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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 ofp-polarized reflectance spectroscopy~PRS! for real-time monitoring and
control of pulsed chemical beam epitaxy during low-temperature growth of epitaxial Ga12xInxP
heterostructures on Si~001! 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 Ga12xInxP heterostructures. ©1999
American Vacuum Society.@S0734-2101~99!08004-5#
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I. INTRODUCTION

Applying optical probe techniques to real-time charact
ization of thin-film growth inherits the challenge of relatin
surface chemistry processes that drive the growth proces
growth/film properties, such as composition, instantane
growth rate, or structural layer quality. The need is especi
acute for chemical deposition methods, where the surf
plays a major role in the growth process and the addition
small amounts of new reactants~e.g., dopants! can severely
modify growth chemistries.1,2 The limited knowledge in
these areas slowed the progress in understanding and
trolling thin-film growth. To improve the understanding o
the driving mechanisms of growth processes, nonintrus
real-time techniques have been developed, focusing on
monitoring of surface processes by reflection high-ene
electron diffraction~RHEED!,3 reflectance difference spec
troscopy ~RDS!,4 surface photoabsorption~SPA!,5–7 and
p-polarized reflectance spectroscopy~PRS!.8–10

Presently, the only two techniques that combine the
vantage of high surface sensitivity with bulk film properti
characterization are~a! an integrated spectral ellipsomet
~SE!/RDS spectrometer developed by Aspneset al.11 and~b!
PRS.8–10 Both techniques aim to integrate the optical r
sponse to surface processes with the optical response to
properties to monitor and control the deposition process w
submonolayer resolution.

This contribution describes the recent developments
lizing p-polarized reflectance spectroscopy for closed-lo
deposition control during pulsed chemical beam epita

a!Corresponding author; electronic mail: ndietz@unity.ncsu.edu
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~PCBE! of III–V heteroepitaxial growth. The demonstrate
high sensitivity of PRS towards surface reactions proces
in the context of real-time monitoring of PCBE has open
new possibilities for characterization and control of thin-fil
deposition processes. During heteroepitaxial GaP/GaxIn12xP
growth on Si under PCBE conditions the surface is perio
cally exposed to metalorganic precursors, which cause
periodic in composition and thickness altered surface re
tion layer ~SRL!. The control of a growth process using th
optical signature from the the SRL that feeds the underly
growth requires detailed instantaneous simulation and
diction of the surface chemistry and its link to the optic
properties of the outermost layer in a multilayer medium.
reduced order surface kinetics~ROSK! model has been de
veloped that describes the growth process with a mathem
cally reduced number of surface reaction equations us
heteroepitaxial GaxIn12xP growth as an example. The dy
namic in the molar concentrations of the surface constitu
evolution gives information on the SRL thickness, its optic
response in a four-media-layer approximation, the instan
neous growth rate, and the composition of the growing fi
For real-time closed-loop deposition control, a virtual su
strate approach was used, an approach recently introduce
Aspnes for product-driven deposition control.12

II. EXPERIMENTAL SETUP AND RESULTS

For monitoring both the bulk and surface properties d
ing heteroepitaxial GaxIn12xP growth on Si,p-polarized re-
flectance spectroscopy has been integrated in a pulsed ch
cal beam epitaxy system, as schematically shown in F
1~b!. In PCBE, the surface of the substrate is exposed
130017 „4…/1300/7/$15.00 ©1999 American Vacuum Society
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1301 Dietz et al. : Real-time optical control of Ga 12x InxP film growth 1301
pulsed ballistic beams of (C4H9!PH2 ~TBP! and Ga~C2H5!3

~TEG! and In~CH3!3 ~TMI ! at, typically, 350–450 °C to ac
complish nucleation and overgrowth of the silicon by an e
itaxial GaP/Ga12xInxP film. For PRS and laser light scatte
ing ~LLS!, we employed p-polarized light beams~l1

FIG. 1. ~a! Schematic setup of PRS, LLS, and quadrupole mass spectros
~QMS! for real-time growth characterization.~b! Setup of pulsed chemica
vapor deposition system for epitaxial III–V compound semiconduc
growth.
JVST A - Vacuum, Surfaces, and Films
-

5632.8 nm andl25650 nm! and Glan–Thompson prisms
as illustrated in Fig. 1~a!. The beams impinge on the sub
strate at two angles of incidence PR70 (w571.5°) and PR75
(w575.2°). The LLS intensity is detected using a photom
tiplier tube ~PMT!. Further details on the experimental co
ditions are given in previous publications.8–10,13–23

Figure 2 shows the evolution of the PR signals duri
growth of Ga12xInxP/GaP on Si~001! at 420 °C, recorded for
PR70 and PR75 atl565065 nm and atl5632.8 nm, re-
spectively. The growth process is composed of four s
tions: ~a! substrate and surface preconditioning;~b! depo-
sition of a GaP buffer layer lattice matched to the substra
~c! growth of a graded Ga12xInxP layer, which is shown in
more detail in Fig. 3; and~d! growth of a GaP cap layer.

During the preconditioning period, the PR signals chan

py

r

FIG. 3. Growth of a graded Ga12xInxP layer ~see the graded Ga12xInxP
region marked in Fig. 2!: ~a! estimated composition, determined viaex situ
x-ray diffraction analysis. ~b! and ~c!: evolution of the PR signals. The
insets show the fine-structure response at two different positions with
ferent TMI:TEG flow ratios and different PR responses to it. The RO
model introduced below will demonstrate how the optical PR respons
linked to composition and growth rate.
i-
FIG. 2. Growth monitored by PRS during heteroep
taxial Ga12xInxP/GaP on Si~001!.
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according to the temperature dependency of the subst
The signals are used to verify independent temperature m
surements and to calibrate the actual surface tempera
After initiating growth, minima and maxima are observed
the time evolution of the PR signals due to the interfere
phenomena as the film grows. Please note that both sig
are phase shifted, which is due to the fact that one angl
incidence~PR75! is above—and the other~PR70! below—
the pseudo-Brewster angle of the growing film material. T
angle is defined for an infinitive thick layer only and is in th
range between 71° and 74° for Ga12xInxP monitored at
632.8 nm. Superimposed on the interference oscillation
the reflected intensity is a fine structure that is strongly c
related to the time sequence of the supply of precursors
ployed during the steady-state growth conditions.

III. REDUCED ORDER SURFACE KINETICS „ROSK…

MODEL FOR Ga12x InxP DEPOSITION

The reduced order surface kinetics model for the bin
compound semiconductor GaP growth from triethylgalliu
and tertiary-butylphosphine TBP has been discus
previously.23 At this, we extend this model by adding th
decomposition mechanism for trimethylindium for the d
scription of heteroepitaxial GaxIn12xP growth. The TMI de-
fragmentation and sufficient retention of fragments on
surface occurs within a limited process window in the te
perature range 700 K,T,850 K for Si~100!.24 The kinetics
of TMI pyrolysis for the growth of GaxIn12xP utilizing tri-
methylindium, triethylgallium, and tertiary-butylphosphin
as source vapors has been discussed in detail elsewher20,25

Its progression can be summarized in three consecu
steps:

In~CH3!3→In~CH3!2
–1CH3

–, ~1!

In~CH3!2→uInCH31CH3
–, ~2!

uInCH3→uIn–1CH3
–, ~3!

where the vertical dashes and superscript dots denote
electron pairs and single valence electrons, respectively.

For GaP growth on Si~100!, we have shown that the de
composition of TBP is fast and elimination of ethyl radica
from the TEG fragments represents the rate limiting ste26

Depending on the delay between the TEG and TBP sou
vapor pulses, carry over of TEG fragments from one prec
sor pulse cycle to the next may occur, which establishe
steady state a surface reaction layer consisting of a mix
of reactants and products of the chemical reactions that d
the epitaxial growth process. In a realistic model, the S
represents a multicomponent mixed phase with a variety
radical reactions that have to be added to the above reac
~1!–~3! and to the reaction products from the TEG and T
decomposition.26 The thickness and composition of the SR
depends on the relative heights and widths of the emplo
TMI, TEG, and TBP source vapor pulses and their repetit
rate. We note that some of the intermediate fragments of
source vapor molecules in the SRL that feed III–V CBE m
carry permanent dipole moments, which are likely to contr
J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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ute to the stabilization of the SRL. In view of intermolecul
interactions, deviations of the SRL from ideal behavior c
be expected. However, the objective here is to relate
measured PR signals to the dynamic of the decomposi
processes of the SRL constituents, and to relate the kine
of growth and real-time modeling for closed-loop proce
control.

The reduced order kinetic model for the compound se
conductor Ga12xInxP summarizes all chemical reactions
one dominant bimolecular reaction for the TBP pyrolys
~first precursor, PC1!, two dominant bimolecular reaction
for the TEG decomposition~second precursor, PC2!, and
two dominant reactions for the TMI decomposition proce
All precursors are supplied sequentially separated by pa
as shown schematically in Fig. 4.

With the above-mentioned assumptions, the differen
rate equations for the molar concentrationsni of the SRL
constituents in the Ga12xInxP system can be written as

d

dt
n1~ t !5nTBP2ã1n1~ t !2ã4n3~ t !n1~ t !2ã7n6~ t !n1~ t !,

~4!

d

dt
n2~ t !5nTEG2ã2n2~ t !, ~5!

d

dt
n3~ t !5ã2n2~ t !2ã3n3~ t !2ã4n3~ t !n1~ t !, ~6!

d

dt
n5~ t !5nTMI2ã5n5~ t !, ~7!

d

dt
n6~ t !5ã5n5~ t !2ã6n6~ t !2ã7n6~ t !n1~ t !, ~8!

with the two incorporation reactions

d

dt
n4~ t !5ã4n3~ t !n1~ t !, ~9!

d

dt
n7~ t !5ã7n6~ t !n1~ t !, ~10!

for GaP and InP, respectively.

FIG. 4. Schematic representation of a precursor cycle sequence used fo
growth of the ternary compound semiconductor Ga12xInxP grown via the
organometallic precursors TBP, TEG, and TMI. The start positions for T
and TMI, indicated byt1 and t2 , were 1.5 and 4.5 s for the experimen
shown in Fig. 2.



nd

la
hi
e-
b

te
p

-
d
he

r-

e
r
o
p
a

by

he

th
rfa
tic
er
t
B
e

i-

tin
i-
u

-
ed
e

cific
h

te
ef-

ec-

m/
ace
ous

m

of
ur-

x

-
the
of
ter-

rol
of

R

1303 Dietz et al. : Real-time optical control of Ga 12x InxP film growth 1303
Equations~4!–~6! describe the reduced order TBP a
TEG pyrolysis as described earlier.23 nTBP andnTEG denotes
periodic supply functions expressed in terms of the mo
concentration of TBP and TEG reaching the surface. To t
we add Eqs.~7! and ~8! that describe the parametrized r
duced order TMI pyrolysis. This pyrolysis is assumed to
similar to the TEG pyrolysis that is described by a two-s
decomposition process using two generalized reaction
rametersã5 and ã6 with a periodically supplied molar con
centrationnTMI of TMI. The formation of GaP and InP an
its incorporation in the underlying film is summarized in t
reactions Eqs.~9! and ~10!. The compositionx for the com-
pound semiconductor Ga12xInxP is expressed as the ave
aged ratio of molar concentration over a cycle sequence

x5

E d

dt
n7

E S d

dt
n41

d

dt
n7D dt, ~11!

and the instant film growth rategf l is given by

gf l5
1

A F ṼGaP

d

dt
n41ṼInP

d

dt
n7G . ~12!

At this point, the SRL is treated as a homogeneous id
solution and the surface areaA is assumed to be constant fo
simplicity. Also note that the surface structure, number
reaction sides, and inhomogeneous reactions are not ex
itly addressed at this point and are integrated into the re
tion parametersã4 and ã7 .

The temporal thickness evolution of the SRL is given

d1~ t !5
1

A
@n1V̄11n2V̄21n3V̄31n5V̄51n6V̄6#, ~13!

where V̄i are the molar volumes of the constituents in t
SRL.

Based on the above reaction chemistry, we model
linkage between the measured PR signals and the su
kinetics on the basis of a reduced order surface kine
model and a four-media stack: ambient/SRL/epilay
substrate, which represents the simplest possible descrip
of the optical response under the conditions of the PC
processes. For the interpretation of the time dependenc
the four-media stack reflectanceR4(t) in terms of the chemi-
cal kinetics in the SRL that drives epitaxial growth, the d
electric function of the SRL,e1 , must be linked to its com-
position. Such a linkage can be established by approxima
the dielectric function of the SRL through an effective d
electric functione1 , parametrized and expressed as the s
over all molar fractionsxi contributing to the SRL:

e i~v!5e`1 (
iÞ4,7

xi~ t !Fi~v! and xi~ t !5
ni~ t !

(knk~ t !
.

~14!

The dielectric function of the SRL is obtained by sum
ming over the contributions of all its constituents, identifi
by the labeli. In Eq. ~14!, Fi(v) denotes optical respons
JVST A - Vacuum, Surfaces, and Films
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factors associated with transitions that characterize spe
molecular fragments, andv denotes the frequency at whic
e1 is evaluated.

This ROSK model provides a description of how to rela
changes in composition and thickness of the SRL to an
fective dielectric functione1(v,t) andd1(t), respectively. It
allows also to obtain the instantaneous compositionx and
growth rategf l(t) of the GaxIn12xP film. The ROSK data are
incorporated in Fresnel’s equation that determines the refl
tance amplituderr of the p-polarized light as follows: Con-
sider the four-layer media composed of ambient/SRL/fil
substrate. We model the reflection/refraction of the surf
reaction layer by an effective medium with the homogene
dielectric functione1(t) and the thicknessd1(t). Let us de-
note the four media by the indicesn50,1,2,3 labeled from
the ambient to the substrate. The reflection coefficientr n21,n

from the (n21)st media tonth media is given by

r n21,n5
enAen212e0 sin2 w2en21Aen2e0 sin2 w

enAen212e0 sin2 w1en21Aen2e0 sin2 w
, ~15!

whereen is the complex dielectric function of thenth media.
The factorFn for the nth media is given by

Fn5
2pdn

l
Aen2e0 sin2 w, ~16!

wheredn is the thickness of thenth media. For the formula-
tion of the control problem we analyze the multilayer fil
stack of GaxIr12xP with different compositionx using the
virtual interface~VI ! method described by Aspnes.27–29Con-
sider the above-formulated four-layer media composed
ambient/SRL/film/substrate and replace it through a fo
media stack that is built up by

~i! the ambient~0!;
~ii ! the surface reaction layer represented by Eq.~1!;
~iii ! a the near-surface layer~u! describing the growing

film with compositionx; and
~iv! a virtual substrate (v), represented by its comple

virtual reflectance coefficientsr v .

With this, the total reflectance amplitude is given as

rr 45
r 011 r̂ e22iF1

11r 01r̂ e22iF1
with r̂ 5

r 1u1r ve22iFu

11r 1ur ve22iFu
. ~17!

Here,r 01, r 1u , andF1 are functions ine1(t) andd1(t). The
virtual reflectance coefficientr v can be determined by know
ing the thicknesses and dielectric constants for each of
underlying layers. However, even under exact knowledge
each of these parameters, the recursive formula that de
minesr v can be numerically unstable and nonrobust.

At this point, we can establish a mathematical cont
loop, as schematically outlined in Fig. 5, for the control
the deposition process with a control of compositionx in the
GaxIn12xP surface layer, utilizing the real-time measured P
signals at the two different angles of incidencew i , i 51,2:

Ri~ t !5urr 4u25hi~e1~ t !,d1~ t !,gr~ t !,x~ t !!1noise, ~18!
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where the output functionshi are determined by Eqs.~15!–
~18!. The nonlinear filtering algorithms applied for real-tim
estimates30 yield the compositionx, the growth rategr(t),
and the dielectric function of the surface layer.

Now, we can formulate the problem of controlling th
growth rate and composition of GaxIn12xP as

Min E
t0

TH c1U xd~ t !

12xd~ t !
2

E
t0

t d

dt
n7

E
t0

t d

dt
n4

U 2

1c2ugd2gr~ t !u2J dt, ~19!

subject to (d/dt)n(t)5 f „n(t)…1Bs(t)1noise, wheregd is
the desired growth rate per cycle andxd the desired compo
sition.

The application of the nonlinear filtering algorithm
demonstrated in Fig. 6 during growth of a parabolic grad
500 Å thick GaInP structure. The PR responses PR75
PR70 are the feedback signals to control TEG and TMI flo
based on nonlinear-filtering techniques and dynamical p
gramming shown in Fig. 5. In this experiment, the filterin
output was integrated over ten cycle sequences~60 s, 20 Å
resolution! to adjust the control signals for the TEG and TM
flows. The high integration time caused some controller
stabilities, observed in the setting of the TMI:TEG flow rat
~see the fluctuations in the flow ratio control signal in Fig.!,
which shows a stepwise adjustment/fluctuation in the T
and TMI flows. The two insets in Fig. 6 show enlarged t
evolutions of the PR signals.~30 s!, taken at the same time
The different amplitudes are related to the distinct compo
tion and thickness of the SRL as described by the RO
model.

Figure 7 shows a off-line analysis and parameter esti
tion of the PR signals during growth of GaP on Si~001! at
350 °C. The experimental PR signals were recorded for

FIG. 5. Control of heteroepitaxial Ga12xInxP growth: the compensator de
sign consists of three elements:~1! the ROSK model described byf; ~2!:
filter gainsGi(t) based on nonlinear-filtering techniques; and~3! feedback
law K based on dynamical programming.
J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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angles of incidence,w571° and w575.2°, at l5650
65 nm and atl5632.8 nm, respectively. The two insets
Fig. 7 show, enlarged, the evolutions of the PR signals
different times during growth of GaP on Si~001! and are
compared with the simulation. The off-line-simulated r
sponses using the ROSK model and nonlinear filtering
shown with an offset in order to compare it with the expe
ment.

The steps of the generation of a set of simulated data
shown in detail in Fig. 8 for the TEG pulse 1.3–1.6 s~and
TBP pulse 0.0–0.8 s! data. The three SRL components a
the result of the source pulses and the ROSK reaction
proximations. From the SRL components, the SRL thickn
and dielectric function are found. These values then cont
ute to the calculated reflectance. The fit of the simulated
structure to the experimental data are shown in Fig. 8~e!.31

The parameters found by the minimization resulted inefilm

510.6– 0.06i ; eSubstrate515.82– 0.27i ; an average SRL di-
electric function of 16.8224.4/i ; and an average film growth
rate of 0.365 Å/s.

A change in cycle sequence, flow ratio, flux, temperatu
or total system pressure, leads to different results, with
predictable correlation found yet. Presently, most of the
evant reactions pathways and their rate constants are
known, with almost no information on reaction kinetic da
at growth temperature. Accessing these data will requ
real-time infrared PRS to analyze molecular-specific abso
tion signatures and their correlation with real-time ma
spectroscopic signals. Such an analysis would allow us
gain a better understanding of the surface reaction kine
the validation of the ROSK model, and would provide qua

FIG. 6. Closed-loop feedback controlled growth of a 500 Å parabo
Ga12xInxP heterostructure.
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FIG. 7. On-line state estimation of sur
face kinetics based on two PRS sig
nals.
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FIG. 8. Simulation of surface reaction kinetics and PR response during
eroepitaxial GaP growth on Si under pulsed organometallic precursors
posure of TBP and TEG. The molar concentrations of the surface cons
ents, their effective surface layer thickness, and the dielectric op
properties are calculated using Eqs.~5!–~15!. The simulated PR response
compared with experimental results obtained atw575.1°, l5632.8 nm.
JVST A - Vacuum, Surfaces, and Films
titative input parameters for more detailed modeling of t
growth process.

IV. SUMMARY

We reported the compositionally and thickness control
growth of GaInP heterostructures, using PRS as the feedb
sensor. An on-line parameter estimate of the state funct
n̂(t) using the PRS signals is used to analyze the PRS
structure and to provide the control signalss(t) for TEG and
TMI flows. We introduced a reduced order kinetics mod
using generalized reaction rate parameters to describe
thickness and composition evolution of the SRL. The mo
concentrationsni in the SRL are directly linked to instanta
neous growth rate and composition of the underlying film
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