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The engineering of advanced optoelectronic integrated circuits implies the stringent control of
thickness and composition. These demands led to the development of surface-sensitive real-time
optical sensors that are able to move the control point close to the point where the growth occurs,
which in a chemical beam epitaxy process is the surface reaction layer, built up of physisorbed and
chemisorbed precursor fragments between the ambient and film interface. In this context, we
explored the application gf-polarized reflectance spectroscd®RS for real-time monitoring and
control of pulsed chemical beam epitaxy during low-temperature growth of epitaxial,&aP
heterostructures on ®01) substrates. A reduced order surface kinetics model has been developed
to describe the decomposition and growth kinetics of the involved organometallic precursors and
their incorporation in the film deposition. We demonstrate the linkage of the PRS response towards
the surface reaction chemistry, composition, film growth rate, and film properties. Mathematical
control algorithms are applied that link the PR signals to the growth process control parameters to
control the composition and growth rate of epitaxial ;Gdn,P heterostructures. @999
American Vacuum Societ)S0734-210(199)08004-3

I. INTRODUCTION (PCBB of llI-V heteroepitaxial growth. The demonstrated

Applying optical probe techniques to real-time Ch(,mmer_.rllgh sensitivity of PRS towards surface reactions processes

ization of thin-film growth inherits the challenge of relating in the context of real-time monitoring of PCBE has opened

surface chemistry processes that drive the growth process B?W possibilities for characterization and control of thin-film
growth/film properties, such as composition, instantaneou epotsrlltlon g_roce(;sse;. CIZI)BuErIng h;;[groei);;raxml fGaEf.q;axP' di
growth rate, or structural layer quality. The need is especiall;gJrOW on st under conditions the surtace 1s periodi-

acute for chemical deposition methods, where the surfac(éaIIy exposed to metalorganic precursors, which causes a

plays a major role in the growth process and the addition OPeriodic in composition and thickness altered surface reac-

small amounts of new reactartis.g., dopantscan severely tion layer (SRL). The control of a growth process using the
modify growth chemistries? The ,Iimited knowledge in optical signature from the the SRL that feeds the underlying

these areas slowed the progress in understanding and co‘i’{-OV_Vth requires detailed ingtantaneogs s.imulation and. pre-
trolling thin-film growth. To improve the understanding of diction .Of the surface chemistry :_:md Its “.nk to the 9pt|cal
the driving mechanisms of growth processes, nonintrusiv@ OPerties of the outermpst !ayer in a multilayer medium. A
real-time techniques have been developed, focusing on tr{gduced order surface kineti¢€ROSK) mode has been de- .
monitoring of surface processes by reflection high-energ)yebped that describes the growth process with a mathemati-

electron diffraction(RHEED),® reflectance difference spec- (r:]altly redﬂce_dlnumber Pof surfta;::e reaction eqluatl_(l)_rr:s gsmg
troscopy (RDS),* surface photoabsorptioiSPA),°>~" and ee_rogpltsma (lz’ank)( g;OV,\[/. as fat?] exar?p €. et'ty- )
o-polarized reflectance SpectroscaBRS.F-10 namic in the molar concentrations of the surface constituen

Presently, the only two techniques that combine the agevolution gives information on the SRL thickness, its optical

vantage of high surface sensitivity with bulk film properties response in f? four—meddli—layer app.r(.mm?tlﬁn, the !nst?rta-
characterization ar¢a) an integrated spectral ellipsometry neous growth rate, and the composition of the growing film.

(SE)/RDS spectrometer developed by Aspeesl! and(b) For real-time closed-loop deposition control, a \_/irtual sub-
PRS®10 Both techniques aim to integrate the optical re. Strate approach was u§ed, an apprloach recently introduced by
sponse to surface processes with the optical response to btﬁgpnes for product-driven deposition conttt.
properties to monitor and control the deposition process with
submonolayer resolution. II. EXPERIMENTAL SETUP AND RESULTS

This contribution describes the recent developments uti- For monitoring both the bulk and surface properties dur-
lizing p-polarized reflectance spectroscopy for closed-loofng heteroepitaxial Ggn, _,P growth on Sip-polarized re-
deposition control during pulsed chemical beam epitaxyflectance spectroscopy has been integrated in a pulsed chemi-

cal beam epitaxy system, as schematically shown in Fig.

dCorresponding author; electronic mail: ndietz@unity.ncsu.edu 1(b). In PCBE, the surface of the substrate is exposed to
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UHV Mo-Heater Fic. 3. Growth of a graded Ga,In,P layer (see the graded Ga,In,P
Chamber  pwe—— region marked in Fig. 2 (a) estimated composition, determined &= situ
== Si-substrate x-ray diffraction analysis. (b) and (c): evolution of the PR signals. The
insets show the fine-structure response at two different positions with dif-
t-butPH, beam ferent TMI:TEG flow ratios and different PR responses to it. The ROSK
2/Ga(C, Hs )3 model introduced below will demonstrate how the optical PR response is
In (CH3)3 beam linked to composition and growth rate.
| \

=632.8nm and\,=650nm and Glan—-Thompson prisms,

to bypass to bypass as illustrated in Fig. (g). The beams impinge on the sub-
chamber chamber strate at two angles of incidence PR%0=71.5°) and PR75
(b) (¢=75.2°). The LLS intensity is detected using a photomul-

tiplier tube (PMT). Further details on the experimental con-
Fic. 1. (a) Schematic setup of PRS, LLS, and quadrupole mass spectroscopéﬁtionS are given in previous publicatio?l‘slo'ls_23

QU o el ime rowthcharcterzsonty Seupof e chericl - Figure 2 shows the evolution of the PR signals during
growth. growth of Ga_,In,P/GaP on SD01) at 420 °C, recorded for
PR70 and PR75 at=650=5 nm and at\ =632.8 nm, re-
spectively. The growth process is composed of four sec-
pulsed ballistic beams of (Eg)PH, (TBP) and G&C,Hs);  tions: (a) substrate and surface preconditioniriigy depo-
(TEG) and INCHg)5 (TMI) at, typically, 350—450 °C to ac- sition of a GaP buffer layer lattice matched to the substrate;
complish nucleation and overgrowth of the silicon by an ep<(c) growth of a graded Ga,In,P layer, which is shown in
itaxial GaP/Ga_,In,P film. For PRS and laser light scatter- more detail in Fig. 3; andd) growth of a GaP cap layer.
ing (LLS), we employed p-polarized light beams(\; During the preconditioning period, the PR signals change

10

< GaP >
i =graded Ga,_In P structure> | :

Substrate

strate | ¥
conditioning f_GaP—ﬁg

Fic. 2. Growth monitored by PRS during heteroepi-
taxial Ga _In,P/GaP on 3D01).

LLS
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time (s)

JVST A - Vacuum, Surfaces, and Films



1302 Dietz et al.: Real-time optical control of Ga  ;_,In,P film growth 1302

according to the temperature dependency of the substrate A

The signals are used to verify independent temperature mea  «&—— Gaj_xInxP Precursor Cycle Sequence —————3»
surements and to calibrate the actual surface temperatures '

5 |
After initiating growth, minima and maxima are observed in 5 TBP TBP |
the time evolution of the PR signals due to the interference 5 TEG ™I
phenomena as the film grows. Please note that both signal &, \ \\ :
are phase shifted, which is due to the fact that one angle of
incidence(PR79 is above—and the othéPR70 below— o 08 ‘
the pseudo-Brewster angle of the growing film material. This time (sec)

angle is defined for an infinitive thick Iayer only and is in the Fic. 4. Schematic representation of a precursor cycle sequence used for the

range between 71° and 74° for GaIn,P monitored at growth of the ternary compound semiconductor, Gén,P grown via the
632.8 nm. Superimposed on the interference oscillations afrganometallic precursors TBP, TEG, and TMI. The start positions for TEG

the reflected intensity is a fine structure that is strongly corand TMI, indicated byt, andt,, were 1.5 and 4.5 s for the experiment
related to the time sequence of the supply of precursors enf'o%n in Fig- 2.
ployed during the steady-state growth conditions.

tll tl-'+0.3 3.0 38 ta t+03 6.0

IIl. REDUCED ORDER SURFACE KINETICS (ROSK) ute to the stabilization of the SRL. In view of intermolecular
MODEL FOR Ga,_,In,P DEPOSITION interactions, deviations of the SRL from ideal behavior can

be expected. However, the objective here is to relate the

The reduced_order surface kinetics model f_or the bina%weasured PR signals to the dynamic of the decomposition
compound semiconductor GaP growth from triethylgallium g cesses of the SRL constituents, and to relate the kinetics

and tertiary-butylphosphine TBP has been discussedt growih and real-time modeling for closed-loop process
previously=® At this, we extend this model by adding the g

decomposition mechanism for trimethylindium for the de- g requced order kinetic model for the compound semi-
scription Of. heteroeplta>.<|gl le,xP'growth. The TMI de- conductor Ga_,In,P summarizes all chemical reactions in
fragmentation and sufficient retention of fragments on the;,o qominant bimolecular reaction for the TBP pyrolysis

surface occurs within a limited process WiZQdOW in the M- (firs¢ precursor, POL two dominant bimolecular reactions
perature range 700KT<850K for S{100.”" The kinetics ¢, tha TEG decompositiorfsecond precursor, PE2and

of TMI pyrolysis for the growth of Ggn, P utilizing tri- 5 qominant reactions for the TMI decomposition process.

methylindium, triethylgallium, and tertiary-butylphosphine a; nrecursors are supplied sequentially separated by pauses
as source vapors has been discussed in detail elsetitfére. as shown schematically in Fig. 4.

lts progression can be summarized in three CONSECUtiVe \yjty the above-mentioned assumptions, the differential

steps: rate equations for the molar concentrationsof the SRL
In(CHg)3—In(CHj3), + CHy', (1)  constituents in the Ga,In,P system can be written as
IN(CHz~InCH;+Ch B ()= a2y (D)~ Aung(Ony() ~Bng(Dny(1),
||nCH3—>||n+CH3, (3) (4)

where the vertical dashes and superscript dots denote lone

electron pairs and single valence electrons, respectively. aHZ(t):nTEG_aznZ(t)v (5)

For GaP growth on $100), we have shown that the de-
composition of TBP is fast and elimination of ethyl radicals
from the TEG fragments represents the rate limiting $tep. an3(t):”éznz(t)—53n3(t)—§4n3(t)n1(t), (6)
Depending on the delay between the TEG and TBP source
vapor pulses, carry over of TEG fragments from one precur-
sor pulse cycle to the next may occur, which establishes in an5(t):nTM|_~asn5(t), (7
steady state a surface reaction layer consisting of a mixture
of reactants and products of the chemical reactions that drive 5 5 5
the epitaxial growth process. In a realistic model, the SRL g7 Ne(t) =@sNs(t) ~sNe(t) ~a7Ne(t)Ny (1), (8)
represents a multicomponent mixed phase with a variety of
radical reactions that have to be added to the above reactioMgth the two incorporation reactions
(1)—(3) and to the reaction products from the TEG and TBP
decompositiorf® The thickness and composition of the SRL an4(t):54n3(t)nl(t), (9)
depends on the relative heights and widths of the employed
TMI, TEG, and TBP source vapor pulses and their repetition
rate. We note that some of the intermediate fragments of the an7(t)=é7n6(t)n1(t), (10
source vapor molecules in the SRL that feed IlI-V CBE may
carry permanent dipole moments, which are likely to contribfor GaP and InP, respectively.
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Equations(4)—(6) describe the reduced order TBP and factors associated with transitions that characterize specific
TEG pyrolysis as described earlférn gp andnszg denotes molecular fragments, and denotes the frequency at which
periodic supply functions expressed in terms of the molafe, is evaluated.
concentration of TBP and TEG reaching the surface. To this, This ROSK model provides a description of how to relate
we add Eqs(7) and (8) that describe the parametrized re- changes in composition and thickness of the SRL to an ef-
duced order TMI pyrolysis. This pyrolysis is assumed to befective dielectric functiore;(w,t) andd;(t), respectively. It
similar to the TEG pyrolysis that is described by a two-stepallows also to obtain the instantaneous compositioand
decomposition process using two generalized reaction pagrowth rategs,(t) of the Galn;_,P film. The ROSK data are
rametersd; andag with a periodically supplied molar con- incorporated in Fresnel’s equation that determines the reflec-
centrationnty, of TMI. The formation of GaP and InP and tance amplituder of the p-polarized light as follows: Con-
its incorporation in the underlying film is summarized in the sider the four-layer media composed of ambient/SRL/film/
reactions Eqgs(9) and(10). The compositiorx for the com-  substrate. We model the reflection/refraction of the surface
pound semiconductor Ga,In,P is expressed as the aver- reaction layer by an effective medium with the homogeneous
aged ratio of molar concentration over a cycle sequence dielectric functione;(t) and the thicknesd,(t). Let us de-

note the four media by the indices=0,1,2,3 labeled from
f £n7 the ambient to the substrate. The reflection coefficignt ,

dt from the (h—1)st media tonth media is given by

d d

X dt, (11
f (ﬁn“am) fn\/fn—l_fosmz‘P_En—l\/fn_fosmz@
rnfl,n: \/—nz \/71_]2! (15)
and the instant film growth ratgy, is given by €nVén—1~ €0SIM ¢+ €n—1Vén— €SI @
1. d - d wheree, is the complex dielectric function of theh media.
9n="75| Vearg; Nat Vinegg N7 |- (12 The factor®,, for the nth media is given by
At this point, the SRL is treated as a homogeneous ideal _2md, Je—ersifo (16)
solution and the surface ar@as assumed to be constant for nT ) Ve~ €sIme,

simplicity. Also note that the surface structure, number of
reaction sides, and inhomogeneous reactions are not explitthered, is the thickness of thath media. For the formula-
ity addressed at this point and are integrated into the readion of the control problem we analyze the multilayer film
tion parameterd, and@,. stack of Galr,_,P with different compositiorx using the
The temporal thickness evolution of the SRL is given byvirtual interface(Vl) method described by Aspnés:2°Con-
1 sider the above-formulated four-layer media composed of
dy(t) = K[n1V1+nsz+n3V3+n5V5+neVe], (13) ?nrgz:znstgg(LQg?/izu;)jitlial'jg s;d replace it through a four
— ) ) (i) the ambient0);
whereV; are the molar volumes of the constituents in the (i) the surface reaction layer represented by @&g.

SRL. . ) (i) a the near-surface lay€u) describing the growing
Based on the above reaction chemistry, we model the;, with compositionx; and

linkage between the measured PR signals and the surface (iv) a virtual substratew), represented by its complex
kinetics on the basis of a reduced order surface kinetic$; ,al reflectance coefficients, .

model and a four-media stack: ambient/SRL/epilayer/ ) ) o

substrate, which represents the simplest possible descriptidffith this, the total reflectance amplitude is given as

of the optical response under the conditions of the PCBE

: : : rogtfe 2% rytr,e 2%
processes. For the interpretation of the time dependence of rr ,=— — . with f=—"—5o. (17)
the four-media stack reflectanBg(t) in terms of the chemi- 1+rofe = 1+ryr,e =

cal kinetics in the SRL that drives epitaxial growth, the di-

electric function of the SRLe;, must be linked to its com- Here,rqy, r1,, and®; are functions ire;(t) andd,(t). The

osition. Such a linkage can be established by a roximatinVirtual reflectance coefficiemt, can be determined by know-
b ) 9 y app %g the thicknesses and dielectric constants for each of the

the dielectric function of the SRL through an effective di- .
: : : underlying layers. However, even under exact knowledge of
electric functione,, parametrized and expressed as the sum :
. - i each of these parameters, the recursive formula that deter-
over all molar fraction; contributing to the SRL: . .
minesr, can be numerically unstable and nonrobust.
ni(t) At this point, we can establish a mathematical control
ei(w):€m+i;7xi(t)|:i(w) and x(t)= S ) loop, as schematically outlined in Fig. 5, for the control of
’ (14) the deposition process with a control of compositian the
_ _ _ _ _ Galn,_,P surface layer, utilizing the real-time measured PR
The dielectric function of the SRL is obtained by sum- signa|s at the two different ang|es of incidenpﬂ i=1,2:
ming over the contributions of all its constituents, identified

by the labeli. In Eq. (14), F;(w) denotes optical response Ri(t)=|rr 4|>=h;(e,(t),d(t),gr(t),x(t))+noise, (18

JVST A - Vacuum, Surfaces, and Films



1304 Dietz et al.: Real-time optical control of Ga  ;_,In,P film growth 1304

A

500A >

Virtual Reactor -
r E

Growth System

A x=0.5
n(t): state function estimator ] ) ° 1.0

State n(t) W

= i d. .. ] b )
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s(t) 5

State Feedback Law
s(t) = K(fi) <

0.6

flow ratio TMI:TEG

Fic. 5. Control of heteroepitaxial Ga,In,P growth: the compensator de-
sign consists of three elementd) the ROSK model described Hy (2): 1 ertos
filter gainsG;(t) based on nonlinear-filtering techniques; a8 feedback 04 £
law K based on dynamical programming. 1

[0.2

where the output functionls; are determined by Eq$15)—

(18). The nonlinear filtering algorithms applied for real-time

estimate® yield the compositiorx, the growth rategr(t), ot e L L

and the dielectric function of the surface layer. 4000 4500 5000 5500 6000 6500
Now, we can formulate the problem of controlling the time (s)

growth rate and composition of @a;_,P as

Fic. 6. Closed-loop feedback controlled growth of a 500 A parabolic

td 2 Ga _,In,P heterostructure.
—n
Min JT c Xall) - ot 7
o] | 1-Xa(t) ft in angles of incidencep=71° and ¢=75.2°, at \=650
t, dt 4 +5 nm and af\ =632.8 nm, respectively. The two insets in

Fig. 7 show, enlarged, the evolutions of the PR signals at
different times during growth of GaP on (801) and are
compared with the simulation. The off-line-simulated re-

2
+Clgg—gr(v)]* ¢ dt, (19 sponses using the ROSK model and nonlinear filtering are
shown with an offset in order to compare it with the experi-
ment.
subject to @/dt)n(t) =f(n(t))+ Bs(t) +noise, wheregg, is The steps of the generation of a set of simulated data are
the desired growth rate per cycle axngthe desired compo- shown in detail in Fig. 8 for the TEG pulse 1.3—1.6asd
sition. TBP pulse 0.0-0.8)sdata. The three SRL components are

The application of the nonlinear filtering algorithm is the result of the source pulses and the ROSK reaction ap-
demonstrated in Fig. 6 during growth of a parabolic gradedoroximations. From the SRL components, the SRL thickness
500 A thick GalnP structure. The PR responses PR75 andnd dielectric function are found. These values then contrib-
PR70 are the feedback signals to control TEG and TMI flowsaute to the calculated reflectance. The fit of the simulated fine
based on nonlinear-filtering techniques and dynamical prostructure to the experimental data are shown in Fig).8
gramming shown in Fig. 5. In this experiment, the filtering The parameters found by the minimization resultedsjg,
output was integrated over ten cycle sequer(@@ss, 20 A =10.6—0.06; egypsyra=15.82—0.27; an average SRL di-
resolution to adjust the control signals for the TEG and TMI electric function of 16.82 4.4f; and an average film growth
flows. The high integration time caused some controller in+ate of 0.365 A/s.
stabilities, observed in the setting of the TMI:TEG flow ratio A change in cycle sequence, flow ratio, flux, temperature,
(see the fluctuations in the flow ratio control signal in Fig. 6 or total system pressure, leads to different results, with no
which shows a stepwise adjustment/fluctuation in the TEGoredictable correlation found yet. Presently, most of the rel-
and TMI flows. The two insets in Fig. 6 show enlarged theevant reactions pathways and their rate constants are not
evolutions of the PR signal$30 9, taken at the same time. known, with almost no information on reaction kinetic data
The different amplitudes are related to the distinct composiat growth temperature. Accessing these data will require
tion and thickness of the SRL as described by the ROSKeal-time infrared PRS to analyze molecular-specific absorp-
model. tion signatures and their correlation with real-time mass

Figure 7 shows a off-line analysis and parameter estimaspectroscopic signals. Such an analysis would allow us to
tion of the PR signals during growth of GaP or((8i1) at  gain a better understanding of the surface reaction kinetics,
350 °C. The experimental PR signals were recorded for twahe validation of the ROSK model, and would provide quan-

J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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Fic. 7. On-line state estimation of sur-
face kinetics based on two PRS sig-
nals.
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A titative input parameters for more detailed modeling of the
TBP ‘ , - growth process.

IV. SUMMARY

We reported the compositionally and thickness controlled
growth of GalnP heterostructures, using PRS as the feedback
sensor. An on-line parameter estimate of the state functions
fA(t) using the PRS signals is used to analyze the PRS fine
structure and to provide the control signa(s) for TEG and
TMI flows. We introduced a reduced order kinetics model
using generalized reaction rate parameters to describe the
thickness and composition evolution of the SRL. The molar
concentrations); in the SRL are directly linked to instanta-
neous growth rate and composition of the underlying film.

flux (a.u.)

n(t)
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