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We report the results of optical in situ monitoring of the epitaxial growth of perovskite oxide thin films by an
oblique-incidence reflectance-difference (OIRD) technique. Optical oscillation that corresponds to the growth
cycle of an interrupted growth mode (monolayer oscillation) is observed. The monolayer oscillation shows dif-
ferent behaviors for layer-by-layer, Stranski–Krastanow, and three-dimensional growth modes. Optical in-
terference oscillation is observed. The dependencies of the real and the imaginary parts of the bulk film’s
refractive index on the OIRD signal are discussed and illustrated with a three-layer stack mode. Thin-film
complex refractive-index and highly accurate thickness measurements can be obtained by fitting of the inter-
ference oscillation. © 2001 Optical Society of America
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1. INTRODUCTION
The engineering of various high-speed semiconductor de-
vices requires precise control of the thin-film thickness
and the interfaces of the heterostructures. Real-time
monitoring of thin-film growth can provide information on
growth mode, film thickness, and thin-film quality and
can be used for feedback control of thin-film growth. Re-
flection high-energy electron diffraction (RHEED) is the
most widely used method for monitoring thin-film growth.
It has been routinely used to control thin-film growth on
an atomic scale in molecular-beam epitaxy1,2 (MBE) and
in laser MBE.3,4 One can obtain various kinds of infor-
mation about the growing surface from the RHEED pat-
tern and the intensity oscillations. However, the appli-
cation of RHEED is restricted to high-vacuum
environments. Optical probe techniques are noninvasive
and nondestructive and can be used in any transparent
ambient. Reflectance-difference spectroscopy5,6 (RDS),
p-polarized reflectance spectroscopy,7,8 and spectral
ellipsometry9 have been applied for a decade to monitor
surface process and bulk-film properties. RDS measures
the sample anisotropy along various crystal axes. RDS
can provide real-time monitoring of chemical composition,
electronic structure, and surface kinetics of III–V group
growth. p-Polarized reflectance spectroscopy measures
the reflectivity of the p polarization of the probe light at
the Brewster angle. It provides information on growth
rate and bulk optical properties of a film and on nucle-
ation and overgrowth kinetics of heteroepitaxial growth
under steady-state conditions.7,8 However, most studies
of these subjects were carried out on semiconductor ma-
terials. There are few reports of optical monitoring of the
growth of oxides, except in Refs. 10 and 11, perhaps be-
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cause of the structural and chemical complexity of the
composition of perovskite oxides.

Previously,10 the results of optical monitoring of SrTiO3
homoepitaxy by an oblique-incidence reflectance differ-
ence (OIRD) technique were reported. The OIRD tech-
nique is a new type of reflectance-difference technique
that measures the difference in reflectivity between s and
p polarization. Unlike for the normal incidence of nor-
mal RDS, the probe beam of the OIRD is incident upon
the substrate surface at an incident angle of approxi-
mately 83°–87°. The OIRD technique was used to study
surface diffusion upon a metal surface13,14 and has been
demonstrated to be sensitive to a relative change in re-
flectivity of DR/R 5 1 3 1025 and a change in coverage
of Du 5 0.02.13 The conventional RDS is applicable only
to those materials that have surface anisotropy, but the
OIRD measurement does not have such a limitation, as
was proved previously10 by monitoring of the interrupted
growth of SrTiO3 homoepitaxy. In this paper we report
the results of optical monitoring during the epitaxial
growth of perovskite oxides under conditions of laser
MBE.4 Optical oscillation corresponding to the growth
cycle (monolayer oscillation) is observed for the heteroepi-
taxy of Nb-doped SrTiO3 upon a SrTiO3 substrate in an
interrupted-growth mode.4 The OIRD intensity shows a
response that is consistent with RHEED intensity for
good two-dimensional (2D) layer-by-layer growth. It is
interesting that the monolayer oscillation becomes weak
and noisy for the Stranski–Krastanow (SK) mode15 [a
mixture of 2D and three-dimensional (3D) island growth],
and the monolayer oscillation vanishes for the
3D island-growth mode. Optical interference oscilla-
tion is observed for heteroepitaxy. The amplitude damp-
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ing of the interference oscillation indicates optical adsorp-
tion by the bulk film. The damping speeds at different
ambient-oxygen pressures permit monitoring of the rela-
tive oxygen content of as-grown thin films, as the optical
absorption comes mainly from oxygen deficiency. Using
a three-layer-stack, we show that the thin-film thickness
and the complex refractive-index information can be ob-
tained by fitting of the interference oscillation with
Fresnel’s equation for multilayers. The precision of the
thickness monitoring can be at the unit-cell level because
of the high signal–noise ratio of the OIRD measurement.

2. EXPERIMENTS
The measurements were performed in a laser MBE
system4 with a standard RHEED apparatus. The elec-
tron beam’s incidence angle in RHEED is ;3° with re-
spect to the surface plane, the so-called out-of-phase con-
dition for RHEED measurement. A CCD camera is used
to record the RHEED specular spot intensity. The opti-
cal setup of the OIRD is schematically illustrated in Fig.
1. The laser probe beam, with a wavelength of 632.8 nm
from a 4-mW linearly polarized He–Ne laser, is initially p
polarized. It is modulated by a photoelastic modulator
before it is incident onto the substrate surface at a glanc-
ing angle of ;7° (the corresponding incident angle is
;83°). The p-polarization component bisects the two
principal axes of the modulator, and this produces a
phase shift between the two components along the princi-
pal axes at a frequency of V 5 50 kHz. The maximum
phase is set at p, or 180°. The reflected beam is detected
by a silicon photodiode, and the photocurrent goes into a
Stanford Research Model 510 lock-in amplifier. The
three parallel plates are adapted to adjust the relative in-
tensity of the s- and p-polarized components to form a
near-zero background. The monitored OIRD intensity
can be given by10,11

I~2V! 5 1/2J2~F!I inc

3 @ urp~uRDS!tp~utilt!u2 2 urs~uRDS!ts~utilt!u2#, (1)

where rp(uRDS) and rs(uRDS) are the reflectance coeffi-
cients for p- and s-polarized light at incidence angle uRDS
and tp(utilt) and ts(utilt) are the total transmission coeffi-
cients for p- and s-polarized light, respectively, through
the fused-quartz plates at a tilt angle utilt . J2(F) is a
Bessel function of the second kind. With proper adjust-
ment of the three parallel plates, a near-zero background

Fig. 1. Schematic of the optical setup for the OIRD measure-
ment: PEM, photoelastic modulator; QW, fused-quartz parallel
plate; PD, biased silicon photodiode.
intensity can be obtained when urp0(uRDS)tp(utilt)u2

5 urs0(uRDS)ts(utilt)u2. We measured the relative OIRD
intensity as given by
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where Ip0 5 1/2J2(F)I incurp0(uRDS)tp(utilt)u2 is the initial
reflected intensity of the p-polarization component.

The film growth is kept in a so-called interrupted-
growth mode.4,12 In the interrupted-growth mode the
deposition is periodically interrupted after a certain
amount of material has been deposited onto the sub-
strate. Interrupted growth can successfully improve sur-
face and interface smoothness and has proved to be an
important method for studying surface kinetics.12 We
define deposition and its following interruption as a
growth cycle. In our experiments, only one unit-cell
layer was deposited in each growth cycle. The number of
laser pulses needed for depositing one unit-cell layer was
determined by the continuous RHEED intensity oscilla-
tion. Pure oxygen was introduced into the growth cham-
ber as a source of ambient oxygen. Other growth condi-
tions are the same as those reported previously.10,11

3. RESULTS AND DISCUSSION
Figure 2 shows the simultaneously measured OIRD re-
sponse [Fig. 2(b)] and RHEED intensity oscillation [Fig.
2(a)] obtained for niobium-doped SrTiO3 upon a
SrTiO3(100) substrate in the interrupted-growth mode.
The representations of deposition and interruption of the
growth cycle are separated by dotted lines and are la-
beled. As shown in Fig. 2(a), the growth is interrupted at
the top of the RHEED intensity oscillation, indicating
that the growth proceeds in a good layer-by-layer growth
mode. The OIRD intensity shows almost consistent re-
sponse with the RHEED intensity except for an opposite
direction. There is a similar maximum value of the
OIRD signal before the end of each deposition compared
with the RHEED intensity minimum value, which indi-
cates surface roughening at a lower surface coverage than
half-layer coverage, followed by smoothing with increas-
ing coverage. The OIRD intensity recovers to its initial
value when growth is interrupted, as does the RHEED in-
tensity. The OIRD response in a good 2D layer-by-layer
growth condition can be explained as being a result of pe-
riodically changed surface morphology with a four-layer-
stack model.11

When the growth proceeds in a SK or a 3D island-
growth mode, the OIRD intensity shows various re-
sponses, as in Fig. 3. Figure 3(d) shows the optical inter-
ference oscillation for the heteroepitaxy of BaTiO3 upon a
niobium-doped SrTiO3(100) substrate (the doping concen-
tration is 1 mol %). Figures 3(a), 3(b), and 3(c) show de-
tailed curves of the three positions as indicated by the ar-
rows and the numerals 1, 2, and 3, respectively. The
period of small oscillation corresponds to the growth
cycle. The labels on and off indicate the start and inter-
ruption, respectively, of the deposition of each growth
cycle. It is noticeable that the OIRD signal in Fig. 3(b) is
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of opposite sign to that in Fig. 3(a). As indicated in Fig.
3(d), there is a so-called turning point7,8 between points 1
and 2, as indicated by the arrows, after which the optical
signal changes sign. The turning point was observed by
Dietz and Bachmann7 for p-polarized reflectance spectros-
copy measurement of GaP grown upon a Si(100) sub-
strate. The monolayer OIRD signal close to the turning
point becomes weak and recovers when it is moved away
from that point. We chose all three positions far from the
turning point.

Because of lattice mismatch, the heteroepitaxial
growth of BaTiO3 upon a niobium-doped SrTiO3(100) sub-
strate proceeds in a SK growth mode at first. As shown
in Fig. 3(a), the OIRD intensity goes downward during
the deposition without a maximum value, which means
that the surface continues to become rougher. When the
deposition is interrupted, the surface smoothness begins
to recover, as revealed by the recovery of the OIRD inten-
sity. With increasing film thickness, the growth begins
to be transformed from a SK growth mode into a 3D
island-growth mode. As shown in Fig. 3(c), the mono-

Fig. 2. (a) Consistent RHEED intensity oscillation and (b)
OIRD relative intensity in a good 2D layer-by-layer growth mode
of niobium-doped SrTiO3 upon a SrTiO3(100) substrate.

Fig. 3. (d) Interference oscillations and (a)–(c) monolayer oscil-
lations obtained by OIRD during the heteroepitaxy of BaTiO3
upon a SrTiO3(100) substrate.
layer OIRD signal vanishes, which can be explained as a
result of the surface morphology’s not having effectively
recovered during the interruption. From Figs. 3(a)–3(c)
we can see the transformation of the growth mode from a
SK mode into a 3D island mode.

Figure 4 shows the optical interference oscillations for
the epitaxial growth of niobium-doped SrTiO3 (the doping
concentration is 10 mol. %) upon a SrTiO3(100) substrate
at several ambient-oxygen pressures. The three curves
were obtained at oxygen pressures of 2 3 1024,
2 3 1023, and 2 3 1022 Pa. The first property of the os-
cillations is that all the amplitudes damp with increasing
thin-film thickness, indicating a nonzero imaginary part
of the complex refractive index of the grown bulk film.
Another is that the amplitude and the damping speed are
much different for different ambient-oxygen pressures.
As shown in the inset of Fig. 4, the amplitude of the os-
cillation (we chose the second cycle for comparison) de-
creases with increasing ambient-oxygen pressure.

Now we discuss the effect of the complex refractive in-
dex of the bulk film on the OIRD interference oscillations.
The thin-film structure can be described as a three-layer
stack (ambient–thin film–substrate), as shown in Fig. 5.
When the probe laser beam is incident upon the substrate
surface, multireflection occurs between the surface–thin-
film interface and the thin film–substrate interface. A
series of beams is reflected back to the ambient. The in-
terference oscillation is an effect of interference of all the
reflected beams. We used Fresnel’s equations for a
multilayer stack as described previously16 to calculate the
reflectivity of s and p polarization. By numbering the
three-layer stack 0 for ambient, 1 for the thin film, and 2

Fig. 4. OIRD interference oscillations of the heteroepitaxy
niobium-doped SrTiO3 upon a SrTiO3(100) substrate under vari-
ous ambient-oxygen pressures. The symbols graph the oxygen
pressure (in pascals) as marked. Inset, the amplitude of the sec-
ond oscillation as a function of growing oxygen pressure.

Fig. 5. Schematic illustration of the surface structure described
by a three-layer stack model for heteroepitaxy in the OIRD mea-
surement and the multiple reflections of the probe light beam
from this stack.
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for the substrate, we can denote the complex refractive
index of the ambient, the thin film, and the substrate
ñ0 5 (n0 , k0), ñ1 5 (nf , kf), and ñ2 5 (nb , kb), respec-
tively.

The complex dielectric constant of each layer can be de-
noted «̃k 5 (ñk)2 (k 5 0, 1, 2). The thickness of the film
layer is denoted h. The reflection coefficient at the inter-
face between layer k and layer k 1 1 (from layer k to
layer k 1 1) is given by11

rk,k11
p

5
«k11~«k 2 «0 sin2 w!1/2 2 «k~«k11 2 «0 sin2 w!1/2

«k11~«k 2 «0 sin2 w!1/2 1 «k~«k11 2 «0 sin2 w!1/2 ,

(3)

rk,k11
s

5
~«k 2 «0 sin2 w!1/2 2 ~«k11 2 «0 sin2 w!1/2

~«k 2 «0 sin2 w! 1 ~«k11 2 «0 sin2 w!1/2

~k > 0 !, (4)

where w is the angle of incidence from the ambient. Con-
sidering the interference effects of all the reflection beams
from each layer as shown in Fig. 5, we can express the to-
tal reflectance coefficient in term of rk,k11 as16

rp 5
r01

p 1 r12
p exp~2if!

1 1 r01
p r12

s exp~2if!
, rs 5

r01
s 1 r12

s exp~2if!

1 1 r01
s r12

s exp~2if!
,

(5)
with phase factors f 5 (2p/l)(«1 2 «0 sin2 w)1/2. l
5 632.8 nm is the wavelength of the probe light in
vacuum. The reflection from the initial surface is a
simple reflection from a single interface (ambient–
substrate interface). The reflectance coefficients rp0 and
rs0 are given by

rp0 5
«2 cos w 2 A«0~«2 2 «0 sin2 w!1/2

«2 cos w 1 A«0~«2 2 «0 sin2 w!1/2
,

rs0 5
A«0 cos w 2 ~«2 2 «0 sin2 w!1/2

A«0 cos w 1 ~«2 2 «0 sin2 w!1/2
, (6)

respectively.
The complex refractive index of the SrTiO3 substrate at

632.8 nm is ñ2 5 (nb , kb) 5 (2.38, 0.01), as determined
by McKee et al.17 The ambient is vacuum with a refrac-
tive index ñ0 5 (1, 0). Then OIRD signals are calcu-
lated with Eqs. (2)–(6) as functions of thin-film thickness.
Figure 6(a) shows the relationship among Rp 5 urpu2,
Rs 5 ursu2, and the OIRD measurement with the thin-
film complex refractive index ñ1 5 (nf , kf) 5 (2.1, 0.01).
The background Rs0 and Rp0 (of Rs and Rp , respectively)
is successfully subtracted in the OIRD measurement.
Figures 6(b) and 6(c) show the effects of the real part nf
and the imaginary part kf on the OIRD signals. For a
chosen substrate, in the case of SrTiO3 (nb , kb)
5 (2.38, 0.01), the relative OIRD signal increases with
increasing unf 2 nbu when nf ranges from 1.9 to 3.0. The
signs of the interference oscillation for nf , nb and
nf . nb are opposite. The interference oscillation period
Dh decreases with increasing nf , as given by Dh
5 l0/2nf cos uf ,18 where u f is the refractive angle in the
thin-film layer. As is shown in Fig. 6(c), the damping
speed of the amplitude of the interference oscillations in-
creases with higher kf , indicating enhanced absorption of
the probe light.

According to the above discussion, one can calculate
the thin-film thickness and the complex refractive index
by fitting the experimental data. Figure 7 shows the fit-
ting of the OIRD signal obtained at an oxygen pressure of
2 3 1022 Pa, as shown in Fig. 4. The scatter graph (open
squares) shows the experimental data (not all the data
points are plotted). The solid curve is the fitted results.
The thin-film complex refractive index and the thick-
ness are obtained as (2.225 6 0.005, 0.110 6 0.003) and
610 6 5 nm, respectively. With the same method, the
complex refractive indices of the thin films grown at oxy-
gen pressures of 2 3 1023 and 2 3 1024 Pa are obtained
as (2.140 6 0.005, 0.116 6 0.003) and (1.98 6 0.01,
0.125 6 0.003), respectively. The thicknesses are
490 6 5 and 495 6 5 nm, respectively. The fitting re-
sults show that the imaginary part of the refractive index
is larger for lower-growth oxygen pressure. This study
provides a method for real-time monitoring of the relative
oxygen content of growing bulk film as well as of thin-film

Fig. 6. Numerical simulation results of the OIRD measurement
calculated from the three-layer stack with Fresnel’s equations for
multilayers: (a) reflectance of the s and p polarization and the
relative OIRD signal as a function of thin-film thickness; (b) de-
pendence of the OIRD signal on the real part of the complex re-
fractive index of the thin-film layer; (c) dependence of the OIRD
signal on the imaginary part of the complex refractive index of
the thin-film layer.

Fig. 7. Theoretical fit of the experimental data (niobium-doped
SrTiO3 upon SrTiO3 at an oxygen pressure of 2 3 1022 Pa).
The fitted complex refractive index (nf and kf) and film thickness
are shown.
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thickness and growth rates. As for thickness monitoring,
the precision can be at unit-cell level, as can be judged
from the high signal–noise ratio shown in Fig. 2. The
OIRD maximum intensity increase for the growth of one
unit-cell layer can be obtained at the waist of the inter-
ference oscillations. A typical OIRD signal change for
the growth of one unit-cell layer is 5 3 1024 (Fig. 2). We
can improve the fitting accuracy of the film-thickness
measurement shown in Fig. 7 by simply increasing the
data-acquisition speed.

4. CONCLUSIONS
In summary, we have reported the results of optical moni-
toring by the OIRD method of epitaxial growth of oxides
under conditions of laser molecular-beam epitaxy. The
growth mode can be revealed by the monolayer oscillation
corresponding to the growth cycle of interrupted growth.
The OIRD response is quite consistent with the RHEED
intensity oscillation for 2D layer-by-layer growth. In the
SK growth mode, the OIRD shows directly upward and
downward behavior without maximum values before the
end of the deposition. And the monolayer oscillation van-
ishes for 3D island growth. A three-layer stack model
was used to represent the surface structure. The inter-
ference oscillation for heteroepitaxy can be well fitted
with Fresnel’s equations for multilayers. The complex
refractive index and the thin-film thickness can be mea-
sured. The precision of the thickness monitoring can
reach the unit-cell level because of the high signal-noise-
ratio of the OIRD measurement. This study demon-
strates that the OIRD is of potential use for monitoring
growth mode, thickness, and complex refractive index of
thin films.
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