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Introduction

The engineering of advanced micro-
electronic circuits, optoelectronic
devices, and integrated optical circuits
requires precise control of the lateral di-
mensions and thicknesses of device fea-
tures and of the stoichiometry and
doping of epitaxial semiconductor re-
gions. This is preferably achieved by
real-time monitoring and control of the
individual deposition and etching pro-
cesses that constitute the processing
sequence. The use of optical probe tech-
niques for the real-time monitoring of
etching and/or growth processes is fa-
vored because of their nondestructive
character and their potential use in real-
time feedback control. Some of these
methods are ideal in monitoring the
overall growth process and/or substrate
temperature in industrial applications,
requiring low cost and maintenance. For
example, in situ reflectance-spectroscopy
methods, such as dynamic optical reflec-
tivity (DOS),' spectral-resolved normal
incidence reflectance spectroscopy
(NIRS),” or pyrometric interferometry
(P1),? are successfully applied to various
deposition processes and provide infor-
mation on both the growth rate and the
composition of the deposits. However,
small changes in the reflectance (be-
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cause of chemical interactions at the sur-
face of the films with the reactants
supplied from the vapor phase) are of the
order of 10~3 to 10~* and are hardly ob-
servable with normal-incidence reflec-
tance techniques because of the high
reflectivity of substrate/film interface,
which is typically of the order of 40%—
60% for many semiconductors.

In order to increase the sensitivity to
surface- and interface-related growth
properties, alternative optical-observa-
tion methods such as reflectance differ-
ence spectroscopy (RDS),*” surface

photoabsorption (SPA),*” and spectral el-
lipsometry (SE)** have been developed.
Recently, we added to these methods a
new optical probe technique, parallel-
polarized reflectance spectroscopy (PRS),
which achieves both high sensitivity to
surface-chemistry processes and control
of film thickness with submonolayer
resolution. For example, we have shown
that the real-time monitoring (by PRS) of
the epitaxial overgrowth of Si by GaP,
under the conditions of pulsed chemical
beam epitaxy (PCBE), provides valuable
insights into the mechanism of nucle-
ation and follows the growth process
with submonolayer resolution over thou-
sands of angstroms of film growth.”*

Model Considerations

A schematic representation of PRS
is shown in Figure 1. When a mono-
chromatic beam of parallel-polarized
(p-polarized) light (e.g., light which is
polarized parallel to the plane of inci-
dence) impinges on an isotropic sub-
strate surface at the Brewster angle ¢y,
the intensity of the reflected light is zero
for a dielectric medium and a minimum
for an absorbing medium. In a simplified
description, an isotropic dielectric sub-
strate may be viewed as a second polar-
ization element, crossed to the polarizer,
resulting in zero reflectance R,. To de-
scribe absorbing media, the Brewster
angle law has to be modified from the
condition R, = 0 to a reflectance mini-
mum condition dR,/d¢ = 0." The angle
of incidence at which the latter condition
is satisfied is called the pseudo-Brewster
or first Brewster angle. It can be defined
analytically in terms of the complex
dielectric function of an absorbing
medium."

The presence of a film for a material
possessing a different dielectric function
on top of the substrate modifies the
Brewster angle condition and results in a
shift in the angle ¢5 and in an offset in

Figure 1. Schematic presentation of PRS.
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Figure 2. Model description of a
three-layer system (ambient/film/
substrate, assuming homogenous,
isotropic, optical properties and a light
source) which is p-polarized to the
plane of incidence. ¢ is the angle of
incidence, and dy is the film thickness.
€£a, £r, aNd s are the complex dielectric
functions of the ambient, the film, and
the substrate, respectively.

the reflectivity at ¢p. In order to describe
the reflection of p-polarized light on the
three-layer (ambient (e.g., air or vac-
uum)/film/substrate) stack presented in
Figure 2, Fresnel's equations are used to
calculate the changes of the reflectivity
as a function of layer thickness,'"® assum-
ing homogenous isotropic media. Label-
ing the media forming the stack a for
ambient, f for film, and s for substrate,
with interfaces labeled af and fs, the
complex reflectance amplitude rr, is
given by
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with reflectance coefficients as a func-
tion of dielectric constants &
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the reflectivity R = rrp, X rrp* has to be
calculated as a function of film thickness
and the complex dielectric function of
the layer. A detailed evaluation of the
Brewster angle and reflectivity shifts for
the deposition of SiO; on an Si substrate
is given by Azzam et al.” Calculations of
the reflectivity as a function of film
thickness and complex dielectric func-
tion show minima and maxima with a
modulation in the reflectivity that is re-
lated to the differences of the dielectric
functions of the substrate and of the
growing film. One oscillation corre-
sponds to a quarter-wave film thickness,
taking into account the dielectric func-
tion of the film and the angle of inci-
dence. Choosing the angle of incidence
as the Brewster angle of the substrate re-
sults in zero reflectivity at the beginning
of the growth process for a dielectric me-
dium and a reflectivity close to the mini-
mum for an absorbing medium. For
example, the calculations predict
changes of three orders of magnitude in
the reflectance during GaP film growth
on a Si substrate (&yGapy = 10, gysi) =
15.25), with a quarter-wave oscillation
every 1050 A. For a larger difference in
the dielectric functions between film
and substrate, as for example, in Si-
oxide/Si heterostructures (eysioz) = 3,811
= 15.25), the changes in the reflectance
increases up to five orders of magnitude
during film growth.*

The Fresnel equations also can be
applied to describe changes in the re-
flectivity for multiple heterostructures
assuming homogenous isotropic proper-
ties. For p-polarized light, no perpen-
dicular reflectance component r, has to
be considered because only the parallel
reflectance component r,, contributes to
the reflectance amplitude. For brevity,
the index p in the following text will be
dropped. For an n layer stack, ambient/
film 1/ ... /film n/substrate (as schemati-
cally shown in Figure 3), the reflectance
coefficient from the (n — 1) to the n'"
layer 7,1, is given by

The phase factor ®, for the n'™ layer is de-
scribed by
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The thickness of the n'" film is dy,, @0 is
the angle of incidence, and &, and &, are
the complex dielectric functions of the
ambient and the substrate, respectively.
The complex dielectric functions of the
(n — 1) and »'™ films are labeled as
i1y and gy, respectively. The reflec-
tance amplitude rr, can be calculated
from an n — 2 X 2 matrix multiplication:
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We applied this description to the cal-
culation of the reflectance for a SiO;-
Si3N,-5i0; multilayer heterostructure on
a Si substrate. The calculation reveals
discontinuities in the differential reflec-
tivity at the interface of each layer, as
shown in Figure 4. First experimental
results for SiO; and SisN, film deposi-
tions show that the PRS data facilitate
the determination of the film thickness,
growth rate, and optical constants of de-
posited films." A more detailed descrip-
tion of real-time PRS monitoring for a
specific model system—the growth of
GaP on 5i(001) by PCBE—follows.

Real-Time PRS Monitoring of
GaP PCBE Growth on Vicinal
Si(001) Substrates

Figure 5a shows the experimental
setup for real-time monitoring of epitax-
ial GaP deposition on a Si substrate by
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(2b) and reflectance coefficient from the n'"
layer to the substrate r,, is given by
and phase factor
de[\/—,,"
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where d; is the film thickness. T 8. Ve, — &,sineg + 8, Ve, — g,5in0q
In order to model the growth of a film,
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Figure 3. Model description of an n layer system {ambient/film 1) to (film n/substrate)
for p-polarized light and homogenous isotropic media.

PRS and reflection high energy electron
diffraction (RHEED). We employed
a combination of He-Ne laser (A =
632.8 nm) and a Glan Thompson polar-
izer to generate a p-polarized beam, im-
pinging on the substrate at an angle of
incidence ¢ = 72° close to the Brewster
angle of the substrate. The angle of inci-
dence can be adjusted in the range of 3°-
5°, which allows a synchronization of
in situ RHEED with PRS. To minimize
errors caused by dep{:alarizz:lticm,16 a high-
quality, stress-free quartz window at
the entrance side of the reactor is em-
ployed in combination with a Glan
Thompson prism (R./R, < 107°), result-
ing in an estimated extinction ratio
R,/R, < 107°. Unlike ellipsometric spec-
troscopy, PRS does not require special at-
tention to the exit window which might
change the polarization state of the re-
flected light. The reflected beam is de-
tected by a Si photodiode with integrated
preamplifier, the output of which is fed
into a lock-in amplifier and recorded by
a data acquisition system. Simulta-
neously, scattered radiation is detected
by a sensitive photomultiplier tube
(PMT) located outside the plane defined
by the incident and reflected laser beam.
The output of this PMT is routed to a
second phase-sensitive amplifier and
stored in the data-acquisition system.
The randomly scattered radiation con-
tains information on the roughness of
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Figure 4. Calculated changes in the
reflectivity for SiO»-SisN,-SiO;
multilayer deposition on a Si
substrate.

the surface as well as substrate/film in-
terface roughening.

The fluxes of the gas sources employed
in the deposition process—triethylgal-
lium (TEG), tertiarybutyl phosphine
(TBP), and hydrogen—are controlled by
mass flow controllers, as schematically
shown in Figure 5b. They are directed
via computer-controlled three-way
valves to either the reactor chamber or
a separately pumped bypass cham-
ber, 121219 allowing the sequential expo-
sure of the substrate with individual
pulses of the precursor molecules. The

time constant of the source pulsing
is limited by the three-way valves’
response time which is of the order of
0.1-0.2 s. The total gas-flow rate in the
chamber is ~5 sccm, which leads to a
pressure in the low 107* mbar range dur-
ing the deposition. The switching of the
sources is synchronized with the data
acquisition of the PRS signals to relate
observed changes in the reflected inten-
sity of the light to chemistry-induced
changes in the optical properties. The
S5i(001) substrates, misoriented by 4° to-
ward (011), were subjected to a modified
RCA cleaning, terminating in a buffered
HF dip before loading into the growth
chamber. This results in a hydrogen-
terminated Si(001) 1 x 1 surface as veri-
fied by RHEED before starting the
growth procedure. Also, vicinal Gal’(001)
substrates were cleaned as described
previously.**?'

Upon initiation of heteroepitaxial
growth, the reflected intensity R, =
rrprr,* oscillates with a period corre-
sponding to quarter-wave film thickness
between adjacent minima, as illustrated
in Figure 6. Also shown (lower curve) is
the intensity of the scattered light as a
function of the growth time. During the
initial nucleation period of about 150 s,
an increase in the intensity of the scat-
tered radiation, as well as in the PRS sig-
nal, is observed. After the nucleation
period, the intensity of the scattered light
evolves steadily and can be correlated to
the final surface roughness, observed by
ex situ atomic force microscopy (AFM).
The inserts in Figure 6 show sections of
the amplitude-modulated fine structure,
which is superimposed on the quarter-
wave oscillation in the reflected signal.
This fine structure is maintained
throughout the entire film growth with a
periodicity strongly related to a complete
pulse-cycle sequence built up by a TPB
pulse of length a, followed by a delay x, a
TEG pulse of length b, and a second de-
lay of length y. Comparison of the final
surface roughness measured by AFM
with the chosen pulse-cycle sequences
yield best deposition conditions for a
pulse-width ratio a:b = 0.8:0.2. The flux
intensity and the dose ratio TBP: TEG of
0.5:0.06 were kept constant. An ultra-
pure continuous flux of activated hydro-
gen is provided during the entire
sequence.

In Figure 7, we show the pulse se-
quence for the TBP and TEG sources
withadelayof 3s (x:y=12:18s)and a
total cycle time of 4 s. For this condition
the growth rate per cycle is estimated to
be 3.18 = 0.1 A /cycle, assuming a con-
stant growth rate over the entire deposi-
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tion process. Varying the delay times
between the source pulses in the range
of 0.5-6 s results in a variation of the
growth rate per cycle ranging from 2 A/
cycle to 3.6 A /cycle."” Accordingly, the
observed amplitude-modulated fine
structure changes with the change in the
growth rate per cycle as shown in Fig-

ure 8. It shows the amplitude-modulated
periodicity for (a) 2-s, (b) 3-s, and (c) 6-s
delays between the source pulses. Both
the amplitude modulation of the fine
structure and the growth rate per cycle
are also affected by changing the fluxes
of the precursors (TBP and TEG) for a
constant pulse-cycle time sequence. Flux

data
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linear motion
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Figure 5. (a) Schematic representation of the experimental setup for the PRS
experiment and (b) schematic representation of a system for PCBE.
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conditions can be found where the am-
plitude modulation vanishes and only
the period fine structure remains.

Under the condition of GalP homo-
epitaxy, the quarter-wave oscillation
vanishes because of the absence of inter-
ference, but the amplitude-modulated
fine structure remains with the same pe-
riodicity as observed for heteroepitaxial
growth under the same precursor-cycle
condition over the entire growth process.
PRS real-time monitoring thus provides
information on the growth kinetics for
both homo- and heteroepitaxial pro-
cesses. Figure 9 shows the PRS signal
and the intensity of the scattered light for
the initial stage of homoepitaxial GaP
growth. The same amplitude-modulated
fine structure as in the PRS signal is ob-
served in the scattered light, but with
inverted intensity, which also follows
the periodicity of the precursor-cycle
sequence.

In heteroepitaxial processes, the initial
stage of nucleation and overgrowth is
particularly important for the perfection
of the epitaxial film, which is clearly af-
fected by the chosen flux rates, pulse-
cycle sequences, and filament-assisted
hydrogen flux. Figure 10a shows the PRS
signal and the intensity of the scattered
light in the initial heteroepitaxial GaP
growth period with a pulse-cycle se-
quence of 2.5 s. After a short incubation
period of about 15 s, an enhanced PRS
signal can be observed during the nucle-
ation period of about 30 s. As shown in
Figure 10b, the increased PRS signal dur-
ing the nucleation period can be sup-
pressed by an increased TEG flux during
the first 100 s of growth with an other-
wise identical growth condition.

Discussion

Detailed information regarding the
nucleation and epitaxial overgrowth pro-
cess is obtained from the analysis of the
fine structure that is superimposed on
the quarter-wave oscillations of the re-
flected intensity. It relates to modifica-
tions of the optical properties in the
vicinity of the surface of the evolving
layer because of the exposure to the se-
quential TEG and t-butPH; (TBP) pulses.
Each peak in the fine structure repre-
sents a complete precursor cycle. In con-
trast to RHEED oscillations, the fine
structure is maintained for thousands of
cycles. Thus PRS permits the following
of the homo- and heteroepitaxial growth
processes with submonolayer resolution
over the thousands of angstroms of film
growth, thus providing access to the
study of the growth mechanism in both
the nucleation and initial growth phase,
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Figure 6. PRS signal (upper curve with two enlarged inserts) and scattered light
intensity (lower curve) for heteroepitaxial film growth of GaP on Si(001) at 310°C
with a delay time between the source pulses of 6 s.
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Figure 7. Correlation of the TBP and
TEG pulse sequences (top) with the
corresponding oscillations in the PRS
signal for a delay time between the
source pulses of 3 s.
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Figure 8. Variation in the amplitude-
modulated fine structure in the PRS
signal for (a) 2-s, (b) 3-s, and (c) 6-s
delay times between the source
pulses for heteroepitaxial growth of
GaP on Si(001) at 310°C.
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as well as in the later stages of film
growth. In the case of homoepitaxy, the
quarter-wave oscillations in the reflected
intensity do not exist, but the fine struc-
ture persists, This fine structure might
be related to observations made by SPA,
previously described in the context of
GaAs-based homoepitaxial structures
under the conditions of molecular beam
epitaxy (MBE).** However, a difference
exists between SPA and PRS as SPA
chooses a probe light energy well above
the absorption edge to gain high surface
sensitivity, while in PRS the wavelength
is not limited to above bandgap radia-
tion. This allows the sensing for both
bulk and surface contributions. There-
fore, it is not clear at present whether or
not the observed oscillations in the SPA
signal, which are only reported during
the initial growth period, are related to
the same physical phenomena observed
in the PRS spectra. The amplitude
modulation in the fine structure indi-
cates contributions of several monolayers
to the observed changes in the reflected
signal. Out of the periodicity of the am-
plitude modulation and the growth rate
per cycle, we can estimate an informa-
tion/signal depth of 20-30 A. A model
description for the fine structure thus
needs to include at least two contribu-
tions: (1) a subsurface layer of the order
of several monolayers, which includes
surface morphology and/or surface re-
construction information and (2) a sur-
face (sub)monolayer describing the
chemically bonded precursor radicals
which modifty the surface dielectric
function. Both contributions should
show a wavelength dependence, which
may allow separation of the effects.

The fine structure in the PRS observed
under the homoepitaxial growth condi-
tion permits calibration of the layer
thickness deposited per precursor cycle
on the basis of the quarter-wave oscilla-
tions observed in a heteroepitaxial
growth experiment under the same
growth conditions. In the case of GaP
epitaxy on Si(001) by PCBE, the layer
thickness deposited per precursor cycle
does not change from the initial over-
growth phase to the completmn of the
film growth."” As shown in Figures 6, 8,
and 9, the growth rate per pulse-cycle se-
quence can be affected by the pulse
width and delays in the cycle sequence
and the fluxes of the precursor. However,
the observed growth rate per pulse-cycle
sequence shows a saturation of the order
of 3.8 A per cycle. This raises the ques-
tion as to whether or not PCBE permits
the achievement of an atomic-layer
growth mode.
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Epitaxial GaP films grown on silicon
by chemical beam epitaxy (CBE) contain
planar defects that are related to the
three-dimensional island formation of
GaP during the nucleation phase on the
silicon substrate.'** The GaP nuclei tend
to grow out into three-dimensional is-
lands because of two independent
causes: (1) The habit of the nuclei is ther-
modynamically defined by the modified
Wulff’s law. (2) The pyrolysis of TBP on
the surface of the GaP nuclei is catalyti-
cally enhanced compared to the bare Si
surface.

High resolution transmission electron
microscopy (HRTEM) and AFM support
the mechanisms of three-dimensional
nucleation and stacking-fault formation
of GaP on Si."**! Heteroepitaxial growth
without filament-assisted hydrogen pro-
vided AFM scans with surface morphol-
ogy that represent a growth mechanism
with nucleation facets along the [111]
planes.” The initial, clean silicon surface
measured by AFM yields an rms surface
roughness of 5 A. The AFM image for a
sample with 20 s of GaP growth shows
three-dimensional nucleation islands
with an rms surface roughness of 19 A.
After 40 s of growth, a contiguous film
formed with an rms surface roughness
of 1 nm. Extended growth does not
roughen the surface to a final rms value
that is significantly more than that of the
initial nucleation stage.

Additional insights into the nucleation
process are gained from the real-time
monitored results obtained by PRS and
scattered light intensities.”> As shown in
Figure 6, a substantial enhancement in
both the reflected and scattered intensity
during the nucleation period is observed.
The increased reflected intensity during
the initial growth period indicates an
apparently larger difference in the di-
electric functions between film and sub-
strate than in the later stage of film
growth. This can be explained by corru-
gations in the surface during the initial
growth period, which requires the re-
placement of the dielectric function for
the bulk film by an effective dielectric
function:

el +29) +e,(1 —¢q)
Te(l - )+ &2 +9)

®

Eeff = £

which describes the corrugation of the
surface through the corrugation parame-
ter g, varying between 0 = q = 1 as the
film develops from ambient (g = 0) to
contiguous film coverage (g = 1). There-
fore, during partial coverage of the sur-
face, the effective dielectric function is
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Figure 9. Changes in the amplitude-modulated fine structure of the PRS 3}'9”3-' and
correlated changes in the intensity of the scattered radiation during the initial phase
of homoepitaxial growth of GaP on vicinal GaP(001) at 310°C.
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Figure 10. Changes in the PRS signal
and in the intensity of the scattered
radiation during the initial
heteroepitaxial growth period of GaP
on Si(001) at 350°C: (a) standard
growth conditions with a pulse-cycle
sequence of 2.5 s and (b) same
growth condition with an increased
TEG flux during the initial growth
time.
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smaller than that of the contiguous film
thus explaining the observed higher re-
flectance during the nucleation stage.
The excess amplitude of the PRS signal
during the nucleation period can be re-
lated to the degree of deviation from
two-dimensional growth. That is, de-
pending on the surface conditioning/
growth conditions, we have observed
variation from pronounced three-
dimensional behavior to nearly two-
dimensional nucleation and overgrowth.
For example, Figure 10a shows PRS in-
tensity during the growth period, clearly
revealing an increased PRS signal dur-
ing the initial period of nucleation. With
the same ex situ cleaning steps and the
same preconditioning (heat-up cycles),
a modified cycle sequence of TEG and
TBP fluxes results in a nearly two-
dimensional nucleation mechanism as
shown in Figure 10b. The various effects
causing deviations in the PRS signal, as
predicted from model considerations
based on ideal homogenous isotropic
dielectrics, are at present not completely
known. Therefore, further efforts in the
mathematical modeling must incorpo-
rate a variety of effects that modify the
PRS response, such as:

B the temperature dependence of the di-

electric functions,
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® surface roughening with microscopic
scattering mechanisms,

= interfacial roughening (substrate/film
or (layer x + 1)/(layer x)),

® surface-chemistry-induced modifica-
tion and formation of a subsurface
layer which describes the superim-
posed fine structure, and

® absorption in the layer because of
point-defect formation which may or
may not result in deviations from the
ideal stoichiometric atom ratio in the
film.

Conclusion

We applied PRS to monitor homo- and
heteroepitaxial growth processes under
the condition of PCBE, showing that PRS
allows precise measurements of the film
thickness and the optical constants. The
high sensitivity of this method permits
the observation of an amplitude-modu-
lated fine structure, which provides an
angstrom-scale periodicity over thou-
sands of angstroms of film growth. This
periodicity can be used for a better un-
derstanding of the surface chemistry
and topography during the deposition
process. The growth-process conditions
thus can be optimized toward condi-
tions where the amplitude modulation
vanishes with a remaining period fine
structure which follows the cycle se-
quence of the precursor. Although the
quarter-wave oscillations associated
with heteroepitaxial film growth are lost,
the amplitude-modulated fine structure
is maintained under the condition of ho-
moepitaxial growth, allowing real-time
assessment of the growth rate in ho-
moepitaxial processes. Under a condition
of PCBE, the deposition process and the
surface chemistry can be engineered and
optimized by tuning the pulse width
and delay times in the cycle sequence
and the fluxes of the precursor, forcing
the heteroepitaxial nucleation toward the
two-dimensional growth condition.

Extension of the applications of PRS to
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other deposition processes will allow for
the exploration of spectroscopic or multi-
color PRS, where each selected wave-
length probes a different area of interest,
such as surface, substrate/film interface,
or bulk properties of the growing het-
erostructure. This is expected to allow
separation of the depth-dependent con-
tributions near the surface and interfaces
and the correlation to structural, optical,
and electrical properties of the grown
layer. Correlation of the PRS signal to
other ex situ and in situ measurements is
essential for the creation of a database for
both theoretical simulation of growth ki-
netics and definition of process parame-
ters that may be utilized for closed-loop
control of the deposition process. This
development mandates—in addition to
progress in hardware design and pro-
cess engineering —the generation of fast,
real-time process simulation codes and
advanced control theory. Such develop-
ments require close interaction and input
from applied mathematics and materials-
research groups.
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