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Abstract—Splitting of resonant optical modes in Fabry—Perot microcavities with distributed Bragg reflectors
is studied experimentally. The splitting was detected in polarized light at large angles of incidence onto the
external boundary of amicrocavity. A theoretical model is devel oped which makesit possible to describe quan-
titatively al of the special features of the splitting observed. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Recently, much attention has been focused on
Fabry—Perot microcavities (MCs) because of their
interesting physical properties [1]. Some examples of
the phenomenathat were observed in MCs are given by
Rabi splitting due to the interaction of localized optical
modes with excitonsin quantum wells[2], the splitting
of eigenmode frequenciesin a system of two MCs cou-
pled by acommon mirror [3], and the polarization split-
ting of eigenfrequencies of optical TM and TE modes
[4]. Most of the effectsin MCs were studied at angles
close to normal incidence of light.

The aim of this study is a detailed investigation of
the optical eigenmode of aplanar MC at large angles of
incidence. As experimental samples, we used MCs on
the basis of oxygen-saturated hydrogenated amorphous
silicon (a-SiO,:H) and tin oxide (SnO,). The splitting of
the optical-mode resonant frequency in one of the
polarizations of light is revealed. The value of splitting
and the polarization (TM or TE) in which it appears
depend on the optical constants of theindividual layers
and the MC geometry.

EXPERIMENTAL

The microcavity under consideration is a thin-film
structure comprised of alternating layers of oxygen-sat-
urated hydrogenated amorphous silicon (a-SiO,:H) and
tin oxide (SnOX).1 A schematic of the MC structure is
shown in Fig. 1. The upper (A) and the lower (B) dis-
tributed Bragg reflectors (DBRS) consist of two pairs of
quarter-wave layers of SnO, and a-SiO,:H (the respec-
tive thicknesses are A/4n, and A/4n,) with a high (n,)
and alow (n,) refractiveindices (n, = 1.87 for SnO, and
n, = 1.46 for a-SiO:H). A half-wave active layer of
SnO, with the thickness A/2n, is placed between the

1 The detailed description of the MC design and fabrication pro-
cessaregivenin [5-9].

two DBRs. The optical parameters of the layers were
determined from the interference pattern recorded
directly during the growth of the microcavity structure.
The properties of each layer were independently
obtained from ellipsometry measurements. The thick-
nesses of the layers were chosen so that the resonance
wavelength (A) in vacuum at normal incidence of light
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Fig. 1. Scheme of an SnO,/a-SiO,:H-based microcavity
consisting of two quarter-wave distributed Bragg reflectors,
theupper (A) and thelower (B), and ahalf-wave active SnOy
layer (C). Sisthe quartz substrate; k; and k, are the wave
vectors of the incident and reflected waves, respectively;
¢ isthe angle of light incidence; TM and TE are the polar-
izationsof light; ny and n, aretherefractiveindices; and A is
the operating wavelength of the microcavity.
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Fig. 2. Transmission spectra of the SnO,/a-SiO,:H-based microcavity at the angles of incidence ¢ = 60°, 70°, and 80° for (a) TM
and (b) TE polarizations. Circles show the experimental results and solid curves show the results of calculations.

lies within the range from 1.3 to 1.5 um, which corre-
sponds to the range used by modern fiber-optics com-
muni cation devices.

The materials of the layers were selected so that the
microcavity structure grown had a fairly high optical
contrast 2(n; — ny)/(n; + ny), which alows one to
observe the MC eigenmodes with a minimum number
of periods within DBR. The latter circumstance plays
an important role in simplifying the technological pro-
cess of growing a multilayer structure.

Spectroscopic studies were carried out using a com-
puter-controlled grating monochromator equipped with
an InGaAs-based photodiode as a radiation detector.
We performed the measurements in the synchronous-
detection mode. The transmission signal was collected
from the surface area of 1 mm?. The angular aperture
did not exceed 0.7° during the measurements, which
enabled us to avoid undesirable broadening of reso-
nance lines as a result of collimation of beams passed
through the MC at different angles.

We measured the MC transmission spectra both in
TM and TE polarizations at different angles of inci-
dence in the range from 0° to 85°. The spectra were
recorded intheinterval including the value correspond-
ing to the photonic band gap [1]. As long as the angle
of incidence is no greater than 70°, the spectrum shows
aclearly pronounced resonance peak, which is attributed
to the excitation of an MC eigenmode. At larger angles,
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adoublet structure of the resonance peak appearsin TM
polarization; whereas, in TE polarization, such a struc-
tureis absent at any angle of light incidence.

The MC transmission spectra in the region of the
photonic band gap is shown by dotted curvesin Fig. 2
for (&) TM and (b) TE polarizations and three angles of
incidence (¢ = 60°, 70°, and 80°). It isseen that, in TM
polarization, the doublet structure is absent at ¢ = 60°,
arises at 70°, and becomes pronounced at 80°. The
splitting of the doublet increases with increasing ¢. In
TE polarization, only one resonance peak is detected at
the same angles of incidence. The TE peak turns out to
be narrower than the TM peak. The phaotonic band gap
most clearly manifests itself in TE polarization as an
appreciable increase in the transmission coefficient at
the long- and the short-wavel ength edges of the spectral
range considered.

Dots in Fig. 3 show the spectral position of the
experimental resonance peaks versus the angle of light
incidence. As the angle increases, the resonance wave-
length corresponding to the maximum transmission
decreases. For angles ranging from 0° to 70°, the reso-
nance frequencies for TM and TE polarizations coin-
cide. At the angles exceeding 70°, adistinct splitting of
the resonance peak is observed in TM polarization. It
should be noted that the appearance of the splitting is
threshold-like.
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Fig. 3. Angular dependence of the resonance wavelengths
of the SnO,/a-SiO,:H-based microcavity for TM and TE
polarizations. Circles represent the experimental results.
Solid and dashed curves show the wavelengths of the reso-
nance transmission peaks obtained from the spectra calcu-
lated by the transfer-matrix method for TM and TE polar-
izations, respectively. The dot-and-dash line is the result of
calculating TM polarization according to analytical expres-
sion (3).

In order to explain the experimental results, in what
follows, we suggest amodel for the formation of trans-
mission spectra of an MC structure at large angles of
light incidence.

THEORETICAL MODEL

The transmission spectra of the structure studied
were calculated by the transfer-matrix method [10].
The calculated spectra (solid curvesin Fig. 2) were fit-
ted to the experimental data by varying the refractive
index of SnO, and the MC layers’ thickness. As can be
seen, good agreement between the theoretical and the
experimental results was achieved. The calculated
curves reproduce all the special features of the experi-
mental spectraincluding the photonic band gap and the
resonance peak with its doublet structure.

The resonance wavelengths providing for the maxi-
mum transmission through the studied MC structure
(n, > ny) versus the angle of light incidence were
derived from the calculated spectrafor TM polarization
(solid line in Fig. 3) and TE polarization (dashed line).
The calculated values correlate well with the experi-
ment. The resonance wavelength decreases with
increasing angle of incidence. For angles in the range
from 0° to 70°, the resonance wavelengths for both
polarizations are very close (small polarization splitting
[11]). Thisfact is attributed to the relatively low value
of the optical contrast, as well as to the fact that the
optical thicknesses of the DBR layers and the active
layer are equal to A/4 and A/2, respectively, with high
accuracy.
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In order to establish the reasons for TM-peak split-
ting, we make a number of simplifying assumptions.
Let us assume the optical thickness of the active layer
and that of the DBR layers to be equal to A/2 and A/4,
respectively. The relationship between the refractive
indices of the MC layers is such that, at any angle of
incidence, the Brewster effect does not occur at the
interfaces between the adjacent DBR layers (n, >

1/,/n% +n5, where n, is the refractive index of the
external medium).

Analysis shows that, under certain conditions, a
constructive interference of waves (summation of
waves with the same phase) in the region of the photo-
nic band gap occurs at the internal boundaries of the
external quarter-wave layer of the upper DBR (this
layer is adjacent to the external medium). For TE polar-
ization, such interference occurs at any angle of light
incidence if n; < n, (see the arrangement of layersin
Fig. 1). In TM polarization, the interference becomes
constructive if n; > n, and the angle of incidence ¢
exceeds the Brewster angle ¢z, = arctan( ny/ny) or if
n, <n,and ¢ < ¢g,. For angles of incidence closeto 90°,
the reflectivity at the upper boundary of the external
layer tendsto unity, which resultsin the formation of an
additional MC denoted asMC, 4, in contrast toMC, , in
the half-wave active layer. Thus, at large angles of inci-
dence, we obtain a system of two MCs coupled by a
common two-sided mirror, which is formed by the part
of the upper DBR between the active and the upper
(external) layers.

Itisknown that, in asystem of two MCs coupled by
a common mirror, the frequencies of eigenmodes may
split [11]. Similar splitting should aso be expected in
the system under study.

In the region of the photonic band gap, the energy
reflection coefficient of aDBR Ry = [rpgrl? isnearly fre-
quency-independent. The phase of the amplitude reflec-
tion coefficient rpgg varies nearly linearly [8, 11]:

roer = 4/ Rogrexp{ia’(¢)[w—($)]}
where 0 = TM, TE denotes polarization, ¢ isthe angle
of incidence in the external medium, a%(¢) is the pro-
portionality factor between the phase and frequency,
and @’ (¢) is the “central” frequency of the photonic

band gap. The coefficient a®(0) is inversely propor-
tiona to the difference between the refractive indices:

a’(0) =a(0) = Anyny/[2¢(ny—ny)n],

where A = 2re/@(0), ¢ is the speed of light, n is the
refractive index of the medium from which the wave
falsonaDBR,and ®(0)= @' (0)= &' * (0) [12]. The
phase of the amplitude reflection coefficient at the fre-
quency @’ () is equal to zero (sign “+") if n=ny, n,
andto Tt (sign “=") if n< ny, n,.
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The amplitude transmission coefficient ty,c of a
microcavity as a whole is described by the following
expression (from here on, we omit the index g, which
denotes polarization):

3/2
1:toptcomq) tgalsy

~ ~ 2, = 3~ x
1- rtoprt:omcD - rcomchD + rtopchD rcom/rcom (1)

tye =

where tgg and rg are the amplitude coefficients of trans-
mission and reflection of light of the DBR B in the case
of incidence of light from the side of the active layer;
tg, is the amplitude transmission coefficient at the sub-
strate—external-medium interface; ® = exp(iffw) deter-
mines the phase increment of the wave as it passes
through an active layer with the thickness L., B =

L./ns—n2/c, n = nySiNG; toy, and Iy are the ampli-
tude coefficients of transmission and reflection of a
common mirror placed in amedium with the refractive
index ny; ty,, and Ftop are the amplitude coefficients of
transmission and reflection at the interface between the
external layer of the upper DBR (A) and the externa
medium. Symbol “~" indicates that the wave propaga
tion is opposite the Z axis.

Anaysis of the poles of expression (1) in the
approximation argrg = argr., (which is confirmed
by exact numerical calculations) indicates the existence
of acritical angle of incidence ¢, exceeding thisangle
resultsin the splitting of the eigenmode frequencies. An
approximate analytical expression for ¢g, is given in
the Appendix.

With the use of (1), the MC transmission spectrum
inthe region of the photonic band gap can be thought of
as the product of three resonance factors:

_ A
[ =) *|x = ol X = x| *

)

Twuc

where x = exp{i[(a + B)w—a®]} and Aand X, , 3 are
the constants governed by the MC parameters (see
Appendix).

The analytical expression for the splitting of theres-
onance transmission peak Aw, obtained on the basis of
formula (2) is presented in the Appendix. The frequen-
cies of the two resonance peaks w, , are determined as

W, , = W+ Aw/2, 3

where wy = (aw + m)/(a + P) is the resonance fre-
guency for uncoupled MC,,, and MC,,,, i.e, when
I coml = 1.

The resonance-peak splitting arises either in TM or
TE polarization, depending on whether the refractive
index of the material of the externa DBR layer is
greater or smaller than that of the other material com-
posing the DBR structure. Irrespective of the polariza-
tion type, the splitting is described by the same formu-
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Fig. 4. Angular dependence of the TM-pesk splitting for the
SnO,/a-SiO,:H-based microcavity. Circles show the exper-
imental data, and the solid lineistheresult of calculation by
formula (A1).

las (1)—~(3) presented in this section and by formula
(A.1) inthe Appendix.

The case considered is essentiadly different from
that analyzed in [11] for the system consisting of two
identical M Cs coupled by acommon internal DBR and
sandwiched between two identical external DBRs. In
the case under consideration, the system of two MCsis
substantialy asymmetric since the role of one of the
external DBRs is played by the interface between the
external layer of the microcavity structure and the
external medium. The phase of the amplitude reflection
coefficient of this interface is frequency-independent,
and the reflection coefficient differs from that of the
lower DBR. Furthermore, the thicknesses of the active
layers in these two MCs differ by a factor of 2. This
asymmetry controls the new characteristic features of
the splitting, which will be discussed in the following
section.

DISCUSSION

Figures 3 and 4 show the results of calculation in
terms of the analytical model suggested in Section 3in
comparison with the experimental data. The spectral
position of the TM-doublet components was deter-
mined from expression (3) with the use of the values
IFeomls Irel, @, and a calculated by the transfer-matrix
method. The theoretical curve in Fig. 3 (dot-and-dash
line) closely correlates with the experimental points
and with the results of calculation by the transfer-
matrix method. When the angle of incidence is closeto
70°, the splitting of the resonance peak manifests itself
both in theory and experiment. Thus, the anaytical
model suggested allows one to interpret the observed
splitting of the resonance peak as the splitting of the
MC eigenmode frequencies, which arises at large



836

angles of incidence due to the interaction between two
MCs: onein the active layer and the other in the exter-
nal layer of the upper DBR.

The splitting of the resonance TM peak versus the
angle of light incidence is shown in Fig. 4 (circles are
the experimental data; the solid curve represents the
results of calculation by formula (A.1)). The splitting
process is of athreshold type. At the angles exceeding
80°, the splitting only slightly increaseswith increasing
angle of incidence.

The splitting Aw, isgoverned by two parameters: the
transmission coefficient t,,, and the reflection coefficient
Fmp under the condition that |r| =1 (see Section 3). The

common mirror mixes two degenerate modes of the
system consisting of MC,,, and MC,,,, thus lifting the
frequency degeneracy of the modes. The transmission
coefficient ty,, controls the degree of interaction
between the two modes and the value of splitting [11].
In the region ¢ > ¢g,, this coefficient only slightly var-
ies with the angle of incidence and the splitting
increases mainly dueto theincreasein the coefficient of
reflection of the interface between the upper DBR and
the external medium 7,

An important parameter is the minimum angle of
light incidence at which the splitting of the resonance
TM peak is initiated. This threshold angle can be
reduced by increasing |F,,, | and decreasing |r o], which
is achieved by reducing the refractive index n, of the
DBR external layer.

The calculation of spectra by the transfer-matrix
method shows that the reflection coefficient of the
lower DBR |rgf? has only a slight influence both on the
threshold angle ¢4, at which the splitting appears and
on the value of splitting Aw, (if |rg|? is larger than the
reflection coefficient of the upper DBR). With an
increase in the reflectivity of the common mirror, Aw,
decreases and ¢, increases. The corresponding varia-
tion in the width of resonance peaks is small. The
absorption of light in MC layers results in additional
broadening of the resonance peaks.

The above results were taken into consideration
when choosing the MC parameters (refractive indices,
the number of DBR-containing layers, the active-layer
thickness) so as to make the threshold angle low
enough to be reliably detected in experiments.

CONCLUSION

A Fabry—Perot microcavity was fabricated on the
basis of SnO,/a-SiO,:H by plasma-enhanced chemical-
vapor deposition. The frequency of the resonance peak
of transmission of this structure was studied experi-
mentally as afunction of the angle of light incidencein
the range from 0° to 85° in TM and TE polarizations.
Splitting of the resonance TM peak at large angles of
incidence was reveal ed.

GOLUBEV et al.

It is shown that resonance-peak splitting originates
from the splitting of the eigenmode frequencies in a
system of two microcavities coupled by acommon mir-
ror. The first microcavity represents an active layer.
At large angles of incidence, the external layer of the
distributed Bragg reflector adjacent to the external
medium plays the role of the other MC. If the external
layer consists of a material with the highest refractive
index (from the refractive indices of the two materials
comprising the distributed Bragg reflector), an external
microcavity is formed only for TM polarization if the
angle of incidence exceeds the Brewster angle at the
interface between the external medium and the upper
layer. This condition was met in the experiment. If the
external layer is made of amateria with alower refrac-
tive index, an external microcavity is formed for
TE polarization.

Approximate analytical expressions for the reso-
nance-peak splitting and the threshold angle at which
the splitting arises are obtained. The results of calcula-
tions by these expressions are in good agreement with
the experimental data.

APPENDIX

Solitting of the Resonance Peaks
in Transmission Spectra

At large angles of incidence, the DBR reflection
coefficients |r,m| and |rg| show only a weak angle
dependence and may be calculated analytically using
the formulas reported in [11] or by the transfer-matrix
method. With reflection coefficients taken for the inter-
val of angles where splitting is expected, one can find
an approximate value of the angle ¢, at which splitting
arises. In TM polarization (the refractive index of the
external layerisny),

2 2
dg, = arcsin dznv—nl
ny(d—1)

where

In TE polarization (the refractive index of the exter-
nal layer isn,, n, <ny),
. d 2_ 2
¢Sp = arcsin _2_112___'1\/_’
ny(d—1)

where

d = Eﬂ-_litOph]z_
ML+ 5]
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For both polarizations,

837

el

~ 1 |l 2
r = 27 —-18 —|r ral +|rgl(|r -9
Ful = fZJ o 18 Il rd (nl”-9)

The splitting of the resonance peaksin transmission
spectrais expressed as

Aw, = ——2——arccos(g),

ToF (A1)

where
g = (s{-3s+a[-2+s(a+29)]} +Vv°
+a(a+2s)vi—.J/F)/(6(a+2s)(S" + v?)),
f = (s{-3s+a[-2+s(a+29)]}
+vi+ala+2s)v?)’+3(a+2s)(s*+ v
x ((L+59)[2a’s+ 65" +a(7s° —1)]

+2[a+(3+a%)s+3as’ + 28 vi—(a+2s)v?),

_ 1p/3 O
S = U—a/3, = EDT—/\D,
_ B3, 0 _ 09, [wf. o
V=508 o AT o3t o
2
__d _ 25 ab
= -3 th a=za-THe
a= _U|Fcom|/Ftopv b = _lrcomllerlv c= u/Ftoperl’

and [ isthe sign of r,,, a the photonic midgap. Under
the condition argr.,, = argrg, the poles of expres-
sion (1) takethevaluesx; =u—al3—iv, X, =u—al3 +iv,
and x; =—2u—a/3.
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