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Breakdown of the k-Conservation Rule in Si Nanocrystals
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We show that light emission from different systems of silicon nanocrystals does behave as expected
for indirect-band-gap quantum dots. Photoluminescence excited on the low energy part of the
distribution of Si nanocrystals exhibits a set of narrow peaks associated with Si TA and TO momentum-
conserving phonon-assisted optical transitions. These spectra allow us to determine the ratio of no-
phonon transitions to TA and TO phonon-assisted processes over a wide range of confinement energies.
The ratio between these recombination channels changes by 2 orders of magnitude with increasing
confinement energy. For confinement energies above 0.7 eV the radiative transitions are governed by
no-phonon quasidirect processes. [S0031-9007(98)07199-3]

PACS numbers: 78.55.Ap, 78.66.Li

The influence of quantum confinement on the optical Porous silicon (PSi) and Si nanocrystals precipitated
properties of semiconductor nanocrystals has been inteim SiO, matrix are two examples of nanoscaled Si-based
sively investigated in recent years. Spectroscopic studiesystems. Structural investigations show that they con-
have revealed an increase of the band gap and the oscillatsist of Si nanocrystals of different size and shape, which
strength with decreasing size. The direct electronic bandetain the diamond lattice structure of bulk Si [9]. Al-
structure of 1I-VI semiconductor quantum dots and thethough Si nanocrystals have high photoluminescence (PL)
advances in their synthesis and size selection have mageld they behave as indirect semiconductors. The PL
them a perfect model system for spectroscopic studies afbserved under resonant excitation shows onsets related
confinement effects. In order to overcome the inhomogeto momentum-conserving TO and TA phonons of bulk
neous broadening of the emission band and to study singlgrystalline Si [10—12]. Since only two onsets are ob-
dot properties, several methods, including fluorescence lingerved (for each phonon) the only possible processes in
narrowing [1], photoluminescence excitation (PLE), andthe absorption-emission cycle involve zero, one, or two
single quantum dot optical spectroscopy [2] have beemomentum-conserving phonons. These processes cor-
applied. respond to no-phonon transitions in both emission and

One field of research that cannot be fully studied inabsorption, to one phonon-assisted process in either the
these direct band-gap nanocrystals is the breakdown @bsorption or the emission, and to phonon-assisted transi-
the k-conservation rule. In indirect band-gap semicon-tions in both emission and absorption. PL hole burning
ductors the optical transitions are allowed only if phononsexperiments demonstrated that all the light emission from
are absorbed or emitted to conserve the crystal momenRSi is due to radiative recombination of confined indirect
tum. The spatial confinement of electrons and holes insidexcitons [13].

a nanocrystal increases the uncertainty of their crystal Inthis Letter we describe extremely energy-selective op-
momentum, thus allowing optical transitions in which tical spectroscopy and show that light emission from Si
phonons are not involved. One of the general predictionsanocrystals does behave as expected from a system of in-
of the theory is that in smaller Si hanocrystals the probadirect band-gap Si quantum dots. Resonant PL spectra ex-
bility of no-phonon (NP) transitions should increase withcited at the edge of the luminescence band show distinctive
respect to phonon-assisted (PA) processes [3]. Thereforemission peaks from quantum confined exciton states re-
optical properties of Si nanocrystals have to be consideredombining via NP, TA, and TO phonon-assisted processes.
on the basis of a competition between indirect and quasidiFrom the amplitudes of the different transitions we find
rect recombination channels. the relative strengths of the no-phonon transitions and the

Although much theoretical work has been done towardrarious momentum conserving phonon-assisted processes.
understanding this property of indirect-band-gap nanocrysthe dependence of these ratios on the confinement en-
tals [3—6], experimental work lags behind. It is now ergy appears to be in good agreement with the theoretical
generally accepted that quantum confinement is respopredictions [3].
sible for the efficient light emission from Si nanostruc- In order to perform resonant PL experiments over a wide
tures [7]. A correlation between the Si nanocrystal sizespectral range, while monitoring only a very small fraction
and the blueshift of optical transitions has been reportedf nanocrystals at the low energy side of the particles distri-
[8]. Thus, Si-based nanocrystal systems are good candbution, a set of hydrogen-passivated or naturally oxidized
dates for the study of thk-conservation law breakdown PSisamples is prepared. These samples have nonresonant
in indirect band-gap semiconductor nanocrystals. PL maxima in the rangé.3-2.2 eV. Heavily oxidized
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Si nanocrystals are prepared by either oxidation of mesdallite. In the tail of the distribution the density of crystal-
porous Si (containing initially crystallites with a typical lites is increasing withE,,,. The absorption of resonant
size of 10—20 nm) [9] atT = 1000 °C for 40 min or by Si  light is, on the other hand, stronger for lower gap crystal-
ion implantation in a Si@ layer (Vs; = 5 X 10'® cm™2  lites. The product of these two factors will give a peak
50 keV) with subsequent annealing BAt= 1100 °C for  at the “most favorable” gap. Since both NP and PA pro-
15 min. A dye or a Ti-sapphire laser is used to excitecesses are possible (in both emission and absorption) this
resonantly the PL, and a Si charge-coupled device arrageak will be replicated at one and two phonon energies be-
is employed for detection. To suppress stray light fromlow the NP peak.
the exciting laser the entrance slit of the monochromatoris It is rather complicated to find accurately the ratio of
blocked when the laser beam illuminates the sample. ThEP:PA transitions because the exact shape of the size dis-
experiments are performed At= 4.2 K. All PL spectra tribution and the energy dependence of the absorption in
are normalized to correct for the sensitivity of the opticala crystallite are not known. We therefore assume that the
system. absorption is an on/off process, namely, that all crystal-
A typical resonant PL excited at the low energy sidelites with E,,, below the excitation energy absorb with
of the emission band is shown in Fig. 1a. It consistshe same probability (i.e., the real absorption spectrum
of a set of peaks with a full width at half maximum of is replaced by a step function). Under this assumption
~10 meV. From the energy separation between the peakshe observed peak structure is just a product of the den-
we assigned them to transitions involving NP, 1TA, 2TA, sity of nanocrystals with step functions positioned one
1TO, TO + TA, and 2TO momentum-conserving phononsor two phonon energies below the excitation, with am-
in the absorption-emission cycle, respectively. No otheplitudes determined by the relevant ratios of NP to PA
strong features are seen in the PL spectrum. The sammansitions. To eliminate the effect of the size distribu-
combination of peaks is found in the resonant PL spection we divide the resonant PL spectrum by the nonreso-
trum of Si nanopatrticles covered by a Si€hell (Fig. 1b). nantone kwe. = 2.8 eV), assuming that the nonresonant
However, in the oxidized samples the no-phonon proPL spectrum reflects the size distribution, since all crys-
cesses seem to be stronger than in the hydrogen-passivatadlites absorb similarly at high excitation energy. The re-
samples. From the number of emitted photons, knowingulting spectra show a nearly rectangular sequence of steps
the maximum emission rate in the PL saturation limit (one(Fig. 2). The energy spread of the rising part of the steps
photon per dot pes-h pair lifetime) we estimated the num- is of the order of 4 meV and is most probably governed by
ber of the excited Si nanocrystals to be of the order of 100the energy dispersion of the phonon branches and spread
The observation of peak structure in the resonant spewf the singlet-triplet splitting [10]. Each step represents
trum of an inhomogeneously broadened system of nananother combination of phonon-assisted processes in the
crystals deserves further explanation. The probability obhbsorption-emission cycle. The relative amplitude of these
photon absorption in crystallites with a gap,, is a prod-  steps is strongly spectrally dependent: with increase of the
uct of the density of such crystallites in the size distributionexcitation energy there is a progressive growth of steps as-
and the probability of absorbing a photon in one such cryssociated with no-phonon processes.
Although our assumption on the absorption behavior of
a nanocrystal is rather crude (i.e., that it can be approxi-
mated by a step behavior), it probably does not affect our
| b analysis very much. We find that in the tail region both the
. a -+ nonresonant and the resonant PL spectra decay exponen-
T TO+TA tially with energy and with the same slope. This suggests
' T {TO that the change of the absorption with energy is rather weak
T y with respect to the size distribution. Furthermore, resonant
T PL excitation measurements at the high energy tail of the
l E | E. distribution show that the PLE signal (which reflects the
T } absorption) increases @& — Eg,p Which is quite simi-
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lar in behavior to a step function.

4 L T At a certain detection energy, light is emitted from
T crystallites with Eqap = Edet, Eder + Eta, and Ege +

T — Eto (as long asky,, < E«c). The absorption in these

1.3 1.4 15 1.2 1.3 1.4 crystallites is coming from NP or PA processes. If only
Energy (eV) one phonon is involved in the absorption-emission process,

FIG. 1. The resonant PL spectra of naturally (a) and heavilyzhe.re ar% two tposzllgllltlei: tEhe pho_?c_)n mlgt?tdbg e_mltted
oxidized (b) PSi. The arrows show the energy position of Sj@UlNg absorplion aktiy,, = Ldey, OF ILIS €MItiEa during
TA and TO momentum-conserving phonons with respect to théadiative recombination from nanocrystals wily,, =

triplet exciton ground state. Eget + Ephonon-  Therefore two groups of nanocrystals
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to the procedure described above, as a function of con-
finement energy [15] in the spectral range of 1.3—-1.9 eV.
For higher excitation energies the peak structure in the
y2 B: TA resonant spectrum smears into steplike structures, even for
samples having a nonresonant PL maximum at 2.2 eV.
. y: TO Our approach is in general valid when a peaklike spectrum
T2 Y ensures the absence of any nonresonant PL background.
—y Therefore evaluation has been done only in limited spec-
tral range.
. One can see that in the vicinity of the crystalline Si band
gap, in the weak confinement regime, TO phonon-assisted
processes dominate. At1.8 eV no-phonon processes
begin to take over. The ratio between TO and TA assisted-
\\q— B processes is of the order of 10 and appears to be indepen-
' dent of the confinement energy within the experimental
LW 2ap accuracy. A similar ratio between TO and TA lines inten-
B sities is reported for free and bound exciton emission in
a bulk Si[16]. Si crystallites having SiOshells behave in
135 140 1_;15' T 150 general in a similar way. However, the strength of no-
phonon processes is significantly enhanced at the same
Energy (eV) emission energies.
FIG. 2. “Density of states” spectrum of the system of reso- The geometrical confinement of the exciton results in a
nantly excited Si nanocrystals. The solid horizontal lines showblueshift of the optical transitions and a modification of
the amplitude of steps related to the different recombinatiorthe oscillator strengths of no-phonon and phonon-assisted
channels. «, B8, and y denote the relative probabilities of nprocesses. The major scaling parameter in all these effects
NP, TA, and TO phonon-assisted processes, respectively. The the sjze of the nanocrystal. Theoretical predictions
weighted probability for each step is indicated on the graph. .
suggest that the confinement energy scalesEas~
(1/L)X¥ (12 =X =2 depending on the theoretical
contribute to emission at the same detection energy. The
same is true for TA+ TO phonon emission. On the other
hand, for NP transitions and for two identical phonon
combinations only one group of nanocrystals contributes.
Therefore, the relative number of crystallites emitting at
a certain energy is taken as one for NP, 2TA, and 2TO
transitions and two for TA, TO, and TA- TO transitions.
We further assume that the ratio of NP to TA and TO
assisted processes is NP:TA:FOa:B:y. The absolute
oscillator strength for the TO phonon-assisted process
is not experimentally explored up to now; therefore in
the further analysis its value is always taken as 1. The
resulting weighting factors are indicated in Fig. 2. The
solid lines in Fig. 2 represent the predicted height of steps
based on the ratioa:B:y = 0.093:0.085:1. The small
discrepancy is most probably due to the fact that one and
two TO (TA) phonon peaks result from crystallites having
difference in quantization energies of the order of 56 meV /-
(18 meV) [energy of Si TO (TA) phonon]. Therefore the 0.014 £ S
ratio we obtain is an average value for a spectral window of 0.1 1
the order of 56 meV. This is an inherent limitation of our
evaluation procedure [14], and the real probabilities might
slightly differ from those we calculate. We believe thatFIG. 3. The probability ratio of the no-phonon to TA phonon-
the reasonably good fit we obtain for six spectral featuregssisted (solid triangles) and TO phonon-assisted process (solid

; ; uares) versus confinement energy for naturally oxidized Si
using only two parameters asserts that the systematic erréﬁanocrystals. Open circles show the NP to TO ratio for Si

is sma]l. . crystallites embedded in the SiGmatrix. The dotted line
In Fig. 3 we plot the relative probabilities of NP to TA shows a theoretical fit according to the effective mass theory
and TO phonon-assisted transitions, calculated accordingediction. The solid line is a theoretical fit assumig= 1.3.
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approach used [3—6]). The oscillator strength of therelation of the confinement energies with the size of
phonon-assisted transitions is expected to be inverselyanocrystals.

proportional to the volume of the nanocrystal and scales

as(1/L)}. The probability of the no-phonon transitions
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