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In this paper we report studies of the optical properties of silicon quantum dot structures. From
time-resolved and time-integrated photoluminescence measurements we investigate the state-filling
effect and carrier lifetime, and discuss the parabolic confinement of quantum dot structures and the
large energy splitting between quantum dot levels. The photoluminescence intensities for different
quantum dot levels decay with a stretched exponential function and the decay times are in the range
2—-100us depending on the observation wavelength and the dot siZ800® American Institute of
Physics [DOI: 10.1063/1.1823037

I. INTRODUCTION with a stretched exponential function and the decay times are
in the range 2—10@s, which depends on the observed en-
Recently, the optical properties of low dimensional ergy levels and dot sizes.
quantum structures such as quantum d@®s have at-
tracted wide interest and discussion because of the physical SAMPLE STRUCTURES
interest and their technological applications. T&&inction . , L ) ,
density of states in QDs leads to a rapid reduction of inter- An excess of silicon in substoichiometric oxide, also

level scattering rates because of the so-called phonohnown_as 3|I_|c_on_r|ch OX'QQSRQ’ €., S'.Q‘(X.< 2), gener
bottleneck but it has been shown that the short relaxationates Si precipitations attributed to the diffusion of Si atoms

times can be explained by considering multiphononleavmgthest0|ch|ometr|COX|d6|02) during high tempera-

rocessésand Auger brocessdsThe state-filling effeéthas ture thermal annealin‘@;A deposited SRO film is thermody-
P \Uger p . 9 . namically unstable below 1173 °C and phase separation and
been observed in several experiments where the exc'ted'Staéﬁ‘fusion of the Si atoms in the amorphous SiMatrix cre-
luminescence begins to be observed at a higher excitation P

densitv b the | at ih low densit tes nanoscale Si quantum ddtShe size of the Si dots
ensily because the lower energy states with ‘'ow density o epends on the thermal budget, film thickness, and stoichi-

§tates are ocgupied. The c'arrier relax.ation and dynamics a{aef“netry of the SRO. In our experiment the Si QD superlat-
mFere;ung topics for studying the optical properties and aPtices were fabricated by alternate deposition of silicon oxide
plications Of QDS' ) L - . and SRO with differing thicknesses. The conventional fur-
The efficient light emission from siliconSi) nano- ;.o annealing under a nitrogen atmospli&t®0 °C, 1 h
structure3 involving quantum confinement effects has led toas performed to precipitate Si and nanocrystalline Si
the current interest in Si for optoelectronic devices. Becaussrowth by the diffusion of silicon in the oxideOnly lateral
Si is the most technologically important material this centurys; giffusion and Si grain growth occurs in thin SRO films
a light-emitting Si device could result in a new generation ofancjosed by amorphous silicon oxide so that the maximum
Si technology from microelectronics to optoelectronics.sjze of the Si quantum dots is determined by the SRO thick-
Light emission from silicon, which is an indirect band-gap ness. Figure (&) shows a transmission electron microscopy
semiconductor, is possible in Si nanocrystals because QffEM)image of eight layers of Si quantum dots in an oxide
quantum confinement. The quantum confinement in nanoGmatrix, where the dots in the white regigglue) originate
rystals of Si causes an enlargement of the band gap arfom particles during the TEM sample preparation. Two
efficient emission in the visible range at room temperature.shapes of quantum dogsf about 4 nm diametgr spherical
In this paper we present results of the study of the optidots and near-spherical dots, with the same vertical thickness
cal properties of Si QD structures. Using time-resolved andvere observed in high-resolution TEMIRTEM) images fa-
time-integrated measurements we study the state-filling efyored by the surface energy minimization, which is thermo-
fect which leads to discussion about the parabolic confinedynamically stable. A typical HRTEM image is shown in
ment of quantum dot structures and the splitting of the enfig. 1(b). The size of the Si quantum dots was controlled by
ergy levels. The photoluminescen¢BL) intensity decays the deposition time and other optimal sputtering parameters
(gas mixing ratio, deposition pressure, and rf powdihe
YAuthor to whom correspondence should be addressed; FAxSPacing or distance between the dots is determined by the
+61392145840; electronic mail: dvlap@swin.edu.au amount of silicon in the SRO layer. Two samples have been
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FIG. 1. TEM images of a Si quantum dot superlattice with eight bilayers of Wavelength (nm)
Si dots and SiQ(a) and its lattice imagéb).

FIG. 2. Time-integrated spectrum of Si quantum dot sample measured at

. . . C . ifferent excitation intensitya) for sample $92 with 3.4 nm dot size aftn)
used for this study with an average dot size distribution ot?or sample $106 with 4.3 nm dot size.

3.4 nm(sample s9Pand 4.3 nm(sample s106, which is on
sapphire substrate and the dot density is about

. . 5 ]
10210 dots/ e, with a photon density of about 38-10"° photons/cri Un

der these conditions at high excitation energy we expect that
more than 10 electrons/dot can be generated.
. EXPERIMENTS

. . . . IV. RESULTS AND DISCUSSION
Time-resolved and time-integrated PL signals are used to

study the optical properties of the samples. The PL signal is  Figures 2a) and 2b) show PL spectra of two samples at
dispersed by a 0.27 m grating spectrometer and detectedom temperature taken at different excitation intensities. A
with a photomultiplief PMT). The sample was mounted in a very broadband~350 me\} PL signal around 750 nm with
closed-cycle helium cryostat with a variable temperatureno clear structufe is observed. The emission involves
ranging from 15-300 K. In the time-integrated PL measure<electron-hole recombination between distinct QD states in
ments the spectra were recorded using a lock-in amplifiethe conduction ban@CB) and the valence ban@B). When
For the time-resolved measurements the response function tife excitation intensity is increased the PL intensity of the
the PMT is reduced to reach a time resolution of about 5 ndpw energy part of the spectru@00 nm, 850 nmincreases
which is much shorter than the decay time of the sigials more slowly than that of the high energy part and a small
the microsecond rangeand the signal is recorded by a shift of the maximum of the PL spectrum is observed
500 MHz (5 Gs/9 digital oscilloscope or a boxcar system. (780 nm for 0.05uJ excitation and 750 nm for 2J). A
Femtosecond laser pulses with a duration of 100 fs and alight difference in the peak position and bandwidth can be
repetition rate of 1 kHz are used for the excitation. The fem-seen in the spectrum of the two samples. Because the spec-
tosecond pulses are generated by the conversion of a 1 nxim is very broad and the peaks due to recombination of
amplified pulsg80 fs, 800 nmiin a tunable optical paramet- carriers in different energy levels cannot be clearly resolved,
ric amplifier that covers a wide range of wavelengthswe evaluate the PL intensity for different levels by recording
(200—-2000 nmwith high pulse energyl—100uJ/pulse. the spectrally integrated signal with a spectral window of
In this work the PL spectra of the QDs taken at an exci-2 nm in 50 nm steps across the spectr(®0—850 nm.
tation wavelength of 400 nm, which is well above the bandThe results are shown in Fig(&8 for sample s92 and Fig.
gap of the Si QDs, and the excited carriers are generated iB(b) for sample s106, e.g., for three different wavelengths
the SRO layer or very high excited states of the QDs. Thé&50 nm, 750 nm, and 850 nm. The dependence of the PL
energy of the excitation laser pulse varies from 0.05 tpJ2 intensity on excitation intensity and saturation of PL inten-
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sity is different for different detection wavelengths. Accord- dNi(t) Ni(t)  oINg[D; - N;(t)]

ing to the state-filling effect, lower energy levels with a low dt =" ; + ; D. ' (2)

density of states will become saturated at low intensity as the . : cap '

higher energy levels will be still populated as the excitationwherer,is the capture time of the carriers of the dot levels

intensity increases. i, o is the absorption cross sectid, is the total density of
For a guantitative analysis of the PL measurements wstates in the wetting layer, arids the laser intensity. Under

use a simple coupled rate equation mod€IThe PL inten-  stationary or quasistationary conditior(sIN,/d,=0), the

sity for a given transition is proportional to the density of population of level can be deduced by

electron and hole pairs in the relevant energy level. The holes . o i

are probably present in the dots prior to the optical excitation Ni ~ Di/(L + aiDifl) with a; = 7eaf (oNoiy), )

pulse and we can describe the PL intensity as proportional t&shere o;D; is the saturation factor which depends on the

the densityN; of electrons in level of the CB. The carrier optical properties of levei. A similar solution can be ob-

relaxation to level from a higher levelj>i) is proportional  tained for the time-integrated population density of leiel

to the nonoccupancy of this level. The rate equation for arhe time-integrated luminescence intensity at a given

particular energy level can be written as wavelength for recombination of electrons or holes from
leveli can be written
AN __ N | 5 Ni(® D= Nt b~ 7N; ~ 7,Di/(1 + asDi/1), (4)
dt Tt j=i Tel D

where #; is the quantum efficiency.
N:(t) D; = N (t The QD energy level can be described by a harmonic
‘Z %—JFJQ +Gi(t), (1) oscillator model for parabolic quantum confinem&nthe
I<t Trel J potential function can be written a§=m* w,*r?/2, wherej
represents an electron or a holg, is the frequencym* is
whereG;(t) is the population generated by the laser directlythe effective mass, andis the radial coordinate of the dot.
or captured from outside the dots; is the effective lifetime The eigenenergies for a single electron or hole Efg
of theith level, and7, is the relaxation time between dots in =fw;(2¢~|m|+1) where( is the radial quantum numbem
levelsi andj. The factor(D;—N;)/D; (whereD; is the density  is the angular momentum quantum number, rigl Planck’s
of states of level) is a state-filling factor which allows for constant. We can sét2¢~|m| in which case the eigenen-
the fact that electrons can only relax to a lower-lying unoc-ergy is of the formE!=%w;(i+1). If we take the spin degen-
cupied dot level(Pauli blocking. Due to the increase of the eracy into account the degeneracy of each stateg;is

relaxation pathway from a given level with increasinghe  =2(i+1), withi=0,1,2,....

decay ofN;(t) becomes faster for highvalues. For a struc- Equation(4) provides a good fit for the intensity depen-
ture with level degeneracy; and dot densityDy we can dence of the PL at different wavelengths, as shown by the
write D;=g;Dg. solid line in Fig. 3. The saturation factdw;D;) increases

If the energy relaxation rate constantfﬁe( is efficient  with increase of detection photon energy. Considering the
enough, according to the rate equatidn there will be no  ratio 7.,/ 74 can be independent of or weakly dependent on
luminescence from the excited states as long as the low-lyinthe dot levels we deduce the degeneracy of the energy level
level is not saturated. The observation of luminescence fronn the quantum dot from the saturation parameter
higher-excited states before the lower-energy states are satlu;D;/ gDy~ g;/2) where agDy is the saturation parameter
rated can be treated as a result of the influence of phonoof the ground level(i=0). The results calculated from fitting
bottleneck effects. Grundmann and Bimtféum the basis of of saturation parameter are shown in the insets of Figs. 3
theoretical calculations argue that the excited states will apand 3b) for the two samples and are represented by the
pear before saturation of the lower levels even for very shorsymbol(®), when the ground level luminescence is observed
relaxation time. It has been shown that the state-filling effecat 850 nm.
would hinder the interlevel scattering rdfeAt room tem- To gain insight into the relaxation and recombination
perature the energy separation between the energy statessisenario we have performed time-resolved PL experiments.
small compared t&T and thermalization of the carriers be- We adjusted the excitation intensity for the PL spectrum to
comes significant and then the interdot coupling would makdoe comparable to the high-intensity spectrum, as shown in
the capture and recombination processes more complex. Theg. 2. This allows investigation of the carrier relaxation dy-
small shift of the PL spectrum when the excitation intensitynamics between distinct QD levels starting with several fully
is increased by nearly two orders of magnitude suggests accupied QD levelgwe suggest that we can generate more
low interlevel relaxation rate in our sample. than 10 electrons/dptWe measure the PL intensity at differ-

The coupled rate equatidii) for multilevel dots cannot ent wavelengths and take the ratio of the intensity for each
be solved analytically. In the simple case, which is useful forshort wavelength (I,) to the maximum intensity for
interpretation of the excitation intensity dependence, the in850 nm(l,), which would be seen as luminescence from the
terlevel relaxation rate is small. Then for excitation into theground dot level. Figure 4 shows the PL intensity for differ-
barriers layer without considering saturation of the absorpent wavelengths with a step of 50 nm in the firsu$ after
tion processes the rate equation can be written in the simplexcitation. The rise times of all recorded signals are limited
form by the temporal resolution of the detection system. This
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. . . ) . FIG. 4. PL intensity vs time delay in the first /s after excitation for
FI_G. 3. Intensity dgpendence of_PL intensity taken from Fig. 2 with SpeCtraldifferent detection wavelengths, aqa for sample s92 an¢b) for sample
window 2 nm for different detection Wavelenqm_ A) 850 nm,(¢#) 750 nm, s106. The intensity for different wavelengths is normalized to maximum
and (@) 650 nni. The symbols are the experimental data. The lines repre- . f .
o ; intensity of the PL intensity at 850 nm.
sent the fit using Eg4). The insets show the degeneracy calculated from
fitting the saturation factof®) and maximum PL intensity+).

In the transmission measurement for the sample with a

shows that the capture time is shorter than 5 ns. The maxgaPPhire substrates10§ we do not find detectable absorp-
mum of the PL intensity reflects the “filling” of the dot levels tion for wavelengths in the spectral region of the QD transi-
by photon-excited carriers and depends on the density dion. This is probably due to_the fact that the QD states in the
states of given dot levels. In the short time after excitation,” B @€ atleast partly occupied by holes. If this assumption is
when the PL intensity is expected to reach the maximum, thg0rrect the PL dynamics should be determined mainly by
influence of recombination and relaxation is very small ano"el""x"_"t'On of electrons in the CB. )

the dependence of the maximum PL intensity can be deter- Figure 5 ShOW_S a nonexponenUaI PL decay for the s92
mined by Eq.(2) with 7jf>7jcap When the capture rate is sample taken at different dgtectlon wavelengths. In'order to
independent of the dot energy level, following H@) we analyze the temporal evolution of the PL we have fitted the

find the ratiol™/1M®~ g, wherel™ s the maximum of decay signals to a stretched-exponential funcfiavhich is

: ; ; f tl dtod ibe di i rocesses in disor
the PL intensity of the ground dot leve850 nm) andI"™js ~ requéntly used 1o describe dispersive p

the maximum of the PL intensity at a given wavelength Thedered systems having a distribution of relaxation times, and

calculated results o are displayed in the inset of Fig. 3 by IS 9iven by
the symbol(+). 1(t) = 1o exf— (t/ 7)#], (5)
The degeneracy is close th=2(n+1) [the dashed line
in the inset of Figs. @) and 3b) is an aid to the eylewhich  where 7 is the PL lifetime and 6<8<1 is the dispersion
shows that a parabolic potential is a good approximation foexponent. The solid lines in Fig. 5 represent the best fit of the
these QD structures. From the intensity dependence of thexperimental data to E@5). We can see that a very good fit
PL spectrum we can explain that the PL around 850—800 nris obtained for all wavelengths with the same dispersion ex-
is due to transitions involving the dot ground lev@l=0) ponentB. For different detection wavelengths the lifetimes
which shifts to longer wavelength for sample s106 with largeare listed in Table | and vary from 10 to %8s for sample
dot size[see the insets of Fig.(& and 3b)]. The PL at s92 and from 2 to 4Qs for sample s106 with increasing
shorter wavelength involves recombination of electrons andietection wavelength. The dispersion factords0.6 for
holes from high excited levelgn=1). The energy splitting sample s92 an@=0.54 for s106,3 does not reflect micro-
between the levelstaken with g;=2,4,6,..) is about scopic properties which depend on the size of the QD but
90 meV(~45nm for s92 with 3.4 nm dot size and rather a macroscopic property of the system associated with
75 meV(~40 nm for s106 (4.3 nm dot sizg which are the character of the mediutfithus the two samples consist
much larger than the splitting of the dot levels A{'BY of a difference in the structure of the SRO layer and quantum
materials| <50 meV (Ref. 12]. dots surface states. The stretched function is related to a
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FIG. 5. Time evolution of the PL intensity for sample s92 at different detection wavelengths. The solid line shows a good fit with a stretched exponentia
function.

distribution of relaxation times or a time-dependent relax-tum confinement of Si QDs leads to an effective carrier cap-
ation rate which reflects the interlevel relaxation processes iture and light emission in the visible range with a rather long
the QD and which will be more active in sample s106 wherdifetime, in the microsecond range.
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