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Abstract

The structure in the p-polarized reflectance (PR) intensity R,4(t) - observed under conditions of pulsed chemical beam
epitaxy (PCBE) - is modeled on the basis of the four-layer stack: ambient/surface reaction layer (SRL)/epilayer/substrate.
Linearization of the PR intensity with regard to the phase factor associated with the SRL results in a good approximation
that can be expressed as Ry. = Rp3 + AR, Ry3 is the reflectivity of the three-layer stack ambient-epilayer-substrate. 4R,
describes the properties of the SRL. An explicit relation is derived between AR(f) and the time-dependent surface
concentrations ¢,(t) (h = 1,2, ... , N) of the constituents of the SRL, which holds for conditions of submonolayer
coverage of the surface by source vapor molecules. Under conditions of low temperature PCBE at high flux, the SRL is
expected to exhibit nonideal behavior, mandating replacement of the surface concentrations by activities. Also, in this
case, the thickness of the SRL must be represented in terms of partial molar volumina V. Since the relation between
AR,(t) and the activities of reactants, intermediates and products of the chemical reactions driving heteroepitaxial growth
is non-linear, the extraction of kinetic parameters from the measured time dependence of the PR signal generally requires
numerical modeling. <€ 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

We have explored p-polarized reflectance spectroscopy (PRS) in the context of real-time monitoring of
pulsed chemical beam epitaxy (PCBE) [1-5]. PRS provides high sensitivity to changes in the mix of

* Corresponding author. Present address: Department of Materials Science and Engineering, North Carolina State University,
Rayleigh, NC 27695, USA. Fax: + 1919 575 3419; e-mail: bachmann@mte.ncsu.edu.

0022-0248/98/$19.00 T: 1998 Published by Elsevier Science B.V. All rights reserved.
PII S0022-0248(97)00410-7



324 K.J. Bachmann er al. | Journal of Crystal Growth 183 (1 998) 323-337

reactants, intermediates and products of chemical reactions on the surface of the epitaxial film that drive the
crystal growth process. Optical monitoring at resonant frequency of a specific reactant or product of the rate
limiting reaction preceding growth may enable forward-looking process control that places the detection of
deviations of the actual from the desired process evolution ahead of the growth step. Thus corrections in
surface chemistry may be possible before locking errors in composition into the developing heteroepitaxial
structure. As a prerequisite for work on this topic the surface kinetics must be understood in more detail than
presently available, and the measured p-polarized reflectivity R, must be related to surface composition. In
this paper we present explicit relations between the measured time-dependent PRS intensity and surface
composition. Where needed, illustrative examples are provided of GaP chemical beam epitaxy on Si{1 0 0)
utilizing triethylgallium (TEG) and tertiary-butylphosphine (TBP) as source vapors.

The thermal decomposition of TBP has been thoroughly investigated [6-87] and proceeds through a series
of consecutive reactions, e.g.,

C4HyPH, - [PH; + C,H,, (1
C4H9 + C4H9PH2 i C4H9PH + C4H10, (2)
C Hy|PH —|PH + C,Hs. (3)

Also, the kinetics of TEG pyrolysis on III-V surfaces has been studied in detail [9-11] and progresses in
three consecutive steps:

Ga(C,Hs); — Ga(C,Hs); + C,H;, 4
Ga(C,Hs), — |{GaC,H; + C,H;, (5)
|GaC,Hs —|Ga" + C,H; (6)

(dashes and superscript dots referring to lone electron pairs and single valence electrons, respectively). In
preceding work focusing on CBE of GaP on Si(1 0 0) using TEG and TBP as source vapors, we have shown
that the decomposition of TBP is fast and the decomposition of TEG fragments represents the rate limiting
step [3]. Depending on the delay between the TEG and TBP source vapor pulses, carty-over of TEG
fragments from one precursor pulse cycle to the next occurs. It establishes in steady-state a surface reaction
layer (SRL) on the epitaxial film, consisting of a mixture of reactants and products of the chemical reactions
that drive the epitaxial growth process. Efficient growth occurs within limited process windows that extend
over the temperature ranges 260°C < T < 410°C and 260°C < T < 450°C, for Si(1 0 0) and Si(1 1 1), respec-
tively [13]. Near the upper limits of these process windows we expect monoethylgallium (MEG) and gallium
ad-atoms to be the primary Ga containing precursors to growth. However, near the lower limits of these
process windows the SRL may contain, in addition to TBP fragments, diethylgallium (DEG), MEG and
gallium ad-atoms (see Ref. [12] for comparison to TEG decomposition on GaAs(100)). In either case, the
linkage of measured PRS signal and surface kinetics must focus onto the four-layer stack: (1) ambient—2)
SRL~(3) epilayer—(4) substrate, which represents the simplest realistic description of the optical response
under the conditions of CBE operating at low temperature. A schematic representation of this model is
shown in Fig. 1.

In view of the high polarizability of the molecular fragments the dielectric function of the SRL is expected
to be large compared to that of the organometallic source compounds. This is coroborated by the analysis of
the PRS signal under the conditions of PCBE for GaP heteroepitaxy on Si [4, 147 (see also Tables 1 and 2).
None of the usual group V hydride, alkyl-substituted group V hydride and metalalkyl source compounds
used in III-V vapor phase epitaxy are expected to absorb in the visible, i.e. the imaginary part of the dielectric
function of the SRL should be negligible within this energy range. However, PRS data for GaP heteroepitaxy
on Si{1 0 0) taken at 632.8 nm show that the SRL is clearly absorbing and provides further evidence for the
presence of intermediate products in the SRL (see Table 1). Similar res ults, albeit at shorter wavelength, have
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Fig. [. Schematic representation of p-polarized reflectance on a four-layer stack: ambient/surface reaction layer/epilayer/substrate.

Table 1

Parameters for the modeling of Ry(t) for PCBE of GaP on Si(1 00) at £ = 632.8 nm and ¢, = 75.64°
Dielectric functions Fresnel coefficients

¢; (ambient) = 1 1y = —0.102 + 0.0571

¢, (SRL)* = 9.5 + 2.51 123 = 0.018 — 0.0581

¢3 (GaP) = 10.6 34 = 0.084 + 0.0026i

&4 (Si) = 1527 + 0.17i ry3 = — 0.084

>The time-averaged value for the dielectric function of the SRL is based on a numerical analysis of the fine structure of Fig. 2 using the
time-dependent phase model [23].

Table 2
Representative values of parameters for the modeling of R,(t) for PCBE of GaP on Si(100) at 4 = 632.8 nm and ¢, = 75.64" for
0<f;<m

Parameters Coefficients

—0.17 < a, < 0.0002

—0.084 < a, < 0.084 0 < A<0084
0.99 < b; < 1.01 —0.059 < B <0.02
—0.007 < b, < 0.007 —0.052 < C < 0.008

—0.066 < g} <0.012
—0.142 < a5 < 0.027

been reported for investigations of GaAs growth based on results of surface photoabsorption (SPA)
measurements [11]. In conjunction with changes in surface reconstruction and structure of steps associated
with changes in surface composition the description of heteroepitaxial growth thus is complex, and is
presently far from being understood.
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Several supplementing methods of real-time process monitoring must be combined to address this
problem (see Ref. [15] for a recent comprehensive review). We have utilized PRS in combination with
reflectance difference spectroscopy (RDS), and laser light scattering (LLS) [2]. Recently we have added also
simultaneous SPA measurements. Since SPA operates in the strongly absorbing wavelength region, it
monitors strictly near surface properties. Thus it supplements PRS, which operates in the weakly absorbing
wavelength regime and thus monitors bulk film properties in addition to changes in the chemistry and
structure of the surface and film/substrate interface. In the strongly absorbing wavelength region only the
surface contributes to the scattering, while at below band gap energy both contributions of surface and
interface roughening are observed. Therefore, LLS under conditions of simultaneous SPA and PRS
measurements allows separation of surface and interfacial roughening. However, although SPA, PRS and
LLS are sensitive to changes in surface structure they are not designed to distinguish between surface
chemistry and surface anisotropy. The detection of the latter is the specific strength of RDS. In RDS
investigations of III-V epitaxy on (1 0 0) oriented substrates the difference between the reflectivity for light
polarized parallel to [0 1 1] and [0 T 1] is measured, so that bulk contributions are suppressed and only
surface contributions are observed that do not cancel due to reduced symmetry of the reconstructed surface
[16]. Similarities exist between RDS and SPA in their surface sensitivity and spectral regions of resonance
[17, 18]. However, since RDS probes for anisotropy it senses changes in surface chemistry indirectly as an
effect on surface structure. Thus the monolayer oscillations observed in RDS are explained in analogy to the
monolayer oscillations in the RHEED intensity under conditions of MBE or CBE as an effect of cyclic island
formation and coalescence of islands during the course of monolayer by monolayer growth. Using effective
medium theory this has been translated into a cyclic change in the surface dielectric function and anisotropy
[19] and has been utilized for control of growth of multiple confined heterostructures [20]. RDS also has
been utilized successfully in studies of surface composition. For example, RDS investigations of the changes
in anisotropy for the GaAs(1 0 0)c{4 x 4) and Inp(1 0 0)c(2 x 4) surfaces upon exposure to arsine or tertiary-
butylarsine (TBAs) are phosphine or TBP, respectively, provide useful information regarding the supply of
arsenic and phosphorus to these two surfaces. However, these investigations cannot discern specific bonding
configurations on the surface [21]. Since by working close to the pseudo-Brewster angle both SPA and PRS
afford high sensitivity to surface chemistry changes even in the absence of anisotropy, in our opinion, they are
generally better suited for probing the composition of the SRL than RDS. Both RDS and SPA differ from
PRS in that they do not monitor bulk film properties, and thus lack the basis for simultaneous monitoring of
instantaneous growth rate and surface kinetics features in the fine-structure for individual source vapor pulse
cycles. Of course, under the conditions of PCBE, combinations of spectroscopic ellipsometry (SE) and RDS
are equally suitable for simultaneous monitoring of film growth and surface kinetics. However, since
depolarization effects are more strongly manifested in measurements of phase than in measurements of
amplitude RDS and SE are expected to be less robust with regard to increases in operating pressure than
SPA and PRS [22].

2. Relation between reflectance and composition of the SRL

Since the thickness J, of the SRL always remains small compared to the wavelength 4 of the light beam
at which it is evaluated the complex reflected amplitude rps Of the four-layer stack (1) ambient—(2)
SRL~(3) epilayer—(4) substrate can be linearized with regard to the phase factor B, associated with the
SRL, ie.,

, >/3:+ (7
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As shown in Appendix A, the first term in Eq. (7) is identical to the reflectivity R, 5 of the three-layer stack
ambient-epilayer-substrate. Therefore, the reflectivity of the four layer stack R 4 = r,4774 can be represented
in the form R,y = R,3 + 4R, In the linearized approximation of Eq. (7), 4R, is represented by three terms
given in Eq. (A.23), which — with assumptions discussed in more detail in Appendix A — can be written as
compact simplified representation 4R, in terms of the magnitude, real and imaginary parts of 8, = f,, + fi,; as

ARps = A|ﬁ2|2 + Bﬂlr + C.Blia (8)

where A4, B, and C are functions of the Fresnel coefficients 1y ;... k = 1, 2, 3 for the interfaces ambient/SRL,
ambient/epilayer, and SRL/substrate, respectively. Due to interference of partial waves reflected at the
surface of the epilayer and the epilayer/substrate interface oscillations are observed in R,; with distance
between maxima or minima

. A
A03m = - . (9)
2./e3 — &y sin ¢,

In conjunction with a measurement of the time interval t;, associated with the epitaxial growth between
adjacent maxima or minima in R,; this permits the determination of an average value for the growth rate
Uy = Ad3m/tio. The remaining three terms in Eq. (7) represent a fine structure that is superimposed on the
interference oscillations having same periodicity as the source vapor cycle t,,. < t;,.

Fig. 2a shows an example of a typical PRS trace recorded under the conditions of GaP heteroepitaxy on
Sl(l 0 0). Here the average growth rate is 1.6 A/s corresponding to an incremental growth of the epilayer by
AOMW =484 per source vapor cycle in average, that is, more than two molecular layers of GaP. Since Aémc
depends weakly on the delay of the TEG pulse after arrival of the TBP pulse, but increases substantially with
increasing length of the delay between the TEG pulse and the following TBP pulse, the kinetics of TBP
decomposition reaction is fast and the kinetics of the TEG decomposition to fragments enabling crystal
growth is slow on the time scale t,,. = 3 s, which is the duration of the source vapor cycles in this particular
experiment (see Fig. 2b). Note that the instantaneous growth rate in the experiment of Fig. 2a is not
feedback controlled and fluctuates due to variations in both ¢, and the flux of source vapor molecules to the
surface. An opportunity to control the instantaneous growth rate associated with each source vapor cycle is
given by using the difference between the measured instantaneous slope 4Rq../tw and the theoretically
predicted slope 0R,3/0t as control input. As shown in Ref. [14], the precision of monitoring molecular layer
epitaxy is typically of the order of 3-5%, depending on the length of time averaging in the acquisition of the
PRS signal, i.e,, the chosen growth rate.

Fig. 3 shows on the bottom trace the calculated PR intensity at 632.8 nm wavelength for the case of GaP
heteroepitaxy on Si using the date given in Table 1. The top trace of Fig. 3 shows the difference between
experimental results for R, and calculated results for R,; based on Eq. (A.10) for growth of GaP on Si. The
three traces in between the top and bottom traces reveal the calculated contributions 4|f,|%, Bf,, and Cf5; to
AR, All three contributions are significant with BB, and 4|f,|* making the largest and smallest contribu-
tions, respectively.

The top trace of Fig. 4 shows the relative error (4R, — AR .,)/ 4R, for the calculated envelope function,
based on the simplified linear approximation Eq. (8) as compared to 4R,.x = Rpzex — R, 3 (shown as bottom
trace), where R, refers to experimental data and R, 5 calculated on the basis of Eq. (A.10). The middle trace
shows the relative error (4R, (t) — 4R ,..)/4R ., for the calculated envelope function, based on the linear
approximation Eq. (A.5), as compared to 4R,.,. Of course, both errors diverge at the crossing points in the
finestructure, where Ry, — R3 vanishes [4]. Outside this range the relative error is < 3% for both AR(t)
and 4R((1). Thus, in case of GaP epitaxy of Si, the simplified linear approximation is of comparable validity
as the linear approximation, and can be used in a more detailed analysis of the relation of 4R, to the
chemical reaction kinetics. The sensitivity of the four-layer stack model to changes in parameters describing
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Fig. 2. (a) P-polarized reflectance at 632.8 nm wavelength as a function of time during PCBE of GaP on Si(1 00) at 350°C using
t-butylphosphine (TBP) and triethylgallium (TEG) as source vapors; inset: magnified view of PR fine structure. (b) Periodic source vapor
pulse sequence (top) and associated PR fine structure response {bottom) for the same experiment as shown in Fig. 2a.

the SRL is discussed in detail in Ref. [23]. As shown there, the crossing point positions are invariant to
changes in ¢,, but exhibit distinct changes that permit the independent determination of &,, and &,; with an

accuracy of ~10%.
For the interpretation of the time-dependence of R, in terms of the chemical kinetics in the SRL that drives

epitaxial growth in steady-state e, must be linked to the composition of the SRL. As shown in Appendix B,
such a linkage is given by

2
) = 1 — T Nay b o) (10)

m W
where N, is Avogadro’s number and

Ny o
“EN. V. (1)

is the molar concentration, i.e., the number of moles n;, of constituent 4 in volume V, of the mixture of
reactants and products constituting the SRL. The function F(w) — defined in Appendix B — is an inherent
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Fig. 3. Calculated PR intensity at 632.8 nm wavelength and ¢, = 75.64> for heteroepitaxy of GaP on Si(1 00) based on the
time-dependent phase model [23] (bottom trace); experimentally observed fine structure Rpseq, minus Ry (top trace) calculated on the
basis of Eq. (A.16); calculated contributions 4|f,]%, Bf.. and Cf; (traces 2, 3 and 4 from top) to the simplified approximation of the fine

structure AR

property of each individual constituent. It depends on frequency  of the incident light beam, but is
independent of ¢;. At low surface coverage,
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h

m dng®*N 172

<1 - 'TA Z Clehr(w)>
h

Thus even under conditions where the SRL behaves as an ideal solution and e,(w) is linear in ¢;, Ry, is
nonlinear. Under conditions of high flux at low processing temperature, where the SRL behaves like
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Fig. 4. Comparison of relative errors associated with the approximations of the fine structure by Egs. (A.14) and (A.18), respectively.
Bottom trace: fine structure 4R, = Ry4 — R, calculated on the basis of Egs. (A.1) and (A.16). Middle trace: relative error in the PR
intensity (4R ey — 4R,)/ AR, calculated on the basis of Eq. (A.26). Top trace: relative error in the PR intensity {4Rex — AR )/ ARy
calculated on the basis of Eq. (8).

a nonideal solution, a realistic representation of vapor deposition and etching processes must account for
modifications of both its dielectric function and the rate constants of the surface chemical reactions by the
intermolecular interactions. The correction of the rate constants for reactions in nonideal mixtures is
accomplished by incorporation of the activity coefficients of the reactants and products that modify the
representation of the activated complex [24]. The definition of the activity coefficient f, of constituent % in
a nonideal mixture is given by the formulation of its chemical potential

My = fiyo + RT In a, = o + RT In fix, = py(ideal mixture) + RT In fj (13)

where x, = n,,/zgng (g=1,2,....h,....,N)is the molar fraction, so that the standard state is defined in the limit
ay — 1. The volume of the nonideal mixture of reactants and products forming the SRL is given by

Vm = Z nth s (14)

h

where V;, = [0V /8n:] .12 (g = 1, 2, ... N 3 h) is the partial molar volume of constituent 4. In contrast to
local field theory that accounts for dipole-dipole and other intermolecular interactions by a modification of
Fi{w), we choose to maintain the values of Fy(w) for ideal behavior of the SRL, capturing the effects of all
interactions of constituent # with other constituents by multiplication of its concentration by f;. Both
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representations of intermolecular interactions cause the same change of the contribution of constituent 4 to
g5(w). Then

4ng*N ; . .
exfw)=1— % Y apF i) = ex(w) + iex(w), (15)
h

with

ay :ﬁxl7clx :ﬁlxh ) (16)
where

_ V

V== (17)

" y

is the average molar volume. Although the definitions of a,, through Eq. (13) and Eqgs. (15) and (16) are closely
related, the details of their correlation require further assessment.

Eq. (18) provides the basis for relating the time dependence of 4R, to changes of the activities of the
constituents of the SRL in time - associated with the chemical reactions that drive the heteroepitaxial growth
process. In steady-state, the variations in the supply of source vapor molecules to the SRL are reflected by
changes in the activities of all constituents about time-averaged values with same periodicity as the source
vapor cycle. Although a commensurate variation of f3, ensues, the effects of variations in ¢, on f, must be
augmented by an assessment of the thickness of the SRL

N nlx([) I/}l([.)

05(t) = IZ( a0 (18)
where A(t) is the true area of the solid/SRL interface. 4(t) changes as the surface of the epitaxial film roughens
in the course of epitaxial growth. On the time scale of the source vapor cycle, the changes in A(f) may be
negligible. For short periods of growth, d,(f) thus may be expected to follow the periodic variations in the a,,
ie, to oscillate in steady-state about an average value with the periodicity of the source vapor cycle. The
roughening of the SRL/film interface over longer periods of growth is an important aspect of real-time
process modeling, and must be monitored by LLS and other supplementing techniques. Under favorable
circumstances the variation of A(t) can be kept small (see LLS trace in Fig. 2).

For ¢, outside the range specified by the above conditions, Eq. (A.1) must be used to achieve accurate
results by numerical simulations. Also, during the initial phase of nucleation and coalescence of islands into
a contiguous heteroepitaxial layer the above modeling is invalid for the following reasons: (i) local variations
of the composition of the SRL due to differences in the reaction kinetics on surface elements of the epitaxial
film and yet uncoated surface elements of the substrate; (i1) modifications of the effective dielectric function
for a porous film as compared to a contigous film of the same material; (iii) interface broadening, i.e.
incorporation of constituents of the substrate into the heteroepitaxial film, which can be a particular problem
in the case of polar-on-nonpolar growth. Since the nucleation and coalescence stage of heteroepitaxy
determines to a large extent the density and distribution of defects in the epilayer, and thus sets the stage for
roughening of the surface and buried interfaces upon subsequent steady-state growth, further work is
required to establish a valid description of this important period in the evolution of the heteroepitaxial stack.

3. Summary and conclusions

We have analysed the structure in the PR intensity Rp.(t) = r 5, observed under conditions of pulsed
chemical beam epitaxy (PCBE), for the four-layer stack: ambient|SRLlepilayer|substrate. Linearization of
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¥, results in an approximation to the reflectance consisting of four terms. One of these terms represents the
interference oscillations in the reflectance R,(¢) of the three-layer stack: ambientlepilayer|substrate. The
remaining three terms represent the fine structure ARt that is superimposed onto R,;(¢) and is resolved
under the conditions of pulsed chemical vapor deposition. An explicit relation is derived between AR(t) and
the time-dependent surface concentrations ¢, (h = 1, 2,...,N) of the constituents of the SRL. Under condi-
tions of low temperature PCBE at high flux, the SRL represents a nonideal condensed phase, requiring
replacement of the surface concentrations by activities. Also, the thickness of the SRL must be represented in
terms of partial molar volumina V. Since the time dependences of a;, and V', are nonlinear, and the relation
between AR(t) and the activities of reactants, intermediates and products of the chemical reactions driving
heteroepitaxial growth is nonlinear, the extraction of kinetic parameters from the measured time dependence
of the PR signal generally requires numerical modeling. Combination of PRS with supplementing methods of
optical real time process monitoring, such as RDS, SPA and LLS, is important for separating effects of bulk
film growth, compositional changes in the SRL and roughening of the surface and buried interfaces. A key
area of future research is the initial period of nucleation and coalescence of islands on the surface of the
substrate.
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Appendix A. Modeling of R,

For a four-layer stack, the complex reflectivity is given by

‘ ) )
Fiall 4 1237347 + [rag + r3gei?f]ei?

]. P— - - = 0

? 1+ raar3482" + 7 15[r0s + r3qe P et

) : (A1)

with phase angles associated with layers 2 and 3

2nd ;
B = Tj b e —ersin @, k=23 (A2)

L

and Fresnell coefficients for the three interfaces 1-2, 2-3 and 3-4

/ 2 / )
Cu+1n/ 8 — €1 8INT Oy — B\ /&4 1 — &1 SINT @y

Teiv1 =
. — =
£k+1\/8k_81 sin @1+3k\/8k+1-81 sin” @,

, k=123 (A.3)

The dielectric function of the kth component of the four-layer stack is labeled ¢;. @, is the angle of incidence in
the ambient — chosen to be close to the pseudo-Brewster angle @, for the substrate/vacuum interface. For
the conditions of PCBE, the ambient dielectric function ¢;; = 1. Since §, « 1, Eq. (1) can be linearized, i.e., the
Maclaurin expansion of r,

Orpa

s

Foa = Fpalp,=0 + ( >52 + - (A4)
f.=90
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can be terminated in good approximation after the first order term in f§,. The reflectivity R, is obtained by
multiplication by the complex conjugate ry of 1. ie.,
ﬁz<—a"l°4 >
B,=0

0f2

. 67‘p4
B:=0>} + 2 Im{rplp =0} + Im{ﬁg(a—ﬁz /3:=0>} . (A.5)

) Aty U+ riaraa)sa€?? (g o)+ riaras) + r3ae (A.6)
R0 T iy A (rya + 1aa)raae®® T 1+ [y + r2a) (1 + F1araa)] rage™ '

2
Ry, =rpuips = [Re(rp-l-)]z + [Im(}'p-z-)]z = h‘p‘iIB::O‘z +

~

OFpa
-+ 2R€[l'p4|5:=0} Re{ﬁ:(a_‘[;z

From Eq. (A.1) follows

Now, using Eq. (A.3) we obtain

5 32 3 ) )
_8383\/81 — &1 SIN” @4 €y — & SIN” Q1 — 28182 €y — &SI Oy €3 — &1 S~ @y
Fiz T a3 = (A7)

(c23/1 — &1 SIN° @q + £14/83 — &1 SIn® @) (831/82 — &1 SIN* @y + 23/63 — &5 sin” @)

Diaesn/er — &y sin® @y /e, — & sin® @, + 28187_\/82 — &;5in% @) /€3 — &, sin? @,

I+ 1oy = = - - - (A.8)
(621/81 — &1 8in% @y + £14/85 — &1 8In” @ )(ear/82 — &1 5in® @ + 32\/33 —¢; sin® @)

Therefore,

Fia T2y €336 — €1 8in% @ — &1/ 63 — & sin? @,

= = =% — —— =115, (A.9)

L+riaras ey /ey — e sin? @) + &1/€3 — &1 sin” @4

Substituting the identity Eq. (A.9) into Eq. (A.6) yields
Fis 4 rase??
Folg,=0 =ET————5; =T A.10
plp.=0 [+ 1 arsse 2P p3 ( )

which is identical to the complex reflectivity r,; for the three-layer stack: ambient/epilayer/substrate.
Separating into the real and imaginary parts, ie., ry =Ty + irg, f3 = f3 +1if5 and gihsr =
cos fs. + isin fis,

aby +ab, . asby —ab,

rliso = T T T (A1)
where

Ay =3 + Iaar COS(2B500e ™ 2 — 1y sin(2f3,)e 2P, (A.12)

Ay = T3y + I3y COS(2P3r0e ™ 2% + 13y sin(2f5)e ™ 2P, (A.13)

by =1+ [Fisdsar — Fisifsai] COS2Ba)e ™2 — [r13Faai + Fiaiaac) Sin(2Bs.)e ™ 2, (A.14)

by = [Fisdss + Frsirsar] COS(2Bse ™2 4 [riasar — Tyairaad] SinQ2fBs)e 2% (A.15)
From Eq. (A.10) follows trivially

Ry = rpyrty = 10 (A.16)
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The values of thickness d,(n) of the epilayer at which extrema exist in R,3 are obtained by setting the first
derivative of Eq. {A.16) with respect to f3; to zero. From Eq. (A.16) we get

ORps _ 4r1ailrses sin 25, 4 734508 283,01 — 113 (1 — [r34l)

— = - , (A.17
B 1+ rfadraal® + 27 3draa: cos 265, — P34; 8in 283,)7 )
Hence, OR,3/0f3 = 0 when
Y3ar sin 2[3:” + F34; COS 2:83r =0 (Alg)
or
tan 2fs, = — 34 (A.19)
F3a¢
which implies
1 -
Bre=ctan i — 28 I g0 (A.20)
2 F34c 2

Using Eq. (A.2), extrema exist at
(n + 2y)A

93(n) = ————, (A.21)
4./e5 — gqsin ¢,
where

tan~ (= 734/ra.)
27

y= (A.22)

represents a shift of the origin of the PR signal with regard to the first minimum in the evolution of the

interference oscillations. From Eq. (A.21) follows Eq. (9) for the distance between maxima or minima in R,s.

The last three terms in Eq. (A.3) represent the difference 4R, between the linearized form Ry4~ of R,y for

the four-layer stack ambient-SRL-epilayer-substrate and the reflectance of a three-layer stack ambient—epi-
or,

layer—substrate R,;, i.e.,
or
=0 0B2ip,=0
ary

0f2
+2Im{ry)s,—o) Im{ﬁz(a 7, =O>}. (A.23)

4R, thus contains the essential information on the time dependence of R, in response to the changes in the
composition and thickness of the SRL caused by the pulsed exposure to alternating fluxes of the source vapor
molecules. Differentiation of Eq. (A.1) with regard to B, results

2

ARpl = Rp4~ - Rpg, =

+ 2Re{rp|ﬁ2=0}Re{Bz(

or, 126128 (1 = 7{)ras + raae)(1 + Vg3?‘345i2ﬁ°)

Ory , 37348 ") A24
0p2 (14 r2ar3qe™ + 5 5[ + ryge’?fa]e 1202 ( )
so that
or, > . (1 —7ia)rys + r3ae 2?1 + ra3raaet?)
ki B, =i2f — . . (A.25
(aﬁz £:=0 : ? (1 + r2ar308 + 71,703 + rage )2 )
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Taking the input parameters given in the left column of Table 1 for the heteroepitaxial growth of GaP on Si
under the conditions of PCBE results in the Fresnel coefficients given in the right-hand side column. They all
are small compared to one. This property persists for an extended range of the real and imaginary parts of the
dielectric function of the SRL, i.e., 8 < ¢, < 25 and 0 < gy; < 5, corresponding to 15, < 0.145, 7y5; < 0.125,
ras, < 0.203 and r,3; < 0.126. Therefore, dropping products of Fresnell coefficients, the range of ¢; Eq. (A.25)
may be simplified further to

ar . l ’ i’ M ’ '
<@E >'Bz X123 + 13482y = — 2d fai + d2far) + 12(d for — a2 (A.26)
2ip.=0
with
dy = raa; + 13a; COS(2P3)e P — Fay; sin(2f5)e ™27, (A.27)
dy = ry3i + Fag €OS(2Pa)e ™2+ ray, sin2f5)e ™ 2 (A.28)

At the upper limit of the range of ¢, this corresponds to an underestimation of f,(0r,/08lp,=0) by ~1%.
Substitution of Eq. (A.26) into Eq. (A.23) results in the simplified approximation to the reflectance in the
compact form of Eq. (8), where

A= —4d)? + dy?), (A.29)
b, b
=—4 2 aim — daia,) + s (axds + a,dy (A.30)
bi+b + b3
= —4 by aa’-&-aa’)——bz—(aa’—aa’) (A.31)
- b 161 2062 b% + b% 1642 2017 (s .
with by« b; =~ 1 Egs. (A.30) and (A.31) can be simplified to
B~ —4a,dy — alay), (A.32)
C~ —4dya, + aras), (A.33)

We note that since

— 5
&3 &y — &L SINT P — Ea &3 — &1 8IN7 4

Faz = — = > (A.34)
831/ 62 — E1SINT P + €24/ €3 — €1 8107 @y

A, B and C are functions of both ¢, and ej.

Appendix B. Relation between the reflectance and the composition of the SRL

For the interpretation of the time-dependence of R, in terms of the chemical kinetics in the SRL that drives
epitaxial growth in steady-state ¢, must be linked to the composition of the SRL. Such a linkage is given by
the Sellmeier equation:

2
fo) =1 — 20 {)2 fu } (B.1)
[ /.

mV — wij + 1Myw

that describes the dielectric function of a pure substance in terms of the electronic transitions from filled
states ¥, to empty states ¥; allowed by symmetry for the molecules of this particular substance. In Eq. (B.1)
 is the frequency at which ¢ is evaluated, N is the number of molecules in volume V and — g and m are the
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electronic charge and mass. Eyj = hwyy is the energy of the transition, I'y; is the associated broadening
parameter, and fi; = 2ml¢ yl? Ey)/q*h* is the oscillator strength of the electronic transition ¥, — ¥,
expressed in terms of the component of the polarization vector & of the exciting electromagnetic wave along
matrix elements of the electric dipole operator Hj = — q{PrlP >.

The dielectric function of the SRL is obtained by summing over the contributions of all its constituent
- identified by labels h = 1, 2, ..., ie,

ez<w>=1-4ﬂ%m‘2ch ) {L Jo } (B.2)
h

2 2 :
B, D7 — Wi + lfkj;,(r)

This is equivalent to Eq. (10), where the second sum in Eq. (B.2) has been abbreviated as Fy{w).
In particular, for the condition of IT1-V heteroepitaxy frequently ¢,,>>¢, sin® ¢, and £33 €53, 80 that at low
surface coverage where the SRL approaches the behavior of an ideal mixiure

£2i

\/le - 81 Sinz (Pl + iSZi =~ \/Slr + iSZi ~ 821— + 1 = . (B3)
2 &ar
Then 4R, may be modeled using the expression
, 4t 5,(t)? , s 2184t 2n8,(t) ey
R0~ A 2 (Re /o)1 + [ /a7 + B 2020 oy o 20 e
A A 2 2‘\//8—2r
42«7[2';21' 2i 21d5(t 04t 524
= Ao Ay p 2O 0D e (B4)
A Ear A A €3¢
Separating Eq. (B.2) into real and imaginary parts, we get
dng®N
exfw) =1— _f_n,é Y caFidw), (B.5)
I
and
4dng*N .
Eari(®) = T A Z cpFpdw), (B.6)
h
with functions
[0 — k] f
Fifw) = { s . (B.7
: :g w, [07 = 0l + o’ )
T jnfijn
Fii = 3 - ) : 5 . (B.8
(e 'px;»ym {[UJ" - wf ]+ i jhwz )

Thus, at low coverage, AR, (1) is represented by Eq. (12). Under conditions of high flux at low processing
temperature, where the SRL behaves like a nonideal condensed phase, a realistic representation of vapor
deposition and etching processes must account for modifications of both its dielectric function and the rate
constants of the surface chemical reactions by the intermolecular interactions.
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