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Spectroscopic ellipsometsE) was shown to be an accurate situ method for determining the
composition and thickness of IlI-V semiconductor layers during growth. In order to fully exploit
the potential of SE for real-timia situ control, one needs to acquire a database of optical constants.
In this article, we present the acquisition and parameterizdkioth composition and temperature

of a fully dynamic database and its use in the real-time composition control of InAlAs grown on InP.
This is accomplished by acquiring SE data from growing films of different compositions, while the
temperature is controlled using feedback from band-gap thermometry. The layer compositions are
assessed by fitting high-resolution x-ray diffraction patterns with a simulation based on dynamical
diffraction theory. In order to improve the stability during real-time control, the database was
parameterized using a transfer function model. The parameterized database was then used, in real
time, during growth to control the JAl;_,As film composition(x) to within =0.003. © 2000
American Vacuum Societ)S0734-211X00)05803-(

[. INTRODUCTION the entire growth, while the difference between the target and

Molecular-beam epitaxyMBE) has been widely used to measured compositions is used to change the temperature of
20
grow commercial wafers for electronic devices such as higtne other cell*’Hence, the accuracy of the control depends
electron mobility transistorHEMT). It has also been used on the accuracy of the database of optical constants against

to grow much more complicated optoelectronic devices suci/Nich the growing film is compared. Since SE is surface
as vertical cavity surface emitting lasef¢CSEL)!® and sensitive, it has been found that the optical constants of a
other microcavity device%:® In traditional MBE, growths of g.rfcf)wn;g Iay(;r, Wh'(f:h W(i.ca” .thel”(‘jlynaml'd OC.’ gctuallyh
such complicated structures with high reproducibility on ad' er from those of an “identical” layer just sitting at.t €
day to day basis is very difficult. In order to improve the 9"OWth temperatureunder group-V overpressurand which
growth reproducibility, substantial research effort has beet/€ réfer to as static’ OC.” Also, because SE uses polar-
devoted to the development @i situ sensors capable of ized light, the signal is sensitive to the crystal orientation of
providing real-time information about the growing film: tem- th€ substrate; this dependence can be averaged out by taking
perature, composition, and layer thicknés¥ measurements under substrate rotation. In this article, we
FoIIOV\,/ing the work of Aspned® 7 great effort has been Present the acquisition, parameterization and validation of a
devoted to the use of spectroscopic ellipsome®@ for dynamic OC database for InAlAs alloys with compositions

in situ monitoring and real-time control of growth. It has near the lattice-matched condition to InP.

been used with success to control, in a feedback loop, the

thicknes$® and alloy compositiot? =2 of the growing films.

Moreover, in conjunction with other sensors, it has been|. GROWTH AND ACQUISITION OF OC DATABASE
proven to yield improved reproducibility in the growths of _ )
device” SE based feedback control is implemented by The (laﬁ)genmental setup has been described
comparing the measured SE signal of a growing film to a@Previously.”~We use a DCA™ MBE chamber equipped
previously acquired database of optical constaf@c), with ellipsometer ports. Each port makes an angle of 75°

which yields the composition and, provided that interferenceVith thenr;ormal'to the substrate and is equipped with a
fringes are present, the thickness of the film. If it is BOMCO™ low birefringence window. On an MBE manipu-

parametrized®?*the precision of this database is improved lator, samples are normally mounted with a surface normal at

over that obtained by straight interpolation between experi& Small angle with the rotation axis. During substrate rota-

mental data points. For the composition control of ternanfion, this angle processes and is commonly referred to as

compounds, such as AlGaAs, InGaAs or InAlAs, one of theSUPstrate wobble in MBE jargon. In the DCA™ machine,

group IIl effusion cells is kept at constant temperature duringhiS Wobble is minimized through the use of three piezoelec-
tric crystals in the substrate manipulator. The measured SE
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4r ~ ~ Fic. 2. Symmetrio004) high-resolution x-ray diffraction pattern of a struc-
o ture consisting of five InAIAs films grown on InP. The bottom pattern is
. : from a simulation using dynamical diffraction theory and is shifted down for
0 . . . s . L s . s . clarity. These patterns are used to determine the compositions of the epitax-
16 18 2 22 24 26 28 3 32 34 36 ial layers grown during the acquisition of the optical constant database.
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Fic. 1. Typical optical functions of InAlAs showing both the ré&psJ) and

imaginary(Eps2 parts. The solid lines are measured by spectroscopic ellip-qring sybstrate rotation. Through the use of the three piezo-
sometry while the dashed lines are from a parameterization using a transfer - .
function model. electric crystals on the substrate manipulator, the sample
wobble during the OC database acquisition was kept below
+0.019°.
whereRp andRg are the reflection coefficients for light po-  The process of acquiring an OC database consists in
larized perpendicular and parallel to the plane of incidencegrowing films of different compositions and temperatures,
This is expressed mathematically by the amplitude(%¥an  extracting the OC and measuring the film composition accu-
and phase), difference between thg ands components of rately by anex situ method. We used optical band edge
the electric field. Thal andA parameters are directly related thermometr§® (Thermionics DRS 1000™ systérto control
to the Fresnel coefficients of the material. A J. A. Woollamthe growth temperature to precision sfL °C. The accuracy
M88™ ellipsometer and its GrowthManager®Man) soft-  of this measurement depends on independent calibrations but
ware were used to measur@tiand A parameters as a func- is typically around=5 °C at typical growth temperaturé%.
tion of wavelength(88 wavelengths ranging from 277 to 765 The oxide was desorbed from InP wafers under an d\&r-
nm). The measurement is then analyzed with GMan in ordepressure up to temperatures of 535 °C. At this point, the re-
to extract the film's OC. Despite the use of BOMCO™ win- flection high-energy electron diffracticRHEED) showed a
dows, a residual birefringence remains which needs to béx2 surface reconstruction. The temperature was then low-
corrected for the OC. Fortunately, the latest versions of J. Aered to the desired growth temperature and InAlAs was
Woollam’s GMan software is able to accurately measuregrown directly on InP. Three samples were grown to acquire
both the in-plane and out-of-plane window birefringefite. the dynamic OC database. Each sample consists of five lay-
The InAlAs OC database presented here has been correcteds with different compositions around the lattice matching
for residual window birefringence. The solid lines of Fig. 1 condition x=0.520) ranging fromx=0.490 tox=0.536
show typical dynamic OC, both reélEps) and imaginary (InAs mole fraction. The composition values quoted here
(Eps2 parts, for InAlAs along with the parameterization assume Vegard’s rule and room temperature lattice constants
scheme(see below. of 0.58684, 0.60590, and 0.56618 nm for InP, InAs, and
Since the SE signal is used to extract the film's OC, it isAlAs, respectively. Within each sample the growth is carried
imperative that the proper angle of incidence be given tmut at only one temperature, while each sample is grown at a
GMan; if a wrong angle is used, GMan will return an incor- different temperature: 439, 475, and 513 °C. Hence, with
rect value for the OC. Determination of the angle was acthree samples, dynamicOC database consisting of three
complished by measuring the room temperature SE signal démperatures and five compositions could be acquired. By
a bare InP substrate; this SE signal was then compared to @&topping the growth between each layer, a complete static
accurate InP OC database acquied situ The substrate OC database consisting of five temperatures and five compo-
temperature was controlled at room temperature using banditions was also acquired using the first sample.
gap thermometry® To improve the reproducibility in angle The film compositions were determinesk situ using
between runs and to measure the substrate wobble under roigh-resolution x-ray diffractionfHRXRD) and reciprocal
tation, a screen was installed in the exit optical path perpenspace mapping on a Philips™ five-crystal diffractometer.
dicular to the reflected polarized light. Both the absoluteFigure 2 shows a typicalo04) HRXRD patterns where the
angle and wobble could then easily be measured by lookin§jve InAlAs film peaks are observed on either side of the InP
at the spot mean position and displacement on the scredBragg peak. The composition of each of the five layers is
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Fic. 4. Comparison of SE and XRD determined In mole fracti¢x)sin
Fic. 3. Asymmetric(115 glancing exit reciprocal lattice map of the sample several IgAl;_,As samples. The full squares show the results from the
shown in Fig. 2. The layer peaks are sharp, indicating good crystallinity withreal-time composition control during the growth of InAlAs. The full circles
low mosaicity, and line up at the sarkg value indicating highly coherent are results from post-growth analyses of the data used to create the OC
unrelaxed InAlAs layers. database while the full diamonds are post-growth analyses on samples not
used in the creation of the database. The accuracy of the SE based real-time
control is within =0.003 of the In mole fractions using the present param-
extracted by comparing the experimental pattern with a the&te"ized database.

oretical simulation based on dynamical diffraction thédry

;emd asi_umlng tha’:k'][.he f'IT IS ful]y coh:alretrt\.tly Stra"gﬂ\r/le' optical functions. The fit is almost indistinguishable from the
axeq). To ensure this, €115 reciprocal lattice mag ) _real data. If the model is used to prediconly while fixing

;’:V_as glio alcf:]qwred Irl] thef %I_anczlngl_ﬁxnlgeometztry as shov|\1n 'the temperature to the experimentally measured growth tem-
ig. 3 for the sample of Fig. 2. Thel15 contours are a perature an accuracy af0.0022 (InAs mole fraction is

perfectly aligned in thd, direction of reciprocal space indi- achieved. When it is used to predict batrandx, the accu-
cating that the film is coherently strained. The film peaks Or}acy on x improves to =0.00044 with aT aécuracy of

the RLM are na.rrow.and sha_rp; this m@pates that the ﬂlmsi4.9 °C. Presumably, this accuracy would improve if the OC
are of high quality with very little mosaicity.

database had been acquired using a finer temperature grid.
In order to verify the accuracy of our OC database and TF
ll. PARAMETERIZATION AND TESTING OF OC model in real time use, the TF model was used to create a
DATABASE parameterized OC database that can be used in the GMan
Several methods for parameterizing the optical functionsoftware. GMan was then used to compare the predictions of
exist?®~3° Some methods are based on physical principlesthis database on itself, on previously acquired data and, fi-
These attempt to model the optical functions from othemally, used in real-time to control the composition of grow-
known material parameters of which the band gap is theng InAlAs films. Everytime an experiment is performed, SE
dominant feature in semiconductors. Other methods neglectata as a function of time are acquired and stored in a file.
the underlying physical principles and simply model the op-GMan can be used to analyze the dataeal timeg as it is
tical functions using a purely mathematical approach. Eitheacquired, opostgrowthby loading a file of previously stored
method has its own advantages and drawbacks. The transféata. This feature is especially useful to set up the best analy-
function (TF) model used here belongs to the second grougsis conditions for real-time feedback control. In all cases,
of models. It emphasizes the robustness and convergence GMan returns composition and thickness values against
the fitting algorithm?>24This TF model is used to determine growth time. Figure 4 shows the average InAlAs composi-
the temperaturéT) and compositior(x) from the real-time tion returned from the SE data analysis of GMan and our
OC measurements. This is referred to as model inversion. Aparameterized OC database against the composition mea-
good fit to the original OC database is essential for accurateured by HRXRD for several samples, film compositions,
T and x prediction since the performance of the inverseand growth temperatures. The full circles show fhest-
model will deteriorate rapidly with the fitting error. growthanalysis of the same data which was used to generate
The TF model used here has been presented in detdihe OC database while the full diamonds show the same type
previously?>?® To summarize, the complex dielectric con- of analysis performed on the SE data of samples acquired
stant of the materialOC databaseis fit using an eight-order prior to the acquisition and parameterization of the database.
transfer function with temperature and composition depenThis exercise is a necessary step if one wishes to use the OC
dent coefficients. These coefficients are adjusted to minimizdatabase for real-time feedback control. It allows the opera-
the mean square error between the model and the experimetor to set up the fit parameters of the GMan software to
tal values. The dashed lines in Fig. 1 show typical paramebtain rapid convergence and credible results.
eterization fits to both the real and imaginary parts of the The final test of our database consists in using it to control
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