Heteroepitaxy of GaP on Si(100) *

K. J. Bachmann,®?9 U. Rossow,” N. Sukidi,” H. Castleberry,” and N. Dietz®©)
North Carolina State University, Raleigh, North Carolina 27696-7919

(Received 14 February 1996; accepted 20 April 1996

In this article, we analyze the kinetics of heteroepitaxial growth of GaP ¢b0&i by pulsed
chemical beam epitaxy on the basis of results obtained by real-time optical process monitoring. In
view of the large barrier to epitaxial growth on oxygen or carbon contaminated silicon surface
elements and the low stacking fault energy for GaP, residual contamination of the silicon surface
contributes to defect formation in the initial phase of GaP heteroepitaxy on Si, and requires special
measures, such as surface structuring, to limit the propagation of defects into the epitaxial film. The
control of the supersaturation during the first 10—20 s of film formation is essential for the quality
of subsequent epitaxial growth and is limited to a narrow process window between
three-dimensional nucleation and overgrowth at low Ga supersaturation and gallium-cluster
formation at high Ga supersaturation. Steady state heteroepitaxial growth is described by a
four-layer stack substrate/epilayer/surface reaction lg$&L)/ambient and, depending of the
source vapor flux, allows for more than monolayer coverage. Under this special condition of
low-temperature CBE, the kinetics of chemical reactions in the SRL is composed of homogeneous
reactions creating/consuming intermediates that participate in surface reactions including the
incorporation of Ga and P atoms into the epitaxial film. For the homogeneous part of the surface
kinetics the dipole approximation provides an adequate correlation of the changes in the dielectric
function of the SRL to the activities of randomly distributed reactants and products. No adequate
correlation of the dielectric function exists to the concentrations of strongly bonded surface atoms
and surface molecules. Therefore, quantitative assessments of the heterogeneous kinetics on the
crystal surface cannot use real-time optical monitoring as a reliable basid.99® American
Vacuum Society.

[. INTRODUCTION listic beams of the source vapors, e.g., tertiary-

Research concerning polar-on-nonpolar heterostructurddutylphosphine(TBP) and triethylgallium (TEG) for the
has been motivated for more than a decade by potential tecgrowth of GaP, are directed onto a substrate wafer, e.g., a
nological applications and scientific questions of general imsilicon wafer that is heated from the back. For real-time
portance. However, progress with regard to both technologimonitoring of the kinetics of heteroepitaxy, we combine sev-
cal and scientific goals has been slow. The primary reasor@al supplementing nonintrusive optical techniques, such as
for this are as follows. p-polarized reflectance spectroscai3RS, reflectance dif-

(1) The formation of defects during early stages of nucle-ference spectroscopyRDS),*> and laser light scattering
ation and heteroepitaxial overgrowth and their propagationLLS). In addition, reflected high energy electron diffraction
into the epitaxial film. (RHEED) and mass spectrometric sampling are available on

(2) The roughening of the surface of the epilayer in thethe system. Here we focus onto results of single-wavelength
course of epitaxial growth, complicating the modeling andPRS and LLS. A comparison of these techniques to RDS is

control of the kinetics of heteroepitaxial growth. provided in our companion articfePRS is based on the
(3) Interface broadening related to surface reactions, reehanges in the reflectivity during the formation of a het-
construction and interdiffusion. eroepitaxial stack with regard to a chopped beam of

As discussed in Sec. Il in more detail, these three probp-polarized laser light of below band gap energy that im-
lem areas are linked, so that their separation and contrglinges onto the surface at the Brewster angle of the substrate.
provides for a considerable challenge. Here we focus ont&or monitoring of GaP heteroepitaxy on silicon, we use
GaP heteroepitaxy on @00 by pulsed chemical beam epi- HeNe laser radiation at 632.8 nm wavelength, polarized

taxy. by a Glan—Thompson polarizer to a ratio of the
and p-polarized components of the incident intensity
Il. EXPERIMENT I/~ 10 °. This corresponds to a residual reflectivity of the

Figures 1a) and Xb) show schematic representations of Sj surface of the order of 10. The reflected laser beam is
the experimental arrangement for pulsed CBEulsed bal-  detected by a photodiode, the output of which is processed
through a phase sensitive amplifier and read into a computer.
;Published without author corrections. Also, the radiation that is scattered by the front and back
, Department of Chemical Engineering. interfaces of the growing film into a solid angle of 5° is

Department of Materials Science and Engineering. .
focused by a lens at a location well removed from the plane

9Department of Physics. USE La loce _
9Electronic mail: bachmann/@mte.ncsu.edu of incidence of the impinging light beam onto the entrance
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Fic. 1. Schematic representation @ the vacuum chamber with real-time optical process monitoring ports for single-wavelength PR, LLS, anthRDS.
Schematic representation of source vapor switching and substrate stage.

slit of a photomultiplier. Because of its technological signifi- 3. Superimposed to the interference oscillations is a fine
cance, most of the experimental data discussed here refer structure that varies periodically with the periodicity of the
the S{100 substrate surface, including vicinal surface orien-source vapor pulse sequence. Figuta) 3hows the PR in-
tations, misoriented towar11]. Upon appropriate surface tensity as a function of time over a period of growth corre-
conditioning, the misorientation for such vicinal surfaces issponding to several interference fringes, and in the inset the
accommodated by double steps parallel to thel[Pdirec- magnified fine structure in the region of the second maxi-
tion, which are energetically favored with regard to singlemum. In the particular experiment of Fig. 2 the LLS intensity
steps and result in larg2x1) domains with parallel dimer exhibits only weak variations, that is, the surface roughness
rows on the top and bottom surfaces of the Step. does not undergo a large change from start to finish of the
The single-wavelength PR intensity shows periodic varia-experiment. The top part of Fig.(l) shows a schematic
tions in time due to interference between the partial wavesepresentation of the pulse sequence, consisting of a
reflected at the top and bottom interfaces of the heteroepi-butPH, pulse that is followed by pause No. 1, a TEG pulse
taxial GaP as illustrated in Fig(&. The periodicity of these followed pause No. 2 and so on. The bottom part of F{g) 2
oscillations is related by analytic expressions to the thicknesshows the associated response in the PR intensity. From the
of the growing epilayer and can be utilized to calculate theperiods in the interference fringes and the precursor cycle the
growth rate in real time, which is reviewed in detail in Ref. average incremental increase of the GaP epilayer thickness
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surface elements, such fd.0 or {112, or intermixing have

been predicted based on assessments of interface charge.

Figure 3 shows a high resolution transmission electron mi-

croscopy(HREM) image of a cross section of a GaR1%i0

per cycle can be determined for steady state growth with afeterostructure created by pulsed CBE. No evidence for
accuracy of approxima’[e|y 5%. The measured time_faceting is observed. However, Charge build-up at the pOlar
dependent LLS intensity provides information on the roughinterface can contribute to interface broadening. In addition,
ness of the top and bottom interfaces of the film. there are other mechanisms of interface broadening such as
interdiffusion, which may be enhanced by the formation of
native point defects as part of the interfacial reactions. There-

lll. CONTROL OF DEFECT fore, it is presently impossible to determine whether or not
FORMATION/PROPAGATION electrostatic effects play a significant role. Recent STM in-

At room temperature, GaP has a lattice constant of 5.451%2estigations provide insights into the early stages of the in-
A that nearly matches the lattice constant of Si of 5.4301 Ateractions of the $100) 2X1 surface with phosphin&:** At
Exact lattice matching of the IlI-V epilayer to the silicon low to intermediate dose, the Si dimers on thél80 2x1
substrate is possible at a chosen temperature through allogurface are completely replaced by Si—P heterodimers, push-
ing, e.g., formation of a Gaj¥, _, solid solution of the ap- ing Si surface atoms from their original Si-dimer positions
propriate compositiofi.However, the difference in the ther- into adatom positions. Since these Si adatoms are likely to
mal expansion coefficients for the epilayer and the substrateecome incorporated into the epitaxial film upon further
invariably results in the generation of strain upon thermalgrowth, they contribute to interface broadening. On the
cycles in the processing. Also, antiphase dom@hi®Ds) are  P-saturated surface, the Si—Si dimers are replaced by P-P
formed irrespective of misfit strain upon IllI-V heteroepitaxy homodimers generating surface strain that is relieved, in part,
on group IV substrate surfaces that exhibit single steps dby the generation of shallow trenches parallel to the dimer
odd multiples thereof.Fortunately, one APD variant often rows that are bound by elongatétl1} facets and can affect
outgrows the other, so that the APDs remain restricted tahe kinetics of subsequent heteroepitaxial overgro\ttm
regions close to the heterointerfdte. particular, the{111} facets in the S1L00) surface upon over-

At interfaces between singular Si and Il1-V faces that aregrowth by GaP can act as nucleation sites for the formation
polar, such a§10@ or {111}, either faceting into nonpolar of stacking faults that propagate deeply into the heteroepi-

Fic. 2. (a) PR intensity as a function of time for pulsed CBE growth of GaP
on Si(100), (b) pulse sequence and the associated PR fine structure.
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Fic. 4. Auger electron spectroscopy line scans at the energies ¢ti@a-LMM, (b) P-LVV, (c) O-KLL, and (d) Si-LVV lines over a SiG-masked silicon
surface with 110 um window areas filled with epitaxial GaP.

taxial film. Driving the phosphorus coverage of the surfacestudies of carefully prepared hydrogen-terminate(D®i
to saturation thus is not necessarily a desirable condition ofiX1) surfaces revealed surface concentrations of residual
GaP heteroepitaxy on Si, which must be weighed against thexygen and fluorine atoms in the mid*¥cm 2 range'®
control of stoichiometry, requiring large V:III source vapor Because of the high selectivity of the epitaxial growth of
flux ratio. GaP on Si vs Si@ this level of residual contamination can
An important cause of defect formation is residual con-make a significant contribution to the generation of defects.
tamination of the silicon surface. In our experiments, a modi- Figure 4 shows Auger electron spectroscd®S) line
fied RCA cleaning procedure ending with an aqueous HF digcans across 2010 um windows in a SiQ mask on a
was used to create a hydrogen-passivat€tioBi 1xX1 sur-  Si(100 substrate after deposition of heteroepitaxial GaP in
face prior to transfer into the CBE chamber through a loadthe window areas ag) 120, (b) 1070,(c) 510, andd) 92 eV.
lock. This initial reconstruction was verified by RHEED. The They reveal a substantially larger kinetic barrier to nucle-
control of thepH and the concentration of the etching solu- ation of GaP on the SiPmasked surface areas as compared
tion, absence of dissolved oxygen, and the conditions of oxito the bare Si window areas. Although high selectivity is a
dation prior to HF(or, for {111} substrate wafers, N}{f)  welcome property in the context of device fabrication, in the
etching are all important factors in controlling the surfacecontext of defect formation, the kinetic barrier to overgrowth
roughness and chemical integrity of the hydrogen-terminatedf surface areas contaminated by oxygen is a detriment.
silicon surfacé®*~*® Recent quantitative high resolution XPS Upon forced overgrowth of such contaminated surface
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patches, defects may form in the epitaxial film due to theA results from the catalysis of TBP decomposition on the
generation of strain. This strain may be relieved by the for-GaP surface elemer$Upon growth, the three-dimensional
mation of 60° dislocations that dissociate into partials. Also,nuclei thus formed expand laterally and meet with patches of
for amorphous contaminant patches, loss of registry to theurface contaminants that are randomly distributed on the
underlying substrate lattice can cause the formation of stacksilicon surface. In view of the large barrier to GaP growth on
ing faults. Similar experiments conducted on partially SiC-the surface of the oxide patch, its overgrowth by the GaP
coated Si surfaces show that the overgrowth by GaP is alsoucleus requires a substantial fluctuation in the chemical po-
highly selective with regard to SiC, that is, carbon contami-tential that, given the relatively low stacking fault energy,
nation of the silicon surface is also of concern. Burying theresults in a high probability of stacking fault formation. Al-
surface contaminants under a homoepitaxial layer of silicothough it is thus difficult to avoid the nucleation of stacking
that exposes a virgin surface at the initiation of heteroepitaxyaults, their propagation into the IlI-V epilayer can be mini-
can result in improvements, because the stacking fault emized by structuring of the §i00 surface into V groves
ergy for silicon (65 mJ/nf) is substantially larger than for bound by(111) and (111) facets along [01]. This concept
GaP(41 mJd/n?).}” The relatively small stacking fault energy has been applied successfully in controlling stacking fault
of GaP is a consequence of the decrease of the stacking fagtopagation in InP/$100) heterostructured-=24
energy in the zincblende structure 1ll-V compounds with The blockage of the propagation of stacking faults is ex-
increasing ionicity of the bonding. Thus, the structure be-plained by interactions between the partial dislocations that
comes unstable in the electronegativity difference range besupport them. Stacking faults form upon dissociation of unit
tween AIP, which has zincblende structure at slightly larger60° dislocations or§111) and (111) according to
lattice constant than silicon and InN that has wurzite struc-
ture at smaller lattice constant than silicon. Therefore, the o a — a ——
insistence on nearly lattice-matched materials combination b, =_[110]= < [211]+ = [121]=b,+ bs, 2
generates conditions, where the gains in minimizing strain 6 6
are paid for by losses in maximizing the probability of stack-
ing errors. Indeed, high densities of stacking faults have been a a —
observed in GaP/§i00) heterostructures by TENE b4:§ [101]= 5 [211]+ 5 [112]=Dbs+bg, ©)
Since in zincblende structure compounds stacking faults
nucleate o111 and, for GaP growth on &i00), the GaP
nuclei are bound by111} facets!® the formation of three- respectively, wheré, andb, refer to the Burgers’ vectors of
dimensional faceted GaP islands in the initial period ofthe 60° dislocations ant,, b; andbs, bg refer to the Bur-
nucleation and overgrowth of the Si surface must be curgers’ vectors of the associated partials. This is illustrated in
tailed to control the density of planar defects in the heteroFig. %a. Because of their smaller length as comparet;to
structure. The aspect rati of height to width of the nuclei andb,, the dissociation reactions are energetically favored
depends on both thermodynamic and kinetic parameters. TH#d provide a driving force for the generation of the stacking
assessment of habit of heteroepitaxial nuclei governed bfaults suspended between the partials. For InP, which has a
thermodynamics is possible on the basis of the modifiedtacking fault energy of 18 mJfniarge separations between

Wulff's law the partials have been obsenf&dTherefore, for submi-
crometer groove depth, the faults can expand after nucleation
Ohk— @hk Ap over the entire V-groove facet. Upon interaction between the
ikl o0 1) partials with Burgers’ vectors; andbg on the intersection of

the two glide planes according to
stating that the habit of the nuclei—formed under the condi-
tions of heteroepitaxy on the substrate surface of orientaton , o _ 4
(hkl)—is related to the equilibrium habit of homogeneously —[112]+ = [121]— = [011]=b,, (4)
formed three-dimensional nuclei at same supersaturatjon 6 6 6
by truncation® This truncation is characterized by central
distancer,, in the heterogeneously formed nucleus to theLomer—Cottrell sessile dislocations of pure edge character
interface of orientationt{kl), which, for a given supersatu- can be formed. Although this dislocation cannot move by
ration and volume of the crystal building blocks, depends glide, in principle, it can move by climb. However, disloca-
on the relative magnitudes of surface free energy on the  tion climb in this case is tagged to motion of the entire stack-
facet (hkl) on the homogeneously formed nucleus and theng fault, which is highly unlikely. In view of the polar na-
interfacial attachment energwy,,. A three-dimensional ture of the dislocations and possible presence of other
nucleation mechanism thus ensues fer&,,,<2o,, with  defects, that is, APBs and misfit dislocations near the inter-
decreasing aspect ratidh (height/width of the three- face, more complex interactions can occur and require fur-
dimensional nuclei for increasingy,, approaching a two- ther study. Also, the above discussed mechanism of self-
dimensional nucleation and growth mechanism in the limittermination of stacking fault propagation relies on perfect
ank— 20k - However, in addition to thermodynamic causesfaceting at a submicrometer scale and the absence of nucle-
for three-dimensional overgrowth, kinetic enhancements oftion of stacking faults ofi11} variants other thafl11) and
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IV. INITIAL PHASE OF NUCLEATION AND
OVERGROWTH

Since, under the conditions of vapor phase epitaxy, the
dielectric function of the ambient is smaller than the dielec-
tric function of the deposited compound, a corrugated incom-
plete heteroepitaxial film is associated with an effective di-
electric function that increases with decreasing pore size
upon progressive overgrowth of the substrate surface from
initially close to the ambient dielectric function to the dielec-
tric function of the contiguous heteroepitaxial film. Conse-
quently, during this initial phase of heteroepitaxy, distinct
features are observed in the time-dependent PR intensity,
marked by a vertical arrow in Fig.(&. Figures %a)—5(c)
represent a set of experiments carried out under the same
conditions, except for different TEG flux in the initial 20 s of
the experiment. At small TEG flux, that is, small supersatu-
ration of the surface with regard to Ga precursors to growth,
the low nucleation rate results in the formation of widely
spaced nuclei that grow to substantial height before coalesc-
ing into a contiguous epilayer. The associated roughening of
the surface is observed in Fig(ab in the time-dependent
LLS intensity and is also marked by a vertical arrow. At the
time of complete coverage of the substrate surface by a con-
tiguous heteroepitaxial film, that is, at the end of the period
labeledAty, the reflectance and LLS signals merge into the
time dependence for contiguous film growth. The magnitude
of the PR and LLS intensity changes in this initial period
E Aty depends on the aspect ratidrof the height to width of
ARAREARAS RN SRAAARRRREE | the GaP islands€Ex situatomic force microscopy investiga-

0 >0 . 100 150 tions reported by us elsewhere confirm the roughening of the

time (s) surface relative to the initial roughness of the silicon surface
76 60 in the nucleation period under the conditions of Figa)5the
3 . - subsequent smoothening of the epilayer, once a contiguous
GaP film has been formed, and the increase of surface rough-
3 " ness upon further growtlf. This correlation of the initial
3 1 feature during the nucleation stage to significant roughening
] ‘ - in the later stages of steady-state film growth has been ob-
served consistently in several experiments. Therefore, we
conclude that improvements in the controlffn the initial
nucleation and overgrowth phase can affect the quality of the
epilayer during later stages of growth.

Figure b) shows the result of increasing the TEG flux in
the first 20 s of the nucleation and overgrowth period at the
same TBP flux as in Fig.(8), increasing the supersaturation
on the surface. Since at higher supersaturation a higher den-
sity of nuclei of smaller height is generated and an increased

time (s) supply of nutrients exists between these islands, they merge
into a contiguous film upon a shorter period of lateral
Fic. 5. Initial PR intensity traces for pulged CBE of GaP omS_Q): (a) at growth. In addition, the higher Ga supersaturation on the
small Ga supersaturatiof)) under optimized processing conditiors) at - .
large Ga supersaturation, silicon surface elements between the GaP nuclei should re-
duce the local differences in the catalytic properties on the
_ partially GaP coated surface. In contrast to Figp)5no ex-
(111) due to the faceting of three-dimensional GaP nuclei ocess intensity in the time-dependent PR and LLS signals is
uncontrolled formation of microfacets. The first of these twoobserved during the initial phase of film formation under the
potential problems can be addressed on the basis of opticabnditions of Fig. Bb). However, there exists a sensitive up-
process monitoring during the initial phase of GaP nucleatiorper limit in the initial increase of the TEG flux at a given
and overgrowth of the Si surface by a contiguous GaP fiimTBP flux, above which gallium droplets form. Also, the tim-
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ing of the merging of the initially higher TEG flux into the ways, e.g.,8 elimination of radical ligands by reaction with
smaller optimum TEG flux for steady-state growth of theadsorbed hydrogen atoms in parallel to homogeneous radical
contiguous heteroepitaxial film is critical to avoid phasechemistry in the SRL. Since the bonding of products to the
separation on the surface. Thus, upon exceeding a criticagurface strengthens as the radical ligands are shed, the ho-
upper limit for the gallium supersaturation, surface roughenmogeneous reactions will dominate the initial steps of
ing due to Ga droplet formation results in a rapid deteriora-dealkylation while denuded products, such as Ga and P at-
tion of the surface morphology, as illustrated in Figc)> oms that bond strongly to the surface and eventually incor-
which shows a clearly resolved nucleation peak in the PRporate into the GaP lattice, will probably not be present at
intensity—marked by a vertical arrov—and an immediatelarge concentration in the random part of the SRL.
continuous rise in the LLS intensity that accelerates in later The complex reflectivity coefficient fop-polarized light
periods of growth not shown in Fig.(§. Under extreme impinging onto the four-layer stack for a specific value of the
conditions, a vapor-liquid—soli@dv/LS) growth mechanism film thickness can be calculated on the basis of the Fresnel
may take over, leading to very large aspect ratios of theequations® In addition to knowledge of the dielectric func-
surface features. tions of the Si substrate, the GaP film, and the ambient, the
angle of incidence and wavelength this requires an assess-
V. KINETICS OF STEADY-STATE 2l s thickness. Generally both the dielecti funcion and
HETEROEPITAXIAL GROWTH . ) P .

thickness of the SRL are functions of time.

Details of the growth kinetics after complete sealing of For a preliminary assessment, we recently introduced a
the silicon surface by a contiguous GaP film are revealed bgimplified model that reduces the complex surface reaction
the response in the time-dependent PR intensity to variationscheme discussed above to an exponential build up, of
in the source vapor cycle and perturbations of the steadyupon exposure of the surface to a pulse of TBP, followed by
state surface composition. For example, in a precedingn exponential decay to zero thickness after supply of the
publication?” we have shown that the growth rate per cyclepulse of TEG, which is accompanied by an incremental in-
v, for constant source vapor pulse heights and widths igrease in the thickness of the GaP epil&jeFhis model
insensitive to the duration of pause No. 1 between the trailreveals two important features in the PR intensity:
ing edge of the TBP pulse and the leading edge of the fol- (i) A periodic increase and decrease in the amplitude of
lowing TEG pulse. Howevery . increases with increasing the fine structure that is tagged to the interference oscilla-
length of pause No. 2 between the trailing edge of the TEGions. The relative positions of minima in the fine structure
pulse and the leading edge of the following TBP pulse. Weamplitude with respect to the positions in the minima of the
interpreted this result as a consequence of a kinetic barrier tipterference oscillations depend on the value of the dielectric
the complete dealkylation of the impinging TEG moleculesfunction of the SRL.
on the GaP surface. Their conversion into surface species (ji) A change of the signs of the response to the TBP and
that contribute to the growth, for example, Ga surface atomsTEG pulses at the minima in the fine structure amplitude.
represents the time limiting step in the heteroepitaxialBecause of the turnover in the pulse response at these posi-
growth process. Thus, a reservoir of TEG fragments that da@ions, we refer to them as turning points in the PR fine struc-
not directly contribute to epitaxial growth coexists on theture.
surface with active fragments that are derived from the inac- Here we expand the model by adding an assessments of
tive fragments over time and feed the GaP growth. Since the changes in the dielectric function due to changes in the
can correspond to several bilayers of GaP per cYdre, composition of the homogeneous part of the SRL as the
steady state, a store of up to several monolayers of the sourggowth process progresses. Since in this case the molecules
vapor fragments must exist on the surface to sustain thare randomly spaced and oriented the electronic transitions,
growth. Therefore, the modeling of steady-state heteroepieontributing to the dielectric function refer to localized
taxial growth must be based on a four-layer stgekiambi-  states. Thus, the dielectric function can be represented by a
ent; (b) surface reaction laygSRL); (c) heteroepitaxial film;  modification of the Sellmeier equation, summing the contri-
(d) substrate. The SRL is strictly stabilized by the kinetics ofputions of all constituent molecules, that is,
the primary pyrolysis and follow-up reactions. Since only . o,
part of the molecules in the SRL are attached to the surface, €= 4w >3 S 2[&nquigul“Eqkiox
under this specific condition of pulsed CBE, part of the b V T %
chemical reactions on the surface proceed homogeneously
between molecules that not at all or only weakly bound towhereV is the volume of the surface reaction layérand
the surface atoms of the GaP film and consequently are raneqy ok represent the unit polarization vector and the matrix
domly oriented. Thus, a set of coupled parallel and consecwelement of the electric dipole operator for the electronic tran-
tive homogeneous reactions within the SRL proceed simulsition between filled state®,, and empty state®,, associ-
taneously with heterogeneous surface reactions andted with the individual molecule labeled by subsckpof
crystallization processes. The latter heterogeneous reactiotise constituent labeled by subscriptEqy oy iS the energy
are coupled to the homogeneous reactions through intermef this transition, and , =% w , = (w+i7) is the energy at
diates. However, there exist also competing reaction pathwhich €, is evaluated in the limit of turn-on parameter

2 = 7 , 6)
Q{koI E+_EQkIQkI
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n—0". Since all molecules of a particular constituent have IPH—|P"+H", (14)
same molecular orbitals and electric dipole-allowed transi- _ _

tions, the summation ovek results simply the number of that assist the dealkylation of the TEG fragments on the sur-
molecules of each species. Also, the number of molecules dfce according to

one particular constituent—divided by the volume—

represents its concentrati@g in the surface reaction layer. Ga(CoHs)ot H = Ga(CoHs) + CoHe, (19
Therefore, Eq.(5) prpvides for the desired correlation be- éa(C2H5)+H'<—>C_5a'+CZH6, (16)
tween the composition of the homogeneous part of the SRL N )
and the dielectric function. in competition with

Hoyvever, Eq.(S} dqes not account for mtermolt_acular - C,Hi+H"—CyHg, (17)
teractions, which in view of the high concentrations of at
least some of the constituents must be considered. Therefore, C,Hg+H"— C,H 4, (19
we replace the concentrations of all constituents of the sur- _ —
face reaction layer by activities, that ia;=f,c,, with a |PH+H"—PH3, (19
specific activity coefficientf;#1 for each constituent that — e
generally depends on both temperature and composition. PHp+H'—PH;, (20
Then, and

cel-anS a S 2|§M’Q|Q||?E6|Q|, ® H'+H—H,. (21

' Qg E%~Ean The final step in the overall reaction of TBP and TEG to

where the first sum extends over all constituents of the Surform GaP s the incorporation of Ga and P atoms into the
GaP lattice. As established in a series of experiments using

face reaction layer and the second sum extends over the ele&éuterated TBP by Let al®® for the growth of GaP using
:Egsipccg(ra]s?tlogvr?tdrnt(rn?gsltllggs from filled states for each OfTBP and trimethylgallium{TMG) as source vapors, adsorbed
it ues. PH, and PH radicals play an important direct role in the

Note that Eqs(5) and(6) relly on the a;sumption that t_he pyrolysis of both TBP according to reactiofikl)—(14) and
volume of the surface reaction layer is constant in time i according to

which holds only in the limit of small variations in its com-
position. Therefore, we restrict in the following discussion of  PH,+Ga(CH3)y—PH,_;+Ga(CH3)y_1+CHy,
specific correlations between surface reaction layer compo-
sition and responses in the PRS intensity to experiments car- x=12 andy=1.2. (22)
ried out at constant temperature with a preceding reproducAlthough there exist significant differences in the interac-
ible surface conditioning step and small variations intions of TEG and TMG fragments with the GaP surface, we
composition. Within these restrictions, the activity coeffi- expect that adsorbed RHlso plays an important role in the
cients can be considered to be constants, which enables theterogeneous dealkylation of TEG and its fragments. All
analysis of the homogeneous reactions in the SRL on thesactants and products shown in the equations in italics con-
basis of analytic expressions for the integrated rate laws. tribute to the composition of the surface reaction layer,
The pyrolysis of the primary source molecules impingingwhich exists strictly on the basis of kinetic barriers to the
onto the SRL is represented by desorption of its constituents, with the exception of gallium,
— . T which has at the growth temperature a vapor pressure well
CaHgPH,—CyHo+ PH;, @) below the background pressure in the reactor. We note that
GaAC,Hs)s— Ga(CoHs))+ CoHy . ®) the set of eguations written above is not exhaustive; that i_s,
other reactions may be added as our knowledge of details
In these equations, fragments located in the SRL are reprgrows. Since the heterogeneous reactions that contribute to
sented in italics and molecules that are expelled into the vaerystal growth probably entail competition for active surface
por phase and pumped off are represented in plain letteringites and replacement of inhibitors at such sites, it is reason-
The t-butyl-phosphine fragments and ethyl radicals can deable to expect that they will be slower than the homogeneous
compose further under the generation of adsorbed hydrogemdical reactions in the SRL. Also, the denuded fragments,
atoms according to e.g., gallium atoms and possibly monoethyl galli(MEG),
are expected to be bonded tighter to the surface than organo-

CoHs CoHy+H', ©) metallic fragments that retain several ligands, e.g., diethyl-
CaHy+ CiHPH,—CyHig+ CoHoPH', (10) gallium (DEG). '_rherefore, we Iimit th(_e disqussion of the
homogeneous kinetics onto reactions involving primary and
C4H9pH°_>C4H9+|EH7 (11)  secondary products of the pyrolysis reaction. Under condi-
tions of pulsed growth, the concentrations and activity coef-
C4Hg—CyHg+H", (120  ficients of all reactants and products vary with time, and
_ _ reactiong9)—(22) are coupled through the bimolecular reac-
PH>—[PH+H", (13)  tions, having surface hydrogen as one of the reactants. No
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Pulse
sequence

PRS (a.u.)
PRS (a.u.)

time (s)

Fic. 6. Schematic representation of the timing of the source gas (fiopy

and response in the PR intensity to a TEG probe pulse during interruptions
of steady state and switching to continuous TBP fl@8 sccm during the
interruption.

time (s)

Fic. 7. Single wavelength PRS response to the TEG probe pulse under the
conditions of Fig. 9 ah=632.8 nm for selected values tf;.

analytical solutions are available for the quantitative analysis
of the PR intensity, in this case requiring the application of . , o
numerical methods. exposure to the continuous TBP beam is maintained for a

Considerable simplifications are gained under the condiP€M0dta<t<tq +1,. The time interval, refers to the re-
tions of interrupted steady-state growth, where the TEGSOVETY period after the application of the TEG probe pulse in
pulses are switched off at initiation tintg,, continuing the the PR intensity before reconditioning the surface to steady-

exposure of the surface to a continuous TBP flux, as illusState growth for the next experiment and is typically 10 s. A

trated in Fig. 6. Since we use in our experiments typicaIIyCO”Siderable number of experiments can be conducted within

TBP to TEG flux ratios in the range 10:1 to 40:1, at constanPN€ Neteroepitaxial growth run. Comparisons between ex-
TBP flux, the hydrogen and phosphorus activities in the SRLIPEriments from several runs were made to establish the re-
are only marginally perturbed by the TEG probe pulse amprodumb]llty of our findings. All experiments descrlbe.d. bg—
can be taken as constants during the delay pegjpdGoing low applied the same pulge cycle sequence for condlthnlng
back to Fig. %b), we note that initially the PR response to [0 Stéady-state growth. Figure 7 shows the decrease in the
the application of TEG pulses after heating the surface of th@MPlitude of the response in the PR intensity to the TEG

substrate under TBP exposure to the growth temperature [FOV€ pulse fort selected valuestgf of increasing in length.
very small. The development of the fine structure to full NOt€ that, in view of the increase in the amplitude of the PR

swing from low PR intensity after application of the TEG intensity with increasing distance from the turning points, the

pulse to high PR intensity after the TBP pulse requires se€SPonse to the TEG probe pulse in a particular experiment

eral cycles. Also, we note that in Fig. 6, the response in th&€Pends on the timing of the experiment relative to the ex-
PR intensityAR,, to a TEG probe pulse at a delay, after trgma in t.he mterft.aren.ce. oscillations. In the fqllowmg evalu-
switching from pulsed to continuous TBP flow and discon-2tons, this effect is eliminated by normalization ®R,, to
tinuation of TEG pulse supply at timg,, is substantially ARS§' i
smaller than the response to the last TEG pulse under steady- Figures & and 8b) show plots of the normalized mea-
state conditionsAR... We interpret these features in Figs. SUred responsaRy=AR, /AR, versusty, for two experi-

5(b) and 6 as being due to the build-up of the surface reacnents under the conditions of Fig. 6. The curves labeled exp

tion layer under the conditions of initial nucleation and over-TéPresents cubic spline fits to the experimental data. While

growth and its destruction upon interruption of steady-statd®" & given set of experimental parameters, the initial de-
growth, respectively, that is, relateR, , to the deviations of ~Crease o\Ry with time is reproducible, after 5-10's, varia-

the surface reaction layer from steady state, which includeons between different experiments are observed. This is in-
its coupling to the surface of the substrate. Thus, we calerpreted in terms of the kinetics of the chemical reactions on
utilize the response to a TEG probe pulse for an assessmefie GaP surface, starting with the decay of DEG radicals
of the kinetics of the chemical changes in the reaction layefccOrding to Eq(15). The rate law for this reaction step is of

upon perturbations of steady state, e.g., switching fronfh€ form
pulsed to continuous TBP flow and discontinuation of TEG daea(csz)z
pulse supply. T Kisanagac,Hg),: (23

In the following discussion, we s&t,=0, that is, measure
tq1 from t=0 to the rising edge of the TEG probe pulse. TheSince at large constant flux of TBP, the activity of hydrogen

JVST B - Microelectronics and Nanometer Structures
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Fic. 8. Plot of AR, /AR, Vs time delayty,—measured from last TEG pulse

under steady-state conditions of growth—to the application of a single TEG

probe pulse: curve 1 based on E). and(25), curve 2 based on Eq&5)

and(28). (a) and(b) refer to two different experiments run under the same

conditions.

in the surface reaction layex, att=0 is only slightly per-

turbed by the ongoing surface reactions, we may in a first

approximation treat it as a constant, that is, rewrite @8)
as

- dagac,y), o

dt K1s8GaCHy),: (24)

With initial conditionagyc,y,(t = 0) = agac,Hy),» We thus
get the integrated rate law

acac,tg), (1) =acac,Hy), €XP{ —Kist}

— t
~8GaC,Hg), exp{ - 7_1) , (25

3028

The time evolution of the activity of monoethylgallium
(MEG) in the surface reaction layer is composed of a contri-
bution to the MEG activityAaGa(CZHS)—generated in the
course of the decay of the DEG according to reac{is)—
that adds at>0 to the activity of MEGaGa(CZHs) measured

att=0. By reaction(15), the rate with which this contribu-
tion is generated is coupled to the rate of the DEG decay
according to

d(AgacHy)  d(acacymy,) -

dt dt (26)
Also, with the assumption of constant hydrogen activity, the
rate law for reactior{16) can be written as

dagacy) ,
TR r163HAGAC,Hg) = leaGa(Csz) .

Therefore, we get

(27)

_ L
acac,Hy T K1sAcac,Hy),

t t
X f exp — — |dt|exp(—kigd)
0 71
= [ Agac,Hy) T Acac,Hy),

i3
o 1)

wherer, = 1/k14. This function has a single extremum at

agac,Hg)(t)

dt

(28)

EGa(C Hg) T+ T
tma= 71 | = :5 2 L 2|>0 (29)
GaCHg)2 T AGaCHy), 71
and initial slope
d a, a,
aea(csz)‘ _ 8cacyty), Ga(CZHS)BO, 30

dt T1 T2

=0
for acac, g /72 < Acacyy,! 71 Fitting the initial decay of
ARy on the basis ofF4(ty;) and F,(ty;) can be accom-

plished and can be extended in time by incorporating a time-
dependent loss

5Ga(csz) + |—(t)5(;a(c2|45)2

oo

with loss factorL(t) starting fromL(t=0)=1 and varying
with same time dependence a@aCsz(t), corresponding to

AGacH; =

X

(31)

that is, the DEG activity decays from the value established ira maximum loss of 10% at the maximumH(ty,) for both

steady state_lGa(Csz)z att=0 exponentially with time con-
stantr; = 1Kkj5, thatiskjs = 0.4 s 1. We note that under the
conditions of the experiment the activities of PHre also

constants, so that adding E@2) as a parallel reaction path
merely changes the interpretation lofs, but not the rate

equation.
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experiments of Fig. 8. The curves labeled 1 and 2 in Figs.
8(a) and 8b) are modeled with the same set of parameters
Tl:2.5 S,T2:4.2 S,L(t), andaea(csz) = 0.05% aGa(CZHS)Z' A
possible interpretation of the loss of MEG is its parallel
dealkylation through heterogeneous surface reactions at a
rate that is tagged to the concentration of MEG in the homo-
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