempera- Thegrowth rateconstantis given by eq. (3). In
turewhich wasmeasuredunderthe substratewith this equationCL and Cs were calculated from
a not speciallycalibratedthermocouple.By a mass pr,, = 6.67 g/cm3 at 650°C[13] and pj~p= 4.787
balance it was confirmed that no significant g/cm3 [13], respectively.The diffusion coefficient
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Table I
Resultsof lnP growth on (001) lnP substrates

iT R t e K
(°C) (°C) (°C/min) (mm) (jim) (jsm/°C mm’ 2)

639.4 3.8 0.40 5 1.1 0.097
640.1 3.5 0.58 6.5 1.5 0.101
647.8 2.7 0.58 12 2.5 0.098
646.5 0.4 0.21 27 2.0 0.092
639.9 2.7 0.56 5 1.1 0.108
650.5 10.8 0 10 3.4 0.100
652.5 8.7 0 10 2.8 0102

of P in indium is given by [14]: by NakajimaandAkita [15] for InGaAs solutions.
The InGaAsPepitaxial layerthicknessgrown in

= 17.12exp( — 11450/T)cm2/s. (5) 10 mm asa function of the supersaturation(~T=

Substitution of these data in eq. (3). with our TL — T
0) of the growth solution is shownin fig. 2.

temperaturein D~gives: Only for the (001) face the InGaAsPlayer thick-
nessincreaseslinearly, nearlyfrom theorigin, with

K = 0.I0~tm/°CminU
2. the supersaturationaccordingto eq. (2) with K =

From this very good agreement between the 0.13~em/°C. mmt”2. The samevalueof thegrowth
calculatedand the experimentalvalue it may be rate constantK was found in experimentswhere
concluded that the LPE growth of InP on (001) the growth time wasvariedwhile the supersatura-
and (111)B can be describedwith the one-dimen- tion was kept constantat 7.7°C.For the growth
sional diffusion limited growth model.

Table 2
4.3. Growth of InGaAsPon (001), (111)Aand(111.)B In—Ga—As—P liquidus compositionsdeterminedby seed-dis-

solution experimentsI~P __________________________________
I L I

Orient. T 1(,a kA~

(°C)
Seed-dissolutionexperimentswere performed

on (001), (II1)A and (II1)B InP substratesto (OOU 639.5 0.00452 0.0430 0.00243
(001) 644.8 0.00455 0.0430 0.00277

determinea part of the quaternary(X~
1= 1.2 ~tm) (001) 655.0 0.00454 0.0430 0.00357

liquidus curve in the temperature interval of (001) 653.7 0.00454 0.0480 0.00287

640—660°C.In theseexperimentseitherx~or x~ (001) 639.5 0.00555 0.0440 0.00227

was varied and x~,was determinedfrom mass (001) 644.8 0.00554 0.0439 0.00264

balance(table2). (001) 655.0 0.00554 0.0439 0.00322
(001) 655.0 0.00554 0.0440 0.00321

Subsequently, InGaAsP epitaxial layers were (001) 6537 000553 00479 0.00264
grown on (001), (I11)A and(II1)B lnP substrates (001) 650.1 0.00550 0.0464 0.00255

by the step-coolingtechnique.Thecompositionof
(111)B 655.0 0.00553 0.0439 0.00299

the growth solution, as an atomic fraction, in all (111)B 655 0 0.00455 0.0430 000322
experimentswas: = 5.54 x io~, xL = 439X (l1l)B 655.0 0.00559 0.0396 0.00324

As

102 and 4 = 3.22 x l0~. According to the (1l1)B 655.0 0.00459 0.0387 0.00356
seed-dissolutionexperiments,this solution is pre- (l11)B 642.9 0.00557 0.0397 0.00241

cisely saturatedat 655°Cfor the (001) face. For 11UB 642.9 0.00459 0.0386 0.00247
(111)B 644.1 0.00555 0.0440 0.00203

the {111} faces the effective saturation temper- (111)B 6441 0.00453 00431 000231

aturewashigherby about2.5°C.This orientation
effect on the liquidus temperaturewas earlier re- (111A 654.9 0.00551 0.0439 0.00307(111)A 654.9 0.00437 0.0428 0.00336
ported for InGaAsPby Oe and Sugiyama[6] and ___________________________________________
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4 InGoAsP/InP •‘
step-cooling ,growth time °l0min

/ S /
3 x

1 ~4.39xiO~x
0~2°5.54x10

3

x
1~,~322x1O

3

~ (001) / ~.

~ .(iii)B2 .1111)4C
0

F-

./‘ />‘•
• •ler~ I I

0 5 10
Supersaturation 1°C)

Fig. 2. Layer thicknessas a function of the supersaturationfor growth by the step-coolingtechnique,growth time 10 mm. The
solutionsusedin all casesaresaturatedat 655°Cfor (001), andat657.5°Cfor {111} lnP substrates.

on (111) faces a critical supersaturationfor than 0.01 ~tm, as estimated from EPMA. The
nucleationof about 4°Cwas found. Nearly the InGaAsP layer thicknessfor the (111)A face, in
samecritical supersaturationis reported for the contrast to the (111)B face, dependslinearly on
growth of InGaAs on (111) InP substrates[16]. the supersaturationwhenhigher than5°C.Forthe
For smallersupersaturationsanda growth timeof (111)A facethis resultsin an effectivegrowth rate
10 mm the quaternarylayer thicknessbecameless constantK = 0.145ftm/°C.min~2.

3 InGaAsP/InP InGoAs PImP
step-cooling step-cooling

~ 5.54 ~10~~ x~=5.54~103 140 x~°439x102

2 x~
5°4.39~10

2
322 x10~x322’~10~

130a

-~ .,.c’.
~l001)
.1111)4

~ .(llllB •z.~, 1.20 ~oo1
.1111)4

(111)B

</ I 1~~/ I640 645 550 655 640 545 650 655
Growth temperature 1°C) Growth temperature 1°C)

Fig. 3. Dependenceof the relative relaxedlatticemismatchon Fig. 4. Dependenceof XPL on the growth temperaturefor the
thegrowth temperaturefor thestep-coolingtechnique. step-coolingtechnique.
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Figs. 3 and 4 show the relative relaxed mts- made and A1~was measured.All measurements
match (ia/a) and the photoluminescencewave- gave the same peak positions. indicating a con-
length (A1,1 ) of the as-grown lnGaAsP epitaxial stant composition across the layer thickness as
layersasa function of the growth temperaturefor predicted by the diffusion limited growth model
thedifferent substrateorientations.Theia/a and for the step-cooling technique. For comparison.
A1,1 of thequaternaryepitaxial layerson (001) and fig. 7 shows the results of a similar etchingexperi-
(111)A lnP are almost identical and vary linearly ment with an lnGaAsP epitaxial layer on (001)
with thegrowth temperature:(ia/a)/~T= —1.4 lnP, of which the first 2 p.m wasgrown tn 10mm
x 10

4/°Cand~ = —5.3X 10 p.rn/°C with the step-coolingtechniqueand then about1.8
for the (001) face. In fig. 5 thecompositionof the p.m in 10 mm with linear cooling (R =

lnGaAsPepitaxial layersgrown on (001) lnP. as 0.26°C/mm).By etchingfrom (a) to (d). InGaAsP
determinedby EPMA. is shown as a function of with the larger lattice constantand the larger A~

1
thegrowth temperature.Thecompositionchanges is etchedoff first, which is consistentwith figs. 3
linearly with the growth temperature.predomi- and4.
nantly on the group V sublattice.Thus the tern- In figs. 3 and 4 it is clearly shown that the

peraturedependenceof thedistribution coefficient composition of lnGaAsP epitaxial layers grown
for the (001) face is larger for the group V atoms, underidentical conditions,i.e. with thesamecorn-
supportingrecent resultsof Matsuiet al. [17]. The
compositionof the individual quaternaryepitaxial
layerson (001) and (111)A InP substratesis ho- IrmGaAsP/InP)001)

mogeneousacrossthe thickness. This was con- step-cooling
cluded from double crystal X-ray rocking curves -~

and photoluminescencemeasurementsas shown x6~5.54~10 5011

for a step-cooledgrown EnGaAsPepitaxial layer x~5°439~10

2

on (001) InP in fig. 6. The epitaxial layer was 4 =3.22

etchedoff in four steps,(a) to (d), andafter each
step a double crystal X-ray rocking curve was

mOo AsP

In
1~Ga~As5P,5/InP1001) —

step-cooling
er23jjm

x r5 54~l0~~ -E J ~PL’

1 202pm
0.55 Ga

4.39 x10~ 7
x~,°3.22s10 ~_~__~/~/ b Il ~pLz12O2pm

050 021 2Pm

045 7 ~ • ~ 020 d’ L e =03pm
— 019

I I .1__ w )sec of arc)
650 645 640 635 Fig. 6. Doublecrystal X-ray rockingcurves,(004) reflection,of

Growth temperature I C) an lnGaAsPepitaxial layer grown by the step-coolingtech-
Fig. 5. Dependenceof the compositionof 1nm_ ,.Ga,As~P,,. nique.Curve(a) is for theas-grown2.3 pm thick layer. Curves
on the growth temperaturefor the step-coolingtechnique(ac- (b). (c) and (d) after etching down to 1.7, 1.1 and 0.3 (tm
curacy0.5%). respectively.AFL wasmeasuredafter eachstep.
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position of the growth solution and the same creased.This variation of the composition of the
growth temperature,differs for the (111)B face solid, and the layer thickness as a function of
from the composition on the (001) and (111)A supersaturationon the (111)B face for the step-
faces.This differenceis strongly temperaturede- cooling technique are clearly not in agreement
pendent.For the(111)B face the distribution coef- with the diffusion limited growth model and mdi-
ficient of As is larger than for the (001) and cate a significant influenceof growth kinetics.
(111)A faces. The double crystal X-ray rocking The influence of the substrateorientation on
curvesof InGaAsPlayerson the (111)B facewere the InGaAsP composition was also observedin
very broad, up to 500 secof arc FWHM for the growth experimentson misorientedsubstrates.In
(222) reflection, and had a lower intensity. From these experiments two misoriented (001) sub-
etchingexperimentsperformedin thesamemanner strateswith themisorientationvectorin eitherthe
as for the (001) plane it turned out that with [111]A or the [111]B direction were put side by
increasinggrowth time, andhencewith decreasing side under the same solution. Special care was
supersaturation.the lattice constantand APL de- taken during the bromine—methanoletching to

keepthe proper misorientation.As shownin table

3, the InGaAsP epitaxial layers grown by the
step-coolingtechniquefor 10 mm on up to 10°in

InGaAsPIIrmP)001) 1InP [111] B directionmisoriented(001) InP substrates,

5Oum havea consistentlyslightly larger lattice constant.
~554x1O~ This is in agreementwith the results obtainedon

the(111)B face.The linewidthof the doublecrystal

InGaAsP XAS~
4•3 iclO X-ray rocking curves decreaseswith increasingXp~3.22°lO misorientation,possiblybecausethe terracingdis-

appearsanda nearly flat surfaceis obtained.This
holdseven more for substratesmisorientedin the
[111]B direction. A similar behaviour was also
observedon nearlyexact (001) orientedsubstrates.
The linewidthon a facethadnearlythe theoretical

A value,while the rockingcurve of a terracedsurface
was somewhatbroadened.As shown in table 3,

~ U ~
1~~pm the misorientationhad no significant influenceon

R the layerthickness.
~ b ~ e~3.2pm

XPL°l,
2lpm 4.4. Calculation of the growth rate of InGaAsP

~ (A~~=1.2p.m)

\ \ The growth rate constant K (eq. (3)) was

~l 208pmc e:2.6pm calculatedwith the following experimentaldataand assumptions
d XPL12O4)Jm (a) Theparttalderivativesof the liqutdus function

were calculatedfrom the seed-dissolutionexperi-

w (sec of arc) mentsin the temperaturerange640—660°C(table
2). Thisresultsin table4.

Fig. 7. Doublecrystal X-ray rockingcurves.(004) reflection,of (b) The correspondingcomposition of the epi-
an lnGaAsP epitaxial layer composed from first a 2 pm taxial layersas shown in fig. 5.
constantcomposition layer,grown by step-coolingfor 10 mm. L

Subsequently 1.8 jim was grown by linear cooling (R = (c) In eq. (3), C~ (0, t) wasneglected.
0.26°C/mm)for 10 mm. The variation in composition as a (d) It was assumedthat DAS = D

0a = D~.Actual
function of the thicknessis revealedby etching. differencesbetweenDAS, DGa and D~by a factor
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Table3
Influenceof the substratensisorientatmonfrom the (001) faceon some parametersof lnGaAsI’ epitaxial lasers

Misorientation 0 ia/a ice “‘ A ,~ iL’
1 2 ‘‘ iT

(seconds (pm) (e\’) (pus) 1°f)

or arc)

K 0.1° 1.4 ><10 ~ 40 1.208 1.8 LT 2.9 7.7

1°B (1—0.6)2<10 39 1.208 2 AT 2.9 7.1<

1°A 8.5 X10~ - 1.206 2 AT 2.9 7.1<

3°B 7.7 x 10 36 1.206 1.8 AT 2.9 7.7

30 A 4.0 X10 ~ 41 1.2(14 1.8 AT 2.9 7.7

5°B 8.1 x IO~ 21 1.205 1.8 AT 2.7 7.7

5°A 4.4 x 10 27 1.211)5 1.8 AT 2.8 7.7

10°B 6.6 xlO 19 1.206 i.74T 2.7 7.7

10°A 2.0 xlO’ 28 1.2)16 1.7 AT 2.9 7.7

10°B —3.69xi0 ~ 20 1.18 2 AT 111 3.4
100 A —3.84k i0

4 21 1.19 2 41 II.) 3.4

Notation: A. B: misorientation from (001) in [11hA. [lii ]B direction, respectively

FWHM of doublecrystalX-ray rocking curve.(004) reflection. For thenominal (001) substratesaverageof about30 experiments.
FWI-IM of photoluminescencepeakat roomtemperature.

of 2 accountfor only a few percentdifference in ing, the growth can be describedwith the diffu-
thecalculated K value. sion limited growth model. The results of this

Using thesedata, the InGaAsP(ApL = 1.2 p.m) study show that this holdsfor LPEgrowth of InP
growth rate constant K = 0.127 ±0.004 p.rn/°C on (001) and(111)B substratesand for thegrowth
mmt2 was obtained for the (001) face and K = of InGaAsP(APL = 1.2 p.m) on the(001) InP face.
0.185±0.005p.m/°C minm/2 for the (111)A face. For the LPE growth of InGaAsP(A~

1= 1.2 p.m)
The results on the (001) face are in excellent on the (ill) InP facesa critical supersaturation
agreement with the experimentally determined for nucleationis observed.Similar results for In-
value. GaAs growth on (111} InP faceshavebeen re-

portedby Yarnazakiet al. [16}.
The difference betweenthe easeof nucleation

5. Discussion for the {001} and (111) planesin thezinchlende
lattice can be explainedby an attachmentmodel

The Kossel model for crystal growth dis- as discussedby Sangster[18]. He consideredthe
tinguishesbetweendiffusion of the solutespecies adsorption of a single atom on different planes
towards the growing interface, adsorption. and calculated thevariation in the numberof the

surface-diffusionandincorporationinto thecrystal dangling bonds. If thenumberof dangling bonds
lattice. If the first diffusion step is the rate-limit- increasesthe adsorption of an atom would he

ratherimprobable.For the (001) plane.group III

Table as well as group V atoms can attach without
Partial derivativesof theliquidus function creating extra dangltng bonds: so no nucleation

problemsareexpected.
Orientation 1T/~x~ aT/~~~ aT/avr; The { 111} planes consist of double layers of

tightly houndgroup III and groupV atoms.Each
(001) 1.63xh0~ 2050 atom in a plane makes bonds to three nearest

neighbour atoms in the other plane. The fourth
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bond extendsnormal to the planes to combine GaP to InP. In the lastcasethereis effectively no
with the adjacentdouble layers. Adsorption of interaction.
opposite type atoms, compared to the surface
atoms, will be improbable becauseeach atom
createsa net addition of two dangling bonds, 6. Conclusions
which is energeticallyunfavourable;this situation
shouldalso result in a deviation from stoichiome- We haveshown that the growth of lnP on (001)
try. An energeticallymore favourablesituation is and(llll)B InP by the supercoolingandstep-cool-
the creation of a smallestportion of the double ing techniqueandthe growth of InGaAsP(A PL =

layer, which consistsof at least threeatomsof the 1.2 p.m) on (001) InP substrates,up to 10°miso-
oppositetype and one atom of the same type as rientationin (111), by the step-coolingtechnique
the original surface. For further nucleation the canbe describedwith the diffusion limited growth
adsorptionof a singleatom on the original surface model and the extendedmulticomponentmodel
next to this centre is required, where again two using linearized phase diagram data. For the
danglingbondsare created.Subsequently,a series growth of InGaAsP on (111) InP substratesa
of group III and group V atomscan readily be critical supersaturationfor nucleationof 4°Cis
addedto the crystal with two bonds.This process observed.This mayqualitatively beexplainedwith
has to be repeatedat the start of the growth of an attachmentmodel of atoms,but it also seems
every new chain. With thesemodelsthe observed necessaryto takeinto accountIll—V complexesin
differencein nucleationof InGaAsP,InGaAs [16] the growth solution. Above the critical su-
andInGaP[19]on (001) and(111) planescanbe persaturation the growth of InGaAsP on the
qualitativelyexplained. (111)A face seemsto be diffusion limited, in con-

The growth of InGaAsPon the (111)A face trast to the (111)B face, wherethe growth appears
might be described with the diffusion limited to be dictatedby surfacekinetics. For the (111)B
growthmodel oncethenucleationbarrierhasbeen face the distribution coefficient of As is larger
overcome.For the step-coolingtechniquethe layer than for the (001) and(11l)A faces.For the (001)
thicknessdependslinearly on the supersaturation face the group V elementdistribution coefficients
(fig. 2) and the compositionof the solid is homo- show a strongertemperaturedependencethan the
geneous,but a ratherlargedifferencebetweenthe group III elements.
experimentallydeterminedgrowth rate constant
and the calculatedone is found. For the (111)B
face the growth seemsto be dictated by surface Acknolwedgments
kinetics over the full temperaturerange.A rather
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