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This contribution presents results on the parameter estimation of rate constants and optical response
factors in a reduced order surface kinetiBOSK) model, which has been developed to describe the
decomposition kinetics of the organometallic precursors involved and their incorporation into the
film deposition. As a real-time characterization technique, we appigdlarized reflectance
spectroscopyPRS during low temperature growth of epitaxial GaP heterostructures @M0Bi
substrates by pulsed chemical beam epitaxy. The high surface sensitivity of PRS allows us to follow
alterations in the composition and thickness of the surface reaction layer as they are encountered
during periodic precursor supply. Linkage of the PRS response to the ROSK model provides the
base for the parameter estimation of the reduced order surface kinetics model, giving insights into
the organometallic precursor decomposition and growth kinetics19@9 American Institute of
Physics[S0021-897809)07713-0

I. INTRODUCTION lution. These demands led to the development of surface-
sensitive real-time optical sensdthat are able to move the
Low pressure deposition methods, such as chemicahonitoring and control point close to the point where the
beam epitaxy(CBE) and plasma enhanced chemical vaporgrowth occurs, which in a chemical beam epitaxy process is
deposition, play an important role in the manufacturing ofthe surface reaction layer, which is built up by physisorbed
nanostructure devices and advanced ultralarge-scale integrand chemisorbed precursor fragments between the ambient
tion (ULSI) processing, respectively. Some areas of interesand the film interface.
are novel quantum well electronic devices, improved densi-  Applying optical probe techniques to real-time charac-
ties of integrated electronic devices, methods of improvingerization of thin film growth carries with it the challenge of
the control of epitaxial deposition to realize these devicesyelating surface chemistry processes that drive the growth
the efficacy of resonant tunneling devices with respect tgyrocess to growth/film properties, such as composition, in-
speed and reduced power, and demonstrated techniques tantaneous growth rate or structural layer quality. As illus-
monolithic and hybrid integration of devices based on galtrated in Fig. 1, in deposition four primary regions are in-
lium arsenidgGaAs), indium phosphidgInP)," and silicon’  volved. Presently most characterization techniques are aimed
Key targets in 1ll-V compound/silicon heterostructures aretowards accurately measuring ambient process parameters,
the understanding and control of defect formation as well aguch as pressure, flux or temperature, since numerous probes
the interactions and propagation of defects during latetre available to provide a relatively detailed assessment of
stages of compound heteroepitaxy growth. These are intthe ambient. This strategy is clearly limited in its capability
mately linked to the understanding and control of the kineticgo deal with complex nonlinear surface chemistry processes,
of heteroepitaxy, which in turn is closely related to the sur-where the surface plays an integral role in the precursor de-
face structure that depends on both the reconstruction and th@mposition pathways and small changes in the ambient
nature and distribution of defects in the epitaxial film. How- composition can affect the growth substantially.
ever, progress in understanding and controlling thin film  During the last few years, we developed and explored
growth has been very slow, because little is known aboup-polarized reflectance spectroscofJR9*~® as a highly
chemical reaction pathways and reaction kinetics parametegurface-sensitive sensing technique, which allows us to fol-
during the decomposition process of metalorgdMO) pre-  |ow the surface reaction kinetics under steady-state growth
cursors. Furthermore, stringent tolerances in the engineeringonditions. Utilizing this knowledge, we presently are ex-
of advanced optoelectronic integrated circuits with respect tgloring its application towards closed-loop control of depo-
controlled thickness and composition of ultrathin layers resition processes at low pressufeCBBE).’
quire the development of monitoring and control techniques  First, in Sec. Il we will give a brief background on the
that follow the deposition process with submonolayer resoexperimental growth and monitoring conditions and show
results obtained by PRS during real-time characterization of
aElectronic mail: scheeler@eos.ncsu.edu heteroepitaxial growth of GaP on Si substrates. In Sec. Ill we
PElectronic mail: ndietz@unity.ncsu.edu introduce the model used to simulate the PRS measurements.
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FIG. 1. The four primary regions involved in deposition &tethe ambient;
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(2) the surface reaction layer, which consists of species physisorbed df/G- 3. Monitoring of heteroepitaxial GaP growth under PCBE growth con-
chemisorbed to the surface in dynamic equilibrium with both ambient andditions by PRS and LLS. The insets show enlargements of the PR responses
surface;(3) the surface itself; andd) the near-surface region that can be © periodically modulated SRL composition and thickness during pulsed
defined as consisting of the outermost several atomic layers of the fabricateR{€CUrsor supply.

sample.

Il. EXPERIMENTAL SETUP AND RESULTS

For monitoring both the bulk and surface properties dur-

We describe there the link of the PR response to the simulang heteroepitaxial GaP growth on Si, PRS has been inte-
tion parameters accessible through the reduced order surfageated into a pulsed CBEPCBE system schematically
kinetics (ROSK) model, which has been developed to de-shown in Fig. 2a). In PCBE, the surface of the substrate is
scribe the decomposition kinetics of the involved organomeexposed to pulsed ballistic beams[¢€,Hg)PH,] (TBP) and
tallic precursors. The process of identifying these param- [GaC,Hy)s] (TEG) at typically 350—450 °C to accomplish
eters is explained in Sec. IV, and in Sec. V the results of thgyycleation and overgrowth of the silicon by an epitaxial GaP
parameter identification are analyzed. The knowledge gainefim. For PRS and laser light scatterifgLS) we employ
from the ROSK model allows us to establish and validatep-polarized light beams at two angles of inciden&R70:
surface reaction kinetics parameters, thus advancing our Us=71.5° and PR751=75.2°) using the wavelength
derstanding of fundamental chemistry processes in thin film= 632.8 nm and Glan-Thompson prisms, as illustrated in Fig.
growth processes using organometallic precursors. Finallyyp). Further details on the experimental conditions are given

our concluding remarks are contained in Sec. VI.
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FIG. 2. (a) Setup of the PCBE system for 1lI-V compound semiconductor
growth; (b) schematic setup of growth monitoring by PRS, LLS and quad-

rupole mass spectroscof@Ms).

in previous publication$-’

During the preconditioning period, the PR signals
change according to the temperature dependence of the sub-
strate dielectric function. The PR signals are used to verify
independent temperature measurements and to calibrate the
actual surface temperature. A constant flow of palladium pu-
rified H, (10 sccm is introduced into the growth chamber
during the preconditioning as well as during the growth pe-
riod. The background pressure in the growth systernt is
X 10 °Torr and it increases to %610 ° Torr during pre-
growth and to X 10~ Torr during growth.

Figure 3 shows the PR and LLS signals during het-
eroepitaxial growth of GaP on ®01). After initiating
growth at 1200 s, minima and maxima are observed in the
time evolution of the PR signals due to interference phenom-
ena as the film grows. It should be noted that the maxima and
minima of the two signals are inverted, which is due to the
fact that one angle of incidend®R75 is above—and the
other (PR70Q below—the pseudo-Brewster angle of the
growing film. Superimposed on the interference oscillations
of the reflectance is a fine structure that is strongly correlated
to the time sequence of the supply of precursors employed
during the steady-state growth conditions. The two insets in
Fig. 3 show enlargements of the fine structure evolutions for
30 s of growth for PR75 and PR70, respectively.

For the surface reaction kinetics analysis and the valida-
tion of simulations performed using the ROSK model pre-
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FIG. 4. PR75 response to periodic exposure of growth surface to TBP anEIG. 6. PRS and LLS responses during heteroepitaxial GaP growth under
TEG precursor pulses, taken at the rising flank of an interference fringe. Thg>CBE growth, where at the positions marked the flow rate of TEG was

total cycle time $ 3 s with TPB pulses from 0 to 0.8 s and TEG pulses from changed, thus maintaining the pulse switching pattern for the supplied pre-
13to16s. cursors

sented later in the article, we varied two experimental param- | iod 1 5 he eff h
eters: (i) the position of the TEG pulse of 300 ms length ;I__EG puise was vlar_le _rorrr: 0.9 _tOF_'B S The € ECt on t ©
within the precursor cycle sequence aiid the TEG flow  [n€ structure evolution is shown in Fig. 5, where the starting

rate. One growth condition was carried and monitored for aP?int of thel TEG p_u_lse s mﬁrked by an arrow._l;l'lr;is iantIJe_nce(zj
least one and a half interference oscillations in order to ge? TEG pulse position on the PR response will be explaine

stable steady-state growth and to gather sufficient informa'or® fully in Sec. V For. comparison, all PR responses are
tion to analyze and simulate the growth process. taken at the same intensity/reflectance level on a rising flank

The correlation of the fine structure evolution with the of an interference oscillation. We note that the exposure

pulsing sequence of the precursor supply is shown in mordmes as Wel! as_the precursor fluxes are identical for each
detail in Fig. 4. In Fig. 4, the PR response is taken duringtracle suown in Follg. 5. ¢ . he ch . ‘
steady-state growth on a rising flank of an interference fringe  '" the second set of experiments, the changes In surface

using a pulse cycle sequence of 3 s, a TBP pulse from 0.0 t actior! kinetics and growth are evaluated for TBP:TEG
0.8's, a TEG pulse from 1.3 to 1.6 s and continuous hydro! ow ratios between 18 and 30. Figure 6 shows the PR and

gen flow during the complete sequence. In the first set o’f‘LS signals during hetgroepitaxial growth of GaP ofD8I) .
experiments, the flow rates and pulse durations of TEI® for three TEG flow settings of 0.05, 0.04 and 0.03 sccm, with

ms at 0.907 sccm, starting at 0)0and TEG(300 ms at 0.04 a TBP pulse of 0.0-0.8(&t 0.907 sccrand a TEG pulse of

sccn) were kept constant and only the start position of the1'3_1'6 S na puls_,e cycle sequence of 3s. ,W't_h decrgasmg
TEG flow, the spacing of the interference oscillations widens

according to the reduced growth rate. More details including
® comparisons with the results of simulations are given in Sec.
V.
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FIG. 5. PR75 responses for various TEG positions within a cycle sequence .+ 1)= : . , (3.2
The TBP exposure time, position and flux were kept constant. The flux and €k+1\/6k— €1 sir? b1+ fk\/6k+1— €1 sir? b1
surface exposure time to TEG were constant; only the start froiatked by . .
an arrow was changed. The TEG positions used were in steps of 0.2 s fron@Nd the phase shif{8, for the SRL k=2) and the growing

(1) 0.9to 1.2 up to(8) 2.3 t0 2.6 s. film (k=3) are given by
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,Bkzz)\_wdk\/ €x— €1 SIP ¢y (3.3 Si(t)= %, (3.8
TBP

Using Eqs(3.1)—(3.3), the reflectivity coefficient, isa  WherePy(t) is the source vapor flow rat¥/rgp is the molar
function of d, andd; (the thicknesses of the SRL and the volume of TBP and the constaptgp is the sticking coeffi-
film, respectively, €;, €,, €3 ande, (the complex dielectric  cient of TBP. The geometrical parametgrepresents how
functions of the ambient, SRL, film and substrate, respecmuch of the source vapors actually hits the surface of the
tively), and ¢»; and \. Here, ¢; denotes the angle of inci- wafer (a constant dependent on the structure of the reactor
dence and is the wavelength of the impinging laser light. Similarly, the second source term is represented by

The values ok, €3, €4, ¢4 and\ are constant in time, P,(1) yBrea
bute,, d, andd; vary in time as the film grows and the SRL S,(t)= Ve
composition and thickness change. To understand how these TEG
values change, we need a representative model of the chemiith correspondingP,(t), Vrgg and Brgg for the TEG
cal kinetics of the SRL, which approximates the pyrolysis ofpulse, and the same constantFor each source term we are
the primary source molecules and has been discussed in dgsing a constant flow rate between the start and stop times
tail elsewheré®? For TBP and TEG as source vapors (and zero flow elsewheyeas described in Sec. II. There is a
forming GaP, we employed a ROSKnodel. The ROSK  small time difference between the switching @ off) of
model makes the simplifying assumption that the many rethe pulse and the stafor stop of the source vapors at the
actions which make up the TBP pyrolysis are combined intasurface. This is caused by the time needed for the source
one step, the reactions which make up the TEG decomposirapor gates to open or close and for the vapors to travel to
tion are combined into two steps, and the formation of GaRhe surface. We account for it with a parametetay; so that
is one final step. The process is driven by a periodic sourcgor a source vapor pulse set to startatand stop at, the
vapor cycle as described in Sec. V. source vapors will actually reach the surface starting,at

Thus the kinetic model representing the SRL reactions ist delay and stopping atg+ delay. The delay was estimated
given by the following system of ordinary differential equa- to be 0.72 s using a parameter identification process that is

; (3.9

tions: described in Sec. IV.
q The system of differential equation&8.4)—(3.7), to-
anl(t)zsl(t)_ Kynp(t) —Kaaf1(H)Na(t), (3.4  gether with the source terms, E¢3.8) and(3.9), and appro-

priate initial conditions, can be solved numerically for the
number of moles,, n,, ny andn,. From these solutions,

Enz(t):SZ(t)_kznz(t)_kgnz(t), (3.5  the film and SRL thicknesses are found by the following
dt equations:

d VGaP

an3(t):k3n2(t)_k4n3(t)_kGaFnl(t)n3(t)a (3.6 ds(t)= Tm(t), (3.10

d QsRL

mn4(t):kGaFnl(t)n3(t)- 3.7 da(t)= T[Vlnl(t)+Vzn2(t)+V3n3(t)], (3.11

The variable?;, n, andn; represent the number of moles and the effective dielectric function of the SRL is given by
of the components of the SRL: active surface phosphorus ny(t) na(t) na(t)
fragments, diethylgallium(DEG), and monoethylgallium e,(t)=1+|<3 1+ =3 2t =3 als
(MEG) and active gallium fragments, respectively. In Eq. Zi=aM(1) Zi=1M(t) Zi=1M(1)
(3.4) the change in active phosphorus fragments is written as (3.12
a sum of a source ter®, a desorption loss termk;n; and  which is derived from the Sellmeier equatithin the above
a reaction term forming GaP. The second equation(E§), three equationsA is the surface area of the wafer, the values
which describes the defragmentation of TEG, contains &/ are the molar volumes of the components andVgpis
source ternt,, a desorption loss term k,n, and a term of  the molar volume of GaP. The parametEjsare the optical
decomposition into MEG and active gallium fragments.responses of the components of the SRL ang, is an
Equation(3.6) (change in MEG and active surface gallium effective SRL thickness parameter representing the percent-
fragment$ has a term of creation, a desorption loss term andige of the SRL that contributes to the reflectance behavior.
a reaction term forming GaP. The fourth variabtg, Egq.  With the values of the temporal dependent parametgrsl,
(3.7), represents the numbers of moles of created GaP intexnd d; found by Egs.(3.10—(3.12, and with the constant
grated into the deposited GaP film layer. This equation conparameters,, €3, €4, ¢4 and\, the reflectivity coefficient
tains only the single reaction term for the formation of GaPr, can be computed from Eg&8.1)—(3.39. Fromr ,, we then
from active surface Ga and P and has to also account for arfind the value that is actually measured in the experiments by
surface activation processes. computing the reflectand§p=|rp|2.

The source terms in the differential equations are based In the equations described here in Sec. Ii#;, X\,
on the source vapor pulses. More specifically, we modeled,,V,,V,,V3,Vaap,V1ep: V1EG A, B1,B2, 255, all start/
the source terms by the following expression: stop times, and flow rates contributing #, and P, are
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known quantities. The values of the dielectric functians

and ¢4, the rate constantk;, ks, k3, ks and kgap, the 1.2
optical responseB,, F, andF3, the geometrical parameter
v, anddelayare not known. Our work in Secs. IV and V is to 1.0 R+ AR et _min

find values of these parameters so that the mathematical
model most closely matches experimental results.

(a.u)

PR_75
&
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IV. PARAMETER IDENTIFICATION PROBLEM

Here we formulate the inverse least squares problem
used to find the set of parameters with which the results of
the mathematical model of the reflectaridescribed in Sec. R+ AR, min
[11) match most closely with the experimental data. More 1950 2000 2050 2100 2150
specifically, we are looking for the vector of parametgrs time/sec

N (Fl’FZ’.FS’kl’kz’k3’k.4'k.GaP’ v.delay) that minimizes FIG. 7. Extraction of envelope reflectance spectra from PR75 data by re-
the followmg cost function: moving the fine structure, shown near a turning point.

J(d)z \/2 (Rexp{ti)_ Readt ,q»))z_ (4-1)
: sides at the turning poiptwhile the other side represents the
HereRey,fti) is the experimental data set at the measuremerthree-layer stack plus the maximal influence from the SRL
timest; andR,{t; ,G) is the simulation results calculated at during the cycle.
the same times using the parameterdet With this method of extracting the experimental three-
We do not includee; and e, in G, because larger num- layer stack reflectand@; e, we can identify the parameters
bers of parameters make the minimization process increass ande,, as well as an average growth réte(used to find
ingly difficult. We can remove these two parameters fromthe film thickness at timeg), by comparing the calculated
the above parameter estimation problem by formulating deflectanceRs ca=|rsp|® from Eq. (4.2 t0 Ry ey This is
separate but simpler estimation problem. In particular, wedone also through an inverse least squares formulation by
use a three-layer stack as a simpler model of the growin§nding = (e3,€4,8,) that minimizes the cost function
film: removing the SRL from consideration leaves just the
ambient, the film and substrate layers. The formula for cal-  J(F)= \/E (R expfti) — Rz cad ti )2 4.3
culating the reflectance for a three-layer stack analytically is :
given by Once the values of; and e, are found, they can be used in
Fiatroe 253 solving the four-layer stack parameter identification problem
= (4.2 to find the unknown parameters,,F,,F3,Kq,ks,Ks,
Ka4,Kgap: ¥, @anddelay

Map=r e,
3P 14 rae 2P

wherer ;3 andr g, are Fresnel coefficients for the reflection
from interfaces 1-3 and 3-éhow that layer 2 is removed
and the phase shif#; is for the film layer. These values are
calculated by formulas analogous to E¢3.2) and (3.3). Comparing measurements taken with the TEG pulse po-
To compare results from this formula with experimentalsition varied while all other conditions are fixddee, e.g.,
results, we first remove the effects of the SRL from the ex-the fine structure shown in Fig) Beveals several important
perimental data by removing the small-amplitude fine struccharacteristics in the fine structure. We will explain these
ture oscillations modulated with the precursor cycle from thefeatures and show how the mathematical simulation of the
large-amplitude interference oscillations, which have a perigrowth process, using the reduced order surface kinetics
odicity of several hundreds of seconds. In order to removenodel, replicates these features.
the fine structure, first the curves on either side of the data Looking at the fine structurén the PR75 data the most
forming an envelope around it must be found. The experinoticeable change with the TEG pulse position variation is
mental version of the three-layer stack reflectance is thethe starting position of the downward slofreear the arrows
found by switching from one side of the envelope to themarked in the Fig. bwhich is present in every data set but
other where the fine structure “turns” from positive to nega- moves to later in the cycle as the TEG pulse moves to later in
tive (from adding to the three-layer stack reflectance to subthe cycle. This start of the downward slope, which is the only
tracting from i) or vice versa. This orientation of the fine feature so dependent on the TEG pulse placement, clearly
structure is cyclical with the interference oscillations, eitherrelates to the source TEG, the subsequent TEG defragmen-
turning twice per oscillation or else not turning at all, in tation and active gallium attachment on the surface.
which case there is no switching between envelope sides. In contrast, the starting position of the upward slope in
Figure 7 shows this extraction of the three-layer reflectancéhe fine structure remains in the same place shortly after the
out of the experimental data near a turning point. The threestart of the cycle, independent of the TEG pulse position. It
layer reflectance plus the minimal influence from the SRLcan be related to the source TBP exposure, its defragmenta-
during a cycle is shown on one side of the d&witching tion and the formation of active phosphorus on the surface.

V. ANALYSIS OF RESULTS
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perimental and calculated data, follows the pulse position
nearly linearly.

The fine structure amplitudghe difference between the
maximum and minimum reflectance over a cyclalso
changes slightly but clearly with the change in TEG pulse
position. As shown in Fig. 9, the amplitude is largest for
TEG pulses near the middle of the range used. This can be
explained as a result of the closeness of the TEG and TBP
pulses. If the TEG is input soon after the TBP, there will be
a large GaP formation reaction, leaving little or no active
gallium to carry over to the next cycle. If the TEG comes in
very late in the cycle, right before the next TBP pulse, there
may not be time for decomposition of all the TEG to gallium
[ (D) to occur before GaP formation with the incoming phos-
phorus starts. With a more central TEG pulse, the phos-
phorus and gallium will each have the time to build up on the
) 18 surface, in turn creating more extreme changes in the SRL

time (sec) thickness and composition and therefore larger fine structure
FIG. 8. Simulated PR75 responses for various TEG positions within a cycl@mplitude.
sequence, with the rest of the source cycle properties kept constant. These Note that this analysis of the fine structure is at a specific
FF’irgf’g.”ﬁea:ﬁa;hgeeéo%g”Sg;ﬁn""; p'gi":‘ttc?st:f:ie‘g é;eaixgﬁgw'ema' data Bjace on the interference oscillations, fairly high on a rising
flank. Other places, particularly on the other side of a turning
point, will have different characteristicgor example, the
, . , TEG pulse may result in a jump upward and the TBP pulse
Both starting positions are delayed by approximately 0.72 §, 4 jump downwary
after the start of the pulses. This delay is due to the time 50" arger-scale feature of the reflectance data we can
needed to open the source vapor gates and the time for the, o+ s the average film growth rate for the various TEG
vapors to travel to the surface, as noted in the description Oﬁulse positions, shown in Fig. 9. The general downward
the model. slope can be explained in terms of the closeness of the two

T_he_ same upward an_d doyvnward slopes angl delay Chag.‘ulses. As the TEG pulse moves later in the cycle away from
acterls_t|cs can be Seen n Fig. 8, where the fine structur e TBP pulse there is less phosphorus to react with, so there
evolutions of the simulated data are compared at the SAME more active gallium left on the surface to be lost via de-

Fhoénéivir?vxt/z(: de;(npde:g]v(\jg:gls(ljoapt)Zsirl:;r:gk;ezr-:—:lsz%?jpbs(imiiﬁsrptiOn' The TEG pulse positions nearest the start of the
) X . ; I to be t I to the TBP pulse for the fastest
width at half maximum(FWHM), defined by the width be- cle seem 1o be 100 close o e puise or the 1astes

i r the d d and dsl ith val growth rate however. The incoming TEG and its defragmen-
ween imes on the downward and upward slopes with valu€g,; products may be partially blocked from the available
halfway between the maximum and minimum reflectance

. . . o . ~active phosphorus in the SRL by TBP that failed to stick
during that cycle. Figure 9 illustrates how this width shrinks L 5
as the TEG pulse is moved toward the end of the cycle anand/or desorbed phosphorus that is sitting loose on the sur

: . ace.
closer to the next TBP pulse. This change, in both the ex- Another large-scale characteristic feature of the data sets

is the position of(or complete lack ofturning points in the

fine structure. These come in pairs for every interference

oscillation or not at all, as discussed in Sec.(IMth a clo-

. @) seup of a turning point in Fig.)7The turning point positions
can be characterized by the derivative of the reflectance. The
overall derivative amplitude is related to the periodic thick-
ness changes in the SRL. This amplitude is minimized at the

(b) turning points, where the fine structure amplitude is smallest

- Smolation and so the reflectance curve least steep. Figure 10 shows the

1 close match between the experimental and calculated deriva-

S g tive amplitudes and turning point positions. In earlier
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: ] Sim“mm: works>®we showed that the locations of these turning points
0] change as a function of the SRL dielectric properties. The
- good agreement shown in Fig. 10 indicates that the SRL
o8 12 e 2 T4 dielectric properties were obtained correctly.
TEG pulse start position (sec) The measurements taken with the TEG pulse position

FIG. 9. Properties of the PR responses as affected by the TEG start positio];\l:xed but the flow rate varied also CorreSpond to what is

(a) average film growth rateth) amplitude of the fine structures in Figs. 5 expected. Examples of the fine structtagain for PR7pfor
and 8; andc) FWHM of the fine structures. the three TEG flow rates are shown in Fig. 11 for both ex-
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FIG. 10. Characterization of the fine structure envelope using the first de-
rivative of the reflectance spectrum. For comparison, the experimental and
simulated reflectance spectra with thémumerical first derivatives are
shown(TEG pulse is 1.3—1.6)sThe simulated reflectance spectrum lies on
top of the experimental spectrum and is not shown for clarity.

time (sec)

FIG. 12. Contributions of parts of the model to the simulated reflectdace:
source vapor fluxegh) number of moles of the three SRL componeiits,
SRL thickness, an¢d) SRL effective dielectric function real and imaginary
parts. These result ife) simulated PR response, showing experimental fit-

perimental data and simulated data. In contrast with theing measurementdor TEG 1.3-1.6 5
variation of the pulse position, here the shape of the fine
structure remains the same, since the shape of the source

vapor cycle is the same. The positions of changes in thg,gier film growth rate, which causes steeper large-scale
slope remain constant due to the constant position of the,es as seen in Fig. 11 and faster interference oscillations
TEG pulse. The amplitude of the fine structure does changgg seen in Fig. 6. Both the experimental and simulated data
since as the TEG flow rate increases there will be more galsg(s show these characteristics and both results agree with
lium deposited in the SRL, and this will cause a larger effeciozch other extremely well.
in the reflectance. Larger TEG flow also results in a much ¢ steps in the generation of a set of simulated data
which were used to compare against experimental data pre-
sented in Fig. 3 are shown in detail in Fig. 12 for a TEG
pulse of 1.3-1.6 ¢and a TBP pulse of 0.0-0.8.sThe three
SRL components are the result of the source pulses and
ROSK model simulation. From the SRL components, the
SRL thickness and dielectric function are found. These val-
ues then contribute to the calculated reflectance. Figure 12
shows how the arrival of gallium in the SRL causes the
downward slope in the fine structure and how the arrival of
phosphorus causes the upward slope. The good fit of this
simulated fine structure to the experimental data as shown in
Fig. 12 will also hold for the rest of the interference oscilla-
tions. This is illustrated in Fig. 10, where the reflectance
derivatives match, as the actual reflectance curves match
(and the fine structure amplitudes and turning points also
agree. The closeness of the fit and the correlation of the
¥ . significant features discussed above support the ROSK
13.4 ; model of the growth process and its effects on the reflectance
measurements.

An important aspect of the behavior of the SRL kinetics
FIG. 11. Experimental and simulated PR75 responses for various TEGvhich can be seen in Fig. 12 is the difference between a
f!uxes under steady-state growth conditions. The TBP exposure tim_e, pof%hosphorus- and gallium-terminated surface at the end of a
tion and flux were kept constant, as were the surface exposure time al Cycle sequence. We had at first expected a phosphorus-

pulse position for TEG. The TEG fluxes used wétg0.05,(2) 0.04 and(3) - ;
0.03 sccm. terminated surface at the end of each cycle sequence time,

14.4

14.2

14.04

R, (au.)

13.6 --©---0- experimel

simulated

time (sec)
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where the TEG pulse is almost completely used up througl. CONCLUSIONS
desorption or formation of GaP, leaving some phosphorus in

- We introduced a reduced order surface kinetic model
the SRL at the start of the next pulse cycle. However, simUyging generalized reaction rate parameters to describe the

lated reflectance data with this type of behavior could not filyecomposition kinetics of the organometallic precursors TBP
the experimental data. Instead, a set of parameters whick,q TEG used during heteroepitaxial growth of GaP on Si.
resulted in a gallium-terminated surfa¢ehere the TEG The set of coupled differential equations that describe the
pulse is not all used up at the end of the cycle time, leavingurface reaction kinetics provide information about the dy-
an amount of gallium in the SRL being carried over to thenamics of molar concentrations of precursor fragments
next cyclg gave a much more accurate fit as describedstored in the surface reaction layer and their incorporation
above. into the underlying growing film. We fitted sets of experi-
The data measured at the second an@R70 have mental data using this model to identify the unknown param-
structures and features similar to the PR75 data, with theters involved in the surface kinetics and their effect on the
major difference being the inversion of interference oscilla-PR measurements. The results showed that the mathematical
tion maxima/minima since the angles are on opposite sidegodel can be used to effectively predict the large- and smalll-
of the pseudo-Brewster angle. Analysis of these measurécale features of the experimental data and to model the
ments using the same model results in parameters similar @€Position process. However, a validation of the predicted
those found for PR7%which are given belowand a similar ~ Surface reaction layer constituents apd thei.r concentrations,
fit of the reflectance data. There are a few noticeable differ®S computed by the ROSK model, will require the develop-

ences between the two, which can be explained by the meg_jent of highly surface-sensitive_, molecular spgcifi_c diagnos-
surements being taken with light beams hitting differenttic techniques that allow analysis of the dynamics in the SRL

points on the surface. If the growth is somewhat uneven thiémd_er steady-state growth. I_:or this,_ the application of PRS in
could cause differences in the parameters in the growtﬁhe infrared wavelength regime, using tunable laser sources,

model when the two data sets are compared. has been proposed.
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