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The emission properties of Si12xGex alloy nanocrystals (nc-Si12xGex) in an optical microcavity
were studied, and the results were compared with those ofnc-Si in the same structure. The cavity
consists of two distributed Si/SiO2 Bragg reflectors~DBRs! sandwiching a thin SiO2 film containing
nc-Si12xGex . The commonly observed cavity effects, that is, spectral narrowing, high
directionality, and photoluminescence~PL! enhancement in the normal direction, were observed. In
nc-Si12xGex , PL lifetime was lengthened by cavity formation, while that ofnc-Si was shortened.
This difference is due to the different dielectric contrast between active layers and DBRs. ©2003
American Institute of Physics.@DOI: 10.1063/1.1539289#
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I. INTRODUCTION

During the past decade, nanometer-sized Si and Ge c
tals (nc-Si andnc-Ge) have been extensively studied b
cause they offer new possibilities for indirect band-gap se
conductors as new materials in photoelectronic applicatio
It has been demonstrated that the photoluminescence~PL!
energy ofnc-Si is tunable from the bulk band gap to th
visible region by simply controlling its size.1–6 The tuning
range can be expanded by Si12xGex alloy formation, because
the band gap~luminescence! energy of nanometer-size
Si12xGex alloy crystals (nc-Si12xGex) changes from the
widened bandgap ofnc-Si to that ofnc-Ge depending on
x.7–10 The wide tunability of PL peak energy prompts gre
interest in the development of Si-based light-emitting d
vices.

The emission properties of such materials can be fur
improved by constructing a microcavity structure; that
putting an active layer into two distributed Bragg reflecto
~DBRs!. When a phonon is confined in a microcavity in res
nance with the emission of the active medium, the lig
emission becomes spectrally sharp and is strongly enha
in the direction of confinement.11–17The emission energy ca
be tuned by properly choosing the parameters of Bragg
flectors and the thickness of the active region.

In this article, we report our study of the PL properties
nc-Si12xGex in a microcavity, and compare those propert
with those ofnc-Si in the same structure. We will show tha
although the PL properties ofnc-Si12xGex and nc-Si
samples are modified in a very similar way by microcav
formation, different effects appear for PL decay dynami
We will discuss how the dielectric contrast between an ac
layer and the surrounding DBRs affects PL decay dynam
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II. EXPERIMENT

The active layer of our microcavity is a SiO2 thin film
containing eithernc-Si or nc-Si12xGex . The Bragg reflec-
tors on top and bottom of the active layers are pairs of Si
SiO2 layers, repeated three times. The thicknesses of
Bragg reflectors and the active layer were chosen to belc/4n
and lc /n, respectively, wherelc is the wavelength of the
resonance andn is the reflective index of the medium. Th
thicknesses and refractive indexes of the layers are sum
rized in Table I. The refractive index values of the acti
layers (nc) were estimated by spectroscopic ellipsometry.

A multitarget sputtering apparatus was used to dep
multilayer films.6–10 The layers of Bragg reflectors were d
posited by alternately operating Si or SiO2 sputtering guns,
while active layers were deposited by operating Si, Ge,
SiO2 guns simultaneously~in the case ofnc-Si, Si, and SiO2
guns!. The sputtering rate of each gun was independen
controlled by adjusting the sputtering power and the dista
between sputtering targets and substrates. After the dep
tion of a microcavity structure on a fused quartz substra
the film was annealed in an N2 gas atmosphere for 30 min a
1100°C. During the annealing, eithernc-Si or nc-Si12xGex

was grown in a SiO2 matrix. The cross section of the cavit
structure was examined by using a high-resolution transm
sion electron microscope~HRTEM!. In Fig. 1~a!, the cross
section of a sample is shown. We can see that the Si/S2

interfaces are rather smooth, with less than 10 nm of rou
ness. Figure 1~b! shows a HRTEM image of an active laye
containingnc-Si12xGex . Spherical nanocrystals as small
4–5 nm in diameter were grown in amorphous SiO2 matri-
ces. The formation of Si12xGex alloy was confirmed by elec
tron diffraction and Raman spectroscopy.7

PL spectra were measured with a single monochrom
equipped with a liquid-N2-cooled Ge detector. The excita
tion source was the 488.0-nm line of an Ar-ion laser. T
angle of incident beam was about 45° from the surface of
il:
8 © 2003 American Institute of Physics
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sample, and PL emitted perpendicular to the surface was
tected. The solid angle for the collection of emitted light w
less than 131023p sr. For time-response measurements
near-infrared photomultiplier with an InP/InxGa12xAs pho-
tocathode was used with a photon-counting mode. The o
all time resolution of the system was about 40 ns.

III. RESULTS AND DISCUSSION

Figure 2~a! shows a reflectivity spectrum of a DBR a
room temperature. A high reflectivity region~stop band! ap-
pears between 1.1 and 1.7 eV. Putting SiO2 layers containing
nc-Si @Fig. 2~b!# and nc-Si12xGex @Fig. 2~c!# into two
DBRs causes dips~resonant peaks! to appear in the high-
reflectance stop band. The energy and the linewidth of
resonant peaks are 1.43 eV and 17 meV, respectively,
nc-Si, and 1.32 eV and 16 meV, respectively, f
nc-Si0.9Ge0.1.

Figures 3~a! and 3~b! show PL spectra ofnc-Si and
nc-Si0.9Ge0.1, respectively, obtained in the direction norm
to the sample surfaces. Dashed curves represent the sp
without DBRs. The PL bandwidths~full widths at half maxi-
mum! are 315 meV for nc-Si, and 345 meV for
nc-Si0.9Ge0.1. The PL spectra are narrowed down to 17 m
for nc-Si, and 16 meV fornc-Si0.9Ge0.1, by microcavity
structure formation. The quality factors~Q! are 87 and 85,
respectively. Furthermore, PL intensity is enhanced by a

TABLE I. Growth parameters and refractive index data of two microvca
ties. l H and l L are the thicknesses of the various layers of the DBR. He
nH, nL, andnc refer to the refractive index values for the high- and lo
refractive index layers,~Si and SiO2! ~Ref. 17!, and the central layer, re
spectively, andlc is the PL peak wavelength.

l H (nm) l L (nm) nH nL nc lc (nm)

nc-Si 61 149 3.56 1.45 1.70 867
nc-Si0.9Ge0.1 66 162 3.56 1.45 2.18 940

FIG. 1. Cross-sectional HRTEM image of a microcavity, which consists
~a! two distributed Si/SiO2 Bragg reflectors and~b! a central active layer
with nc-Si12xGex .
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samples because a part of the excitation light is lost by
top DBR.

The enhancement of the luminescence intensity at
resonance wavelength is observed only in the normal di
tion, while the intensity is suppressed in other direction. T
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FIG. 2. Reflectivity spectra of~a! DBR, ~b! nc-Si, and~c! nc-Si0.9Ge0.1 in
microcavities at room temperature. For the sample having cavity struc
the sharp dips~arrows! appear in the high reflectance stop band.

FIG. 3. PL from ~a! nc-Si and ~b! nc-Si0.9Ge0.1 in microcavities at room
temperature. PL spectra without DBRs are broad~dashed curve!. By micro-
cavity structure formation, PL spectra are narrowed drastically~solid curve!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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redistribution of the emission is a well-known cavi
effect.11–16 The enhancement value in the normal directi
can be calculated from the finesse of the cavity, if reflectiv
of top and bottom DBRs are high enough.18 For d-function-
like emission spectra occurring at the resonance wavele
of the cavity, the peak intensity enhancement factorG com-
pared to an emitter without mirrors is

G5
z

2

~11ARbottom!2~12Rtop!

~12ARtopRbottom!2

tcav

tact
, ~1!

wherez is an antinode enhancement factor depending on
position of an active region in an electric field antinode
the cavity standing wave. This value is nearly 1 due to
thick active region. TheRtop and Rbottom are the calculated
reflectivities of the top and bottom DBRs; theRtop and
Rbottom are 98.1% and 98.5% fornc-Si, respectively, and
97.3% and 98.4%, respectively, fornc-Si0.9Ge0.1. The tcav

andtact are the respective PL lifetimes with and without t
cavity. The calculatedG is 120.5 fornc-Si, and 122.4 for
nc-Si0.9Ge0.1. These values are very close to those observ

Figure 4~a! shows the angle dependence of PL intensit
for our microcavity structures and bare films. In microcav
structures, PL is strongly directed along the optical axis
the cavity. The PL intensities are the maximum at norma

FIG. 4. ~a! Integrated PL intensity, and~b! and~c! wavelength peak position
as a function of detection angle with respect to the normal direction.
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the surface (u50°) and then decrease rapidly with increas
in the detection angle. On the other hand, for noncav
structures, the intensities are almost constant over the e
detection angle range. Figures 4~b! and 4~c! show the angle
dependences of the PL peak wavelengths fornc-Si and
nc-Si0.9Ge0.1, respectively. For off-normal angles, the emi
sion wavelength shifts toward a shorter wavelength. The
gree of the wavelength shift obeys a cosine of the inter
cavity angle, which is approximated by the detection an
~u! divided by the average cavity refraction index (neff). The
PL peak wavelength can thus be expressed approximate
l5lccos(u/ne f f).

12 By fitting the experimental results to
this formula,neff can roughly be estimated. The estimat
values are 1.9 fornc-Si and 2.1 fornc-Si0.9Ge0.1.

Figure 5 shows PL decay curves detected at the
maximum. The decay curves are nonexponential. Nonex
nential decay curves are commonly observed for sim
systems.7 The PL decay ofnc-Si0.9Ge0.1 is faster than that of
nc-Si. This is consistent with our previous results.7,8 The
decay curve is changed slightly by microcavity formatio
The lifetime ofnc-Si PL is shortened, while the lifetime o
nc-Si0.9Ge0.1 is made longer. The time in which the PL in
tensity becomes 1/e of maximum intensity is 189.5ms for
nc-Si, and 90.5ms for nc-Si0.9Ge0.1.

In a simple model, the spontaneous emission rate o
semiconductorRsp(\v) is divided into an electric par
M (\v) and a photonic partG(\v). 19 In principle,M (\v)
is not changed by cavity formation. In the present samp
this is confirmed by measuring the PL spectrum from
cavity edge (u590°). The spectrum from the cavity edg
was almost the same as that of samples without the ca
structures.

In a microcavity, the electronic transition occurs only
the active layer. However, the optical mode, to which t
excitonic transition couples, is extending into the DBR. As
result, the refractive index which affectsG(\v) is not that
of the active layer but an average of the refractive indexe
the layers in which the optical mode extends. Under the
sumption that energy distribution of the optical mode fa
monotonically, the penetration length (l p) of the optical
mode into a DBR is given by20

FIG. 5. Room-temperature time decay of the PL for the microcavities~solid
curve! and the non-cavities~dashed curve!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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l p5
lc

4nc

q

12p

~11a2pm21!~12pm!

11q2a2p2m22
, ~2!

where q5nc /nL , p5nL /nH , a5nH /nsur or a5nH /nsub;
whether the top DBR or the bottom DBR is considered,nsur

andnsub are the refractive indexes of air and silicon dioxid
respectively, andm is the number of stacks in the DBR. Th
calculated penetration lengths (l p

topandl p
bottom) are summa-

rized in Table II. The table shows that the optical mode
extended deeply into the DBRs.

The effective refractive index of the DBR (nDBR) can be
approximated by the spatial average between the high
the low refractive indexes, that is,nDBR5(nHl H1nLl L)/( l H

1 l L). The effective refractive index (neff) can be approxi-
mated by the average over the spatial extent of the op
mode:16

ne f f5
nDBRl p

top1nDBRl p
bottom1lc

l p
top1 l p

bottom1lc /nc

. ~3!

Theneff calculated by this formula agrees very well wi
those estimated from Fig. 4. The important fact is thatneff is
larger thannc for nc-Si, while neff is smaller thannc for
nc-Si0.9Ge0.1. The photonic part of the spontaneous reco
bination rate is proportional to the cube of the refract
index of the material (n3). 19 If M (\v) is not changed by
microcavity formation, the spontaneous recombination r
changes in proportion ton3. In Table II, the values of
(nc /neff)

3 and tcav/tact are compared. We can see that t
increase and decrease oftcav by microcavity formation for
nc-Si12xGex andnc-Si can be qualitatively explained by th
different dielectric contrast between the active layer and
DBRs. The quantitative disagreement may arise from ov
simplification of the model and the fact that the PL lifetim
reflects not only the radiative recombination process but a
the nonradiative recombination processes. Nonradiative
combination processes are considered to be unaffecte
microcavity formation.

IV. CONCLUSION

We studied the emission properties ofnc-Si12xGex in
Si/SiO2 planar microcavity by measuring PL and tim

TABLE II. Optical mode extension into the distributed Bragg reflectors a
effective refractive index (neff) for the various microcavities. Here,l p

top and
l p
bottom are the penetration lengths on the surface side and on the sub

side, respectively, andtcav and tact are the PL lifetimes of the cavity and
noncavity, respectively.

l p
top (nm) l p

bottom(nm) neff (nc /neff)
3 tcav/tact

nc-Si 255 269 1.93 0.68 0.93
nc-Si0.9Ge0.1 276 291 2.09 1.13 1.25
Downloaded 13 Jul 2007 to 133.30.51.109. Redistribution subject to AIP
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resolved PL and comparing the results with those fornc-Si.
We observed the commonly observed microcavity effec
that is, spectral narrowing, high directionality and enhan
ment of PL lines. In contrast tonc-Si, where the PL lifetime
was shortened by microcavity formation, the PL lifetime
nc-Si12xGex became longer compared to the PL from a ba
film. This result can be well explained by considering t
difference in the dielectric contrast of active layer and that
DBRs into which an optical mode extends.
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