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Polarization splitting of optical resonant modes ina-Si:HÕa-SiOx :H microcavities

A. A. Dukin,* N. A. Feoktistov, V. G. Golubev, A. V. Medvedev, A. B. Pevtsov, and A. V. Sel’kin
A. F. Ioffe Physico-Technical Institute, 26 Politechnicheskaya, St. Petersburg 194021, Russia

~Received 16 August 2002; published 8 April 2003!

We present experimental and theoretical results on polarization splitting of optical resonant modes in
a-Si:H/a-SiOx :H microcavities. It is shown experimentally that the splitting sign and value can be controlled
by varying the active layer thickness. The polarization splitting achieved in the microcavities is about 8 meV
owing to a large optical contrast, which is the ratio of film refractive indices in the distributed Bragg reflectors.
The experimental data and theoretical analysis show that the polarization splitting may be zero at a certain
angle of incidence of light determined by the microcavity parameters. The measured and calculated resonant
frequency values for TM and TE polarizations were used to find the optical thickness of the active layer and the
stop-band center frequency of the Bragg reflector. The account of the active layer thickness fluctuations along
the lateral direction provides a better fit between the experimental and theoretical spectra.
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I. INTRODUCTION

Microcavities ~MCs! composed of distributed Bragg re
flectors~DBRs! and an active layer with a thickness of abo
the resonant wavelength have lately attracted much atten
due to their unusual physical properties and promising ap
cations in microelectronics@1#. In particular, MCs are widely
used in light-emitting diodes to reduce radiation losses an
vertical cavity surface-emitting lasers to increase their e
ciency and achieve a low threshold operation@2#. We have
carried out a detailed study of the polarization characteris
of the optical ~resonant! MC eigenmode. It is known tha
oblique light incidence produces a frequency difference
the resonant modes of TM and TE polarizations, which w
first observed in MCs based onA3B5 semiconductors and
termed polarization splitting@3#. The splitting in this MC
type was found to be very small, less than the resonance
width. A more recent study@4# has shown that the polariza
tion splitting in Pb12xEuxTe/EuTe MCs with a high optica
contrast~this is the ratio of the DBR layer refractive indice!
is much larger than that inA3B5 MCs. This provides an
additional degree of freedom for the MC radiation cont
@5#.

The present work is aimed at a detailed investigation
polarization splitting in microcavities based on hydrogena
amorphous silicon (a-Si:H) and hydrogenated amorphou
silicon-oxygen alloy (a-SiOx :H). These materials possess
large ratio of refractive indices~the optical contrast is
na-Si:H /na-SiOx :H'2.4 in the 1.3–1.5mm range!, which gives

rise to a high splitting value. The MCs we studied we
adjusted to the 1.3–1.5mm wavelength range because it
commonly used in optical telecommunication systems.
will show that the splitting is closely related to the basic M
characteristics, providing additional information on the M
optical properties and design.

*Electronic address: dookin@gvg.ioffe.rssi.ru; URL: http
www.ioffe.ru/
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II. EXPERIMENT

Polarization splitting was studied in MCs grown by th
plasma-enhanced chemical vapor deposition~PECVD! tech-
nique. The cavities were planar structures, each consistin
a half-wave active layer placed between two DBRs. Ea
microcavity was grown in a single technological cycle wit
out exposure to the air during the pauses between succe
stages of growth of individual layers@6–9#. Thea-Si:H films
were deposited from a 10% silane-argon mixture. Up to 1
of oxygen was added to the gas mixture to deposita-SiOx :H
films. The other PECVD parameters included the worki
pressure 0.1–0.2 Torr, RF power 0.03–0.1 W/cm2, the sub-
strate temperature 200 °C, and the gas flow rate 5–10 SC
~SCCM denotes cubic centimeter per minute at STP!. The
average growth rate was less than 0.2 nm/s.In situ interfer-
ometry was used to control directly the film thicknes
growth rate, and optical characteristics.

The film thicknesses were chosen such that the reso
wavelength of the eigenmode was within the range
1.3–1.5mm, a standard value for optical telecommunicati
systems. All of the MCs were made symmetric, i.e., the nu
ber of layers in the top and bottom DBRs was the same.
made MC structures with three and four layer pairs in DBR

One of the MC structures is shown schematically in F
1. The top~A! and bottom~B! DBRs consist of three pairs
~periods! of quarter-wave a-Si:H and a-SiOx :H films
l/4na-Si:H andl/4na-SiOx :H thick and a half-wavea-Si:H ac-

tive layer of thicknessl/2na-Si:H . Here,l is the light wave-
length in vacuum,na-Si:H53.46, andna-SiOx :H51.46. The
optical characteristics were found directly from the interfe
ence spectra during the growth. The characteristics of in
vidual layers were controlled by ellipsometry independen
The MC structures had different active layer thicknes
which permitted obtaining different polarization splitting va
ues. The quality factors~the ratio of the eigenmode reso
nance frequency to the eigenmode width! for structures with
three periods~samples 222 and 340! and four periods
~sample No. 342! were found to be 350, 470, and 950, r
spectively.

The reflection spectra for oblique incidence were m
©2003 The American Physical Society02-1
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sured by a computer-controlled diffraction grating mon
chromator equipped with a Hamamatsu InGaAs photodio
The measurements were made in a lock-in mode regime.
surface area, which the reflected signal was detected fr
was 1003100 mm2. The angular aperture was less th
1.5°, allowing us to avoid the undesirable broadening of
resonance lines because of the collection of rays that
passed through the structure at different angles.

The DBRs produce almost a total reflection band—a s
band. The MC reflectivity in the stop-band region is close
unity, and it is only the resonance frequency that produce
sharp dip associated with the resonant excitation of the

FIG. 1. Schematic diagram of aa-Si:H/a-SiOx :H microcavity,
consisting of a half-wave active layer placed between the top~A!
and bottom~B! three-period distributed Bragg reflectors. TM an
TE denote the polarization of light,w is the angle of incidence o
light, ki and kr are the wave vectors,n1 and n2 are the refractive
indices.

FIG. 2. Reflectance spectra of thea-Si:H/a-SiOx :H microcavity
with three-period DBRs, sample No. 222. The angle of incidenc
light is 30°, TM and TE denote the polarization of light. Dotte
lines are experimental data, solid and dashed lines are calcu
with and without inhomogeneous broadening, respectively.
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eigenmode. Figure 2 shows the reflection spectra for TM
TE polarizations in the region of resonance states of the
eigenmodes~sample No. 222!. The angle of incidence o
light coming from the ambient~air! is 30°. One can see tha
the polarization splitting is larger than the total width of th
resonance lines and that the lines have close amplitudes

Figures 3 and 4 illustrate the spectra for samples 340
342 in the vicinity of the resonance lines of the eigenmod
It is clearly seen that the polarization splitting value and s
vary with the sample due to the variation in the sample
ometry ~Table I!. There is practically no splitting in sampl
No. 342~Fig. 4!.

III. THEORY

The frequencyv r of the MC optical resonance mode ca
be found from the relation

acv r1fA~v r !1fB~v r !52pN, ~1!

wherefA(v r) andfB(v r) are the phase shifts of the ele
tromagnetic wave reflected by the top~A! and bottom~B!
DBRs at the resonance frequency;ac(w)52LcRenz /c,
ac(w)v r is the phase increment on the doubled thickn
2Lc of the active layer;N is the integer,nz5A«c2nx

2, nx

f

ted

FIG. 3. Reflectance spectra of thea-Si:H/a-SiOx :H microcavity
with three-period DBRs, sample No. 340. The angle of incidence
light is 30°, TM and TE denote the polarization of light. Dotte
lines are experimental data, solid lines represent calculations.

FIG. 4. Reflectance spectra of thea-Si:H/a-SiOx :H microcavity
with four-period DBRs, sample No. 342. The angle of incidence
light is 30°, TM and TE denote the polarization of light. Dotte
lines are experimental data, solid lines represent calculations.
2-2
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POLARIZATION SPLITTING OF OPTICAL RESONANT . . . PHYSICAL REVIEW E 67, 046602 ~2003!
5A«vsinw; w is the light incidence angle;«c is the dielectric
constant of the active layer; and«v is the dielectric constan
of the ambient air. For simplicity, we will assume the amp
tude ~complex-valued! reflectivities r of both DBRs to be
identical on the active layer side.

The energy reflectivityR5ur u2 for the DBR in the stop-
band region is practically frequency independent but
phase changes nearly linearly:r s56ARsexp$ias(w)@v
2v̄s(w)#% @10#, wheres is the TM or TE polarization,as(w)
is the proportionality factor relating the phase to the f
quency,v̄s(w) is the frequency at the stop-band ‘‘cente
~the phases 0 orp of the amplitude reflectivity! @11#. The
phase shift of the wave reflected by DBR corresponds to
effective increase of the active layer thickness by the p
etration depth,DL5a(w)c/2 Renz , of the field into the
DBR. The coefficienta is inversely proportional to the dif
ference in the refractive indices:a(0)5l̄n1n2 /@2c(n1

2n2)A«c#, wheren1 andn2 are the refractive indices of th
DBR films (n1.n2), l̄52pc/v̄(0), and v̄(0)[v̄TM(0)
5v̄TE(0) @12#. The phase of the amplitude reflectivity at th
frequencyv̄s(w) is zero, if the active layer has a high re
fractive indexA«c5n1, like in our case, or it is equal top,
if the active layer has a lower refractive indexA«c5n2.

The phase dependences of the amplitude reflectivities
the top and bottom DBRs may differ. In that case, one sho
expressas(w) and v̄s(w) as

as~w!5@aA
s~w!1aB

s~w!#/2

and

v̄s~w!5@aA
s~w!v̄A

s~w!1aB
s~w!v̄B

s~w!#/@aA
s~w!1aB

s~w!#,

whereaA
s(w) and aB

s(w) are the proportionality factors fo

the A and B reflectors, respectively;v̄A
s(w) and v̄B

s(w) are
the stop-band center frequencies for theA andB DBRs, re-
spectively.

With increasing incidence, the coefficienta becomes
larger for the TM polarization but it is smaller for the T
polarization; the position of the stop-band center also va
with the polarization. According to the Fresnel formulas, t
is due to the respective changes in the TM and TE reflec
ties at the layer interfaces in the DBR. As a result, the re
nance conditions~1! for the TM and TE polarizations be

TABLE I. Microcavity characteristics found from the spectr
analysis of polarization splitting and the resonance frequencie
the angle of incidence of 30°.

Sample
No.

Fabry-Pe´rot
frequency

~meV!

Stop-band
center

frequency
~meV!

TM-mode
resonance
frequency

~meV!

TE-mode
resonance
frequency

~meV!

222 958 733 834 842
340 891 898 921 920
342 803 788 824 824
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come different, producing the polarization splitting: th
mode resonance frequenciesv r

TM(w) andv r
TE(w) differ. For

the definite polarizations, we have

v r
s~w!5

2pN12as~w!v̄s~w!

ac~w!12as~w!
, ~2!

where ac(w)[2pN/vFP(w), vFP(w)
[vFP(0)ReA«c/Renz , andvFP(0)[pcN/Lc ReA«c is the
MC eigenmode frequency at normal incidence if there are
phase shifts of the waves reflected by DBRs~the Fabry-Pe´rot
frequency@10#!.

Using Eq.~2!, one can show that the polarization splittin
is proportional to the difference in the frequenciesvFP(0)
and v̄(0):

v r
TM~w!2v r

TE~w!5A~w!@vFP~0!2v̄~0!#1B~w!, ~3!

where

A~w!52
2ac~w!@aTM~w!2aTE~w!#ReA«c

@ac~w!12aTM~w!#@ac~w!12aTE~w!#Renz

,

~4!

B~w!5
2ac~w!@aTM~w!2aTE~w!#v̄~0!

@ac~w!12aTM~w!#@ac~w!12aTE~w!#
S v̄TM~w!

v̄~0!

2
vFP~w!

vFP~0! D 1
2aTE~w!@v̄TM~w!2v̄TE~w!#

ac~w!12aTE~w!
. ~5!

Equation~3! holds on the assumption of a linear frequen
dependence of the reflectivity phase. The polarization sp
ting is primarily due to the difference in theas(w) coeffi-
cients for the TM and TE polarizations. The differen
aTM(w)2aTE(w) enters into expression~4! and into the first
term of Eq. ~5!. Besides, contributions to the polarizatio
splitting are also made by the difference in the stop-ba
center frequencies,v̄TM(w)2v̄TE(w) @the second term in
Eq. ~5!#, and by the different angular dependences of
Fabry-Pe´rot frequencyvFP(w) and the stop-band center fre
quencyv̄s(w) @the first term in Eq.~5!#.

At normal incidence, the polarization splitting is zer
A(0)50 andB(0)50, since the waves with different pola
izations are then reflected similarly,aTM(0)5aTE(0) and
v̄TM(0)5v̄TE(0). As the incidence angle becomes large
the polarization splitting rises superlinearly because of
nonlinear growth of the differenceaTM(w)2aTE(w).

The polarization splitting equalsB(w) in ‘‘optimal’’ MC
structures whenvFP(0)5v̄(0). Thecalculated value of the
relative splitting

DTM,TE[2@v r
TM~w!2v r

TE~w!#/@v r
TM~w!1v r

TE~w!#

in the a-Si:H/a-SiOx :H structures is 1023 at the incidence
of 30°. This is in good agreement with the theoretical re
nance line width in structures of the three-period DBRs,
dicating the possibility of experimental observation of t

at
2-3
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splitting. The splitting value can be increased manifold o
ing to the mismatch between the frequenciesvFP(0) and
v̄(0). Thepolarization splitting sign is governed by the sig
of the differencevFP(0)2v̄(0).

It follows directly from Eq.~3! that we can select suc
values ofvFP(0) andv̄(0) that the splitting will vanish at a
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-certain angle of incidence. The angular dependence of
polarization splitting will then become nonmonotonous. T
reason for zero splitting at oblique incidence is that the ph
shift of the light wave reflected by the DBR is the same
both polarizations at the resonance frequency@Eq. ~1!#. The
condition for zero splitting then takes the form
Lc5
@aTM~w!2aTE~w!#2pN12aTM~w!aTE~w!@v̄TE~w!2v̄TM~w!#

aTM~w!v̄TM~w!2aTE~w!v̄TE~w!
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In this case, the phase difference between the TM and
waves reflected by the MC structure is nonzero, in contras
the normal incidence. Therefore, the linearly polarized lig
containing the TM and TE components becomes elliptica
polarized. The parameters of the polarization ellipse v
greatly within the resonant contour.

Note that the value ofDTM,TE for conventional GaAs/
AlAs structures is less than 0.1% at 60° incidence@10# be-
cause of the low optical contrast inA3B5 DBRs @2#. The
polarization splitting can be increased by using high ind
contrast DBRs@4#. In particular, the splitting can be made a
order of magnitude larger by using higher optic contrast
low contrast aTM,aTE@ac , whereas at high contras
aTM,aTE;ac @see Eqs.~4! and ~5!#.

IV. RESULTS AND DISCUSSION

A. Polarization splitting of the optical resonant mode

The MC reflection spectra were calculated using Air
formulas @13#. The theoretical resonance frequencies w
fitted to the experimental ones by varying two parameter
the active layer thicknessLc and the frequencyv̄(0)—and
taking the above values of the MC refractive indices. T
theoretical spectra were computed taking into account
inhomogeneous broadening of the resonant contour~see be-
low!.

It is found that sample No. 222 has a higher resona
frequency for the TE polarization than for the TM polariz
tion ~Fig. 2!, whereas the optimal MC structure shows t
contrary result. The latter is due to the fact that the Fab
Pérot frequencyvFP(0) for sample No. 222 is higher tha
its stop-band center frequencyv̄(0).

Figure 3 illustrates the polarization splitting for samp
No. 340 at the same incidence of 30°, which shows
reverse sequence of the TM and TE components, as c
pared with sample No. 222. The lower value of polarizat
splitting results from the smaller difference between the f
quenciesvFP(0) andv̄(0), with the opposite splitting sign
being due to the conditionvFP(0),v̄(0).

Therefore, the polarization splitting can be controlled
varying the active layer thickness, and zero splitting can
achieved by selecting the proper angle of incidence~Fig. 4!.
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The values ofvFP(0) andv̄(0) were found by fitting the
theoretical TM and TE resonance frequencies~Table I!.

The polarization splitting is practically independent on t
number of layers in the DBR but it increases with larg
difference vFP(0)2v̄(0) or higher optical contrast. The
overlap of the resonance lines can be reduced by making
lines narrower by increasing the number of layers in
DBRs.

Figure 5 shows the calculated polarization splitti
DTM,TE at the light incidence of 30° as a function of th
relative mismatchDFP[@vFP(0)2v̄(0)#/v̄(0) between
the Fabry-Pe´rot and stop-band center frequencies~solid line!.
The splitting varies nearly linearly with the differenc
vFP(0)2v̄(0). Sample No. 340 is closest to the optim
MC structure. The comparison of the spectra for samples
and 222 shows that the splitting can be increased by an o
of magnitude by changing the value ofDFP from 0 to 0.3.
Sample No. 342 shows no splitting at the light incidence
30° ~Fig. 5!. The inset in Fig. 5 gives the theoretical valu
of the relative polarization splittingDTM,TE for this sample as
a function of the angle of incidencew. One can see that thi

FIG. 5. Relative polarization splitting,DTM,TE , as a function of

relative mismatch,@vFP(0)2v̄(0)#/v̄(0), between the Fabry-
Pérot frequency and the stop-band center frequency of DBRs.
solid line is calculated fora-Si:H/a-SiOx :H microcavities, squares
are the experimental data fora-Si:H/a-SiOx :H microcavities, and
the dashed line represents calculation for GaAs/AlAs microcavit
Inset: calculated angular dependence of the relative polariza
splitting for the a-Si:H/a-SiOx :H microcavity, sample No. 342
Indicated by open circles are zeros of the splitting.
2-4



nc

s
ea

tra

su

l

de

o

-
s

e

-

a

ab
c

th
d

a

s
fo

e
nd
o
n

t
iff
tic
ne

a
ol
o

ty
R

lit

al
1

e-
the-
es

r.
for
s

lity

xi-
en
g to

tal

.
heo-
ad-

ec-
ri-
fre-
ths
ex-

y is
oci-
he
gis-
ing
ti-

so-
ing
nd,

-
h,
b-

ec-
ted

ec-
yer
ity.
as

th
ur
oad-
the

POLARIZATION SPLITTING OF OPTICAL RESONANT . . . PHYSICAL REVIEW E 67, 046602 ~2003!
splitting vanishes and reverses its sign at the 30° incide
So, DTM,TE equals zero at two angles of incidence,w50°
and w530°, that are pointed in the inset by open circle
Unfortunately, our samples under study do not permit m
suring the nonmonotonic part of the curveDTM,TE(w) due to
the experimental error in determining difference in spec
positions of reflectivity minima. Only at the angle ofw
540° and higher, the polarization splitting becomes mea
able for the sample No. 342.

Figure 5 also presents the theoretical dependence
DTM,TE on DFP for GaAs/AlAs MC structures of low optica
contrast (nGaAs53.55 andnAlAs53.01 at the wavelengthl
5886 nm @14#!. It is evident that the value ofDTM,TE for
a-Si:H/a-SiOx :H structures is nearly an order of magnitu
larger than that for GaAs/AlAs structures.

The approximate dependence of polarization splitting
vFP(0)2v̄(0) was pointed out earlier@10#. As compared
with the corresponding formulas of Ref.@10#, our formula
~3! contains an additional termB, besides the analytical ex
pression for the termA is different from that for analogou
term in Ref. @10#. Therefore our formula is valid for both
high and low optical contrasts, whereas the formulas of R
@10# are limited only by the case of low optical contrast.

In the case of low optical contrast@and a reasonable dif
ferencevFP(0)2v̄(0)], we have uB(w)u!uA(w)@vFP(0)
2v̄(0)#u. Then the polarization splitting is close to zero
any angle of incidence whenvFP(0)5v̄(0). At vFP(0)
Þv̄(0), however, the splitting may be appreciable as its
solute value increases monotonically with the inciden
angle. At high contrast, theuB(w)u/uA(w)@vFP(0)2v̄(0)#u
ratio becomes an order of magnitude larger, such that
B(w) factor should not be ignored anymore. The latter lea
to the splitting that will occur even atvFP(0)5v̄(0). Zero
splitting can be achieved by the proper selection of the v
uesvFP(0)Þv̄(0) and the angle of incidencew. Then the
splitting angular dependence becomes nonmonotonous~for
the calculations, see the inset in Fig. 5!.

The angular dependences of the resonance frequencie
the TM- and TE-polarizations are presented in Fig. 6
sample No. 222 having a large value ofDTM,TE . The split-
ting grows nonlinearly as the angle of incidence becom
larger. The inset shows the MC reflectivities for the TM a
TE polarizations, calculated taking into account the inhom
geneous broadening, as a function of the angle of incide
at the fixed light wavelength of 1.44mm. The angles, a
which resonant modes are excited at this wavelength, d
by a few degrees. The experimental points and theore
curves in Fig. 6 demonstrate mode states of different e
gies, wave vectors, and polarizations. Some of the states
energy degenerate but have different wave vectors and p
izations. This is illustrated in the inset of Fig. 6 for tw
degenerate states.

It is noteworthy that the calculation of the MC quali
factor must consider the spectral variation of the DB
reflectivity phase. For this case, the theoretical qua
factor is defined as @15# Q5v r(0)/G5AR@ac(0)
12a(0)#v r(0)/2(12R), where G is the resonance line
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width in the reflection or transmission spectrum at norm
incidence. The quality factor increases by a factor of
12a(0)/ac(0) because of the phase shift in the DBR r
flection. With the spectral dependence of the phase, the
oretical value of this parameter appears to be 1.7 tim
higher ina-Si:H/a-SiOx :H structures.

The detuning betweenvFP(0) andv̄(0) leads not only to
a larger polarization splitting but to a smaller quality facto
Figure 7 presents the quality factor calculations
a-Si:H/a-SiOx :H MC structures with three-period DBRs a
a function of the detuningDFP ~solid line!. The inhomoge-
neous broadening was ignored. It is seen that the qua
factor decreases with increasing the absolute value ofDFP .
This is due to the fact that the reflectivity reaches a ma
mum in the vicinity of the stop-band center and th
smoothly decreases towards the stop-band edges. Owin
the increase inDFP from 0 to 0.3, the splitting grows by an
order of magnitude~sample No. 222 in Fig. 5! but quality
factor drops 1.6 times. A comparison with the experimen
quality factors fora-Si:H/a-SiOx :H samples of three-period
DBRs and different values ofDFP and v̄(0) ~indicated by
circles! shows that they depend onDFP to a lesser degree
Besides, the experimental values are smaller than the t
retical ones, which we attribute to the inhomogeneous bro
ening of the resonance lines.

B. Inhomogeneous broadening of resonance lines

The above approach to the calculation of reflection sp
tra fails to provide a complete agreement with the expe
mental data. The calculated and measured resonance
quencies coincide, but the theoretical resonance line wid
appear to be smaller and the amplitudes larger than the
perimental values. A possible reason for this discrepanc
the inhomogeneous broadening of the reflection line, ass
ated with active layer thickness fluctuations within t
sample lateral area which makes a contribution to the re
tered signal. Another possible mechanism of the broaden
could occur, in principle, due to fluctuations of the suscep
bility ~see, for example, Ref.@16#!. However, in the micro-
cavities investigated, the layer susceptibilities have no re
nant peculiarities. Therefore such kind of a broaden
mechanism seems unlikely in our case. On the other ha
rather small random deviations (dLc'0.220.4 nm) of the
active layer thickness (Lc'200 nm) bring about a remark
able shift ('0.621.2 nm) of the eigenmode wavelengt
which allows one to give a simple explanation for the o
served broadening of the reflection lines.

Figure 2 shows the resonance lines of the reflection sp
tra for sample No. 222; solid and dashed lines are calcula
with and without the inhomogenous broadening, resp
tively, assuming the Gaussian distribution of the active la
thicknesses and performing an averaging of the reflectiv
The broadening decreases the amplitude of the TE line
compared with the TM line, increasing the widths of bo
lines. However, the position of the minimum and the conto
area remain the same. Therefore, the inhomogeneous br
ening does not affect the polarization splitting but makes
spectral line overlap larger.
2-5
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The account of thickness fluctuations provides a be
fitting of the theoretical spectra. The mean square devia
of the active layer thickness is found to be 0.4 nm for sam
No. 222~Fig. 2! and 0.2 nm for samples 340~Fig. 3! and 342
~Fig. 4!. It is the resonance character of this effect that allo
a spectroscopic registration~from the line amplitude and
width! of the thickness fluctuations, which are as small a
few angstroms. A high sensitivity to such minute fluctuatio
was reported earlier in the analysis of the elastic reson
light scattering on the interface roughness in a MC struct
with a quantum well in the active layer@17#.

The theoretical line widths for sample No. 222~Fig. 2! are
close to the experimental width values but the amplitu
appear to be somewhat lower. The latter may be due
lower DBR reflectivity because of the thickness deviati
from the quarter-wave value@15#.

Thus, the suggested mechanism of inhomogeneous br
ening of the resonance lines provides a better agreemen
tween theoretical and experimental reflection spectra.
discrepancy between the model calculations and experim
tal data for sample No. 342 seems to be due to a smaller
width in this sample ~with four-period DBRs! than in
samples 222 and 340~with three-period DBRs!. A smaller
width makes the line more sensitive to additional broaden
factors that were not included in the model.

V. CONCLUSION

Plasma-enhanced chemical vapor deposition was use
make a series of planara-Si:H/a-SiOx :H based microcavi-
ties with different geometry parameters. The experimen

FIG. 6. Angular dependences of the resonance frequencie
a-Si:H/a-SiOx :H microcavity with three-period DBRs, sample N
222. TM and TE denote the polarization of light. Solid and dash
lines—calculation, circles—the experimental data. Inset:
a-Si:H/a-SiOx :H microcavity ~sample No. 222! reflectance as a
function of the angle of incidence at the fixed wavelength
1.44mm.
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and theoretical investigation of optical resonant modes
these structures has shown that their polarization splittin
an order of magnitude larger than in conventionalA3B5 mi-
crocavities owing to a large interface optical contrast in
distributed Bragg reflectors. The focus was on the variat
of the polarization splitting of resonant lines in the light r
flection spectra with the microcavity parameters and
angle of light incidence. It is shown experimentally that t
sign of splitting and its value essentially depend on the ac
layer thickness. The high optical contrast provides about
relative splitting at the incidence of 30°. We have studi
experimentally and theoretically the conditions under wh
energy-degenerate TE- and TM-mode states can be excit
zero splitting. The active layer thickness and the stop-b
center frequency in distributed Bragg reflectors were fou
by fitting the calculated resonance frequencies for the
and TE modes to their experimental values.

The detailed analysis of the resonant reflection lines in
cates the presence of statistical roughnesses at the film i
faces, which produce fluctuations in the active layer thic
ness. The account of such fluctuations in the mo
calculations allowed the evaluation of the mean square
viation of the thickness, which was found to be only a fe
angstroms. It is the resonant character of the light reflec
effect in the region of eigenmode states that makes possib
spectroscopic registration of such minute thickness fluct
tions from the resonant line amplitude and width.
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FIG. 7. Quality factor,Q5v r(0)/G, as a function of relative

mismatch,@vFP(0)2v̄(0)#/v̄(0), between the Fabry-Pe´rot and
the stop-band center frequencies fora-Si:H/a-SiOx :H microcavi-
ties with three-period DBRs. Solid line—calculation, circles—t
experimental data.
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