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3

Photoluminescence characteristics

of Si nanocrystals

Every fool has his story...

Tom Gregorkiewicz

The NC samples used in this study (see Section 2.1) are investigated by means of

optical spectroscopy. In this Chapter, the approach of PL spectroscopy is discussed,

of which the technical details are described in Section 2.2. Experimental results for

the NC-size dependent spectral position of the optical bandgap are compared to

theoretical models, and the temporal characteristics of the corresponding electron-

hole recombination are investigated. In addition, the behavior of non-equillibrium

�hot� carriers which undergo no-phonon recombination from high energy states is

elaborated on, both from a spectral and temporal perspective.
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3.1 Photoluminescence

3.1.1 Nanocrystal diameter dependent spectral charactistics

of photoluminescence

As described in Chapter 1, Section 1.2, the probability of no-phonon optical tran-

sitions between con�ned electron and holes increases when moving from bulk to a

nanocrystalline con�guration, which is related to the relaxation of the k-conservation

restriction. Generally, the NC diameter dependent enhancement of the recombina-

tion rate is re�ected in an increase of the absolute PL intensity for an equal number

of absorbed photons and shortening of the e�ective characteristic exciton lifetime,

when the NC diameter is decreased [55]. In addition, the emission energy related to

excitons recombining from the lowest available NC core-related levels will blueshift

upon increasing quantum con�nement. This can be observed in PL experiments

under high photon energy excitation conditions, when all crystallites within the dis-

tribution are excited: for decreasing size of NCs, the position of the PL spectrum

gradually shifts to higher photon energies. Figure 3.1 demonstrates such �ndings

for di�erent samples of Si NCs dispersed in an SiO2-matrix with varying average

diameter (dNC = 2.5 � 5.5 nm), where the emission wavelength of the maximum

intensity shifts from λdet ≈ 1030 nm for the largest NC size toward λdet ≈ 750 nm

for the 2.5 nm-sized NCs. As mentioned in Chapter 2.1, the PL spectral char-

acteristics of these samples have been carefully correlated with HRTEM imaging

results to determine the average NC size, allowing for a direct evaluation of the

NC diameter from PL spectra. The distribution of luminescing NCs can be reason-

ably well approximated by the PL spectrum measured under excitation with high

photon energy under the assumption that the large density of the electronic states

in the higher regions of the respective energy �bands� assure excitation of similar

e�ciency in all NC sizes. This approach gives satisfactory agreement between exper-

imentally and theoretically obtained results, but otherwise represents a rather crude

approximation [14]. From a more detailed perspective, the lower recombination ef-

�ciency for larger NCs induces an apparent blueshift of the spectral dependence,

as the oscillator strength for phonon-assisted transitions scales as (dNC)−3. This

can then in �rst approximation be compensated by the decrease in absorption cross

section for a particular photon energy for smaller NC sizes (dNC), as it scales with

σabs∝(dNC)3. In reality, other essential parameters, such as the oscillator strength of

optical transitions and the relative ratio of no-phonon to phonon-assisted processes

versus con�nement energy, will have signi�cant e�ect when the NC size is reduced.
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Especially the latter increases dramatically, as the probability of radiative transition

scales with ∼ (dNC)−6 [9,14]. The NC size-dependent behavior of the corresponding

electronic levels will be discussed in Section 3.1.2. In addition, other e�ects, such

as state mixing, increasing probability of surface defect-mediated processes as the

surface-to-volume ratio rapidly increases for smaller NCs, should also be taken into

account.

Figure 3.1: a) Time-integrated (normalized) PL spectra of Si NCs with an average
diameter range dNC = 2.5 � 5.5 nm upon excitation with a pulsed laser at λexc =
325 nm. The position of the maximum intensity gradually shifts from λdet ≈ 750 nm
for the 2.5 nm-sized NCs to λdet ≈ 1030 nm for the NC with an average diameter
of dNC = 5.5 nm. b) Data taken from Ref. [9]. The NC size dependence of the
ground-state electron-hole recombination energy (solid line). The dashed line shows
the same energy without taking into account the Coulomb shift. For comparison,
the experimental results obtained from PL spectra [48, 49, 54, 56], measured for Si
NCs inside an SiO2-matrix are presented.

As mentioned, the geometrical con�nement of the exciton results in a blueshift of

the optical transitions, for which the most essential scaling parameter is the size

of the NC. Theoretical predictions suggest that the con�nement energy scales as

Ec ∼ (dNC)−x, with the parameter x range of 1.2 < x < 2, depending on the

theoretical technique [9, 57, 58]. Figure 3.1(b) shows the NC diameter-dependent

exciton energy obtained from Ref. [9], where a multiband e�ective mass approach

was used. Evidently, it appears to be in good agreement with experimental data of

PL spectra obtained for samples similar to those used in this study, where x ranges

from ∼ 2 to smaller values when NC size decreases. In the modeling of the carrier

levels and the ground-state exciton energy, any strain e�ects induced by lattice
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mismatch at the boundary between Si and SiO2 have not been taken into account;

these may become important in case of small sized NCs (dNC . 2 nm) . The dashed

line represents the same dependence without consideration of the Coulombic shift,

where only the di�erence between the lowest energy levels of electrons and holes

have been taken into account (and corrected for the optical bandgap energy Egap)

� see Section 3.1.2 for more details on the NC diameter dependent behavior of

the electronic levels . Generally, the Coulomb interaction leads to a decrease in the

recombination energy of an electron-hole pair. The overall Coulomb correction to

the energy of the electron-hole pair is small (although considerable compared to the

Coulombic shift of excitons in bulk Si � ∆Eexciton < 0.15 meV) [59], and electron-

hole recombination energy can be approximated by the sum of the bandgap with

the electron and hole single-particle quantization energies. Generally, the Coulombic

correction scales as ∼ (dNC)−1, thus increasing for smaller NC sizes.

3.1.2 Radiative transitions

In order to get a quantative description of the quantum con�nement induced depen-

dence of the electronic levels in di�erent points in the Brillouin zone, an e�ective

mass technique was employed with the Luttinger Hamiltonian in spherical approx-

imation. The modeling concerns the states in the ∆-valley, corresponding to the

lowest conduction band levels, and in the Γ-point, both for electrons (Γ15-valley)

and holes (Γ25-point). In this approach, in�nitely high barriers are used for the

electrons in the Γ15-valley, which can be justi�ed by the fact that a band of corre-

sponding symmetry in SiO2 at close energies is not present [60, 61]. In case of the

energy levels of holes and ∆-electrons �nite energy barriers at the Si/SiO2 interface

are introduced, which allows for tunneling into the SiO2-matrix. For the latter, this

results in a considerable decrease of the quantum energies, and shows a good agree-

ment between the theoretical simulations and experimental data on the NC size

dependent con�nement energies, as shown in Fig. 3.1(b). The speci�c values found

for the electronic states in the di�erent points of the Brillouin zone using this theo-

retical technique are shown in Fig. 3.2(a), where the energy is plotted as a function

of NC diameter (on a (dNC)−2-scale). Upon increase of quantum con�nement, the

conduction band states of the ∆-valley increase in energy, whereas the ones in the

vicinity of the Γ-point exhibit a di�erent kind of behavior: as they originate from

the degenerate Γ15-state formed by two coinciding subbands (see Fig. 1.1 for band

structure of bulk Si), two split sets of levels arise around 3.32 eV above the valence

band maximum (details on theoretical approach and parameters can be found in

the Ref [9] for holes and ∆-electrons, and in Ref [62] for electrons in the Γ15-valley).
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The higher one moves up in energy for smaller NC sizes, while the lower set shifts

down. For the valence band, the energy levels of the hole states (formed from heavy

and light hole bands) also shift down for smaller NCs, however the magnitude of this

shift is less pronouncedthan the magnitude of the afore-mentioned conduction band-

related down-shift at the Γ-point. As a result, the energy of the �direct bandgap�

e�ectively decreases upon NC size reduction (redshift), while the �indirect bandgap�

increases (blueshift). Previously, rudimentary calculations predicted a small down-

shift of some states, resulting in a reduction of the direct bandgap energy for a certain

range of NC sizes [62, 63]. For sizes below dNC . 2.5 nm, the energies of �indirect�

and �direct� transitions approach each other, and the related emissions merge. For

GaAs, an opposite but otherwise very similar e�ect leading to a cross-over from a

direct to indirect bandgap has been predicted [64]. Correlation between the theoret-

ical modeling and experimentally obtained results of the NC diameter dependence

of optical transitions related to electron-hole recombination from states located at

the Γ-point will be further discussed in Section 3.3. It should be noted that the

e�ective mass approach provides a qualitative description of the quantum con�ne-

ment induced behavior as e�ects such as state-mixing, which becomes increasingly

important for smaller NCs, are not taken into consideration. Nevertheless, theoret-

ical modeling where a tight-binding technique has been employed showed a good

agreement with these results [26].

Figure 3.2: a) Calculated levels of Γ-electrons and holes and ∆-electrons in a spher-
ical Si NC as a function of its diameter, plotted on a (dNC)−2-scale. b) A schematic
illustration of the band structure modi�cation for di�erent sizes of NCs, with in-
creasing value for the �indirect bandgap� upon decreasing NC diameter, and the
opposite behavior for the e�ective value of the �direct bandgap�.
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3.2 Time-resolved photoluminescence spectroscopy

3.2.1 Single exciton lifetime

By means of time-resolved optical spectroscopy, the decay characteristics of excited

carriers can be monitored, in which the intensity of the signal corresponds to the

carrier concentration and the di�erent components in the decay dynamics to speci�c

relaxation and recombination processes. This can be either done in con�guration

of a pump-probe setup, in which a TIA signal is recorded (see Chapter 4 for more

details), or by detection of a time-resolved PL signal. Con�ned excited carriers in

a NC can relax via intraband phonon-assisted cooling, by trapping (for example at

surface-related states) and/or via radiative and non-radiative recombinations. For

systems featuring single exponential decay dynamics, where the decay characteristics

of the transient absorption signal corresponds to that monitored with PL technique,

it can be concluded that the external QE is close to 1. This is not the case with Si

NCs, as the decay dynamics are well-known to exhibit a multi-exponential behavior,

also in the single-exciton-per-NC-regime, Nexc < 1. This renders the analysis of

decay transients extremely complex, as di�erent decay components cannot be eas-

ily assigned to speci�c carrier relaxation processes. In PL experiments, the decay

dynamics consists of components corresponding to both radiative and non-radiative

processes. The decay rate is the inverse of e�ective decay time τeff , given by the

following expression:

τeff =
τradτnon−rad
τrad + τnon−rad

, (3.1)

where τrad the radiative lifetime and τnon−rad the non-radiative lifetime. In this

equation, the rate of non-radiative decay can be expanded in order to account for

di�erent mechanisms. Generally in the case of indirect bandgap NCs, the decay

rate of non-radiative processes is much higher than the radiative rate, with typical

decay constants of the order of 10−14 � 10−11 s [65] (depending on the nature of the

process), whereas the latter is of the order of 10−4 � 10−6 s for the NC sizes used in

this study [26].

In order to compare the experimentally obtained results with theoretical simulations,

PL dynamics have been recorded for samples with di�erent average NC sizes at the

wavelength of the maximum intensity of their corresponding PL spectra in a TCPC

experimental con�guration (see for details Chapter 2, Section 2.2). Following a

nanosecond pulsed excitation, the system relaxes giving rise to charactertistic PL



3.2. Time-resolved photoluminescence spectroscopy 29

dynamics, as shown in the inset of Fig. 3.3(a) for the sample with an average NC

diameter of dNC = 4 nm.

Figure 3.3: a) Decay rates of Si NCs embedded in an SiO2-matrix with average sizes
range dNC = 2.5 � 7 nm. The rates have been evaluated from �tting dynamics with
a stretched exponential decay function (Eq. 3.2). The inset displays a typical decay
for NCs with an average diameter of dNC = 4 nm, with the corresponding e�ective
lifetime of τPL ≈ 70 ms and β = 0.8. b) Probability of the optical transitions
calculated for the lowest available energy levels (e.g. the optical bandgap) assisted
by an optical transverse (TO � dashed line) and/or a longitudinal (LO � dot-
dashed line) phonon. The thick straight line is their sum, and the red dashed line
the probability of direct optical transitions. Experimental data have been plotted
together with the theoretical model in order to demonstrate the good agreement.
(The �gure is obtained from Ref. [9].)

Evidently, the temporal behavior of the PL cannot be described by a simple expo-

nential decay function e.g., IPL(t) = I0e
−t/τ , but rather by a stretched exponential

decay function [66,67]:

IPL(t) = I0e
−(t/τeff )β , (3.2)

where 0 < β ≤ 1 is the dispersion of the PL decay time. This form of PL decay dy-

namics has been observed for many classes of Si nanostructures [66,68] and di�erent

scenarios have been proposed to account for such a temporal behavior. Firstly, it

has been suggested to be related to a varying carrier localization, such that carriers

escape from Si NCs of a certain size with di�erent probabilities to undergo non-

radiative recombination. The di�erence in probability results from spread in the

barrier height and the distance to close non-radiative recombination centers [69].

Secondly, it could originate from migration of excitons to di�erent NCs, accompa-

nied by the capture and release of excitons with speci�c time constants which could



30

delay the e�ective recombination [70�72]. Thirdly, it could originate from a distri-

bution of lifetimes of PL at a single wavelength related to the distribution of crystal

shapes for a certain �xed volume [59]. Last, for a homogeneous NC size distribu-

tion, as is the case for the samples used in this study (see Chapter 2, Section 2.1),

β can be interpreted as the distribution in PL lifetimes, which then corresponds to

similar behavior of the NC size distribution. For the PL decay dynamics shown in

the inset of Fig. 3.3(a), the �tting (red solid line) was performed with �xed β =

0.8, corresponding to a Gaussian distribution of decay times determined by the size

of individual NCs, resulting in a PL lifetime of about τPL ≈ 70 ms. The PL decay

time decreases with increasing PL energy, from about 500 ms for the 7 nm-sized NCs

(kdecay ≈ 2×103 s−1) to ∼ 20 ms (kdecay ≈ 5×104 s−1) for the smallest NCs. The be-

havior of the decay rates found by the �tting agrees reasonably well with that found

by the theoretical simulations (Fig. 3.3(b)), with the theoretically simulated values

being slightly lower. For the 2.5 nm-sized NCs the �tted value does not fully fol-

low the theoretically simulated NC size dependence, which could originate from the

possible interplay of NC surface-related capturing processes, which then e�ectively

slow down the characteristic PL decay time (see Chapter 4, Section 4.2) [73].

In order to model the NC size dependent behavior of the decay rates, the probability

of the optical transitions has been calculated as function of the NC diameter (see Fig.

3.3(b)), using the second order perturbation theory. Here, the spontaneous radiative

emission rate is calculated for the lowest available transitions with the interplay of

transversal and/or longitudinal optical (TO and LO, respectively) phonons. For the

NC size range dNC = 2 � 6 nm, this results in values of the order of 102 � 104 s−1

(thick line in Fig. 3.3). The dashed and dot-dashed lines in this �gure represent the

probability taking into account one of the phonons (TO dashed and LO dot-dashed)

or together (straight line). This procedure is also applied for optical transitions

between Γ15-electron and Γ25′-holes, corresponding to a phonon-less recombination.

The values for the allowed transitions are of the order of τΓ−Γ ≈ 10−8 � 10−7 s, and

appear to exhibit a minor dependence on the NC size. As mentioned previously,

this theoretical method is a bulk pertubation approach, and e�ects like state-mixing

could result in smaller values of the direct radiative recombination times by an

increasing probability of transitions which are forbidden in bulk but become pseudo-

allowed by quantum-con�nement-induced admixing of orbital character. Therefore,

these values should be interpreted as an upper-limit. The signi�cance of this process

will become more pronounced as competing relaxation and recombination processes

become less e�cient, and the corresponding probabilities become comparable. This

will be further discussed in Section 3.3.



3.2. Time-resolved photoluminescence spectroscopy 31

3.2.2 Auger recombination

In case of multiple excitons con�ned in the same NC, the relaxation of these carriers

will be dominated by non-radiative Auger recombination [45, 47, 74]. Auger recom-

bination is a multi-particle energy transfer process, where the recombination of the

excess excitons proceeds without the emission of a photon, and instead, the remain-

ing carrier(s) get(s) re-excited to higher energy states (see Fig. 3.4(a) for a schematic

illustration). The e�ciency of Auger e�ects is signi�cantly lower in bulk materials

as a result of the reduced Coulomb carrier-carrier coupling and the kinematic re-

strictions imposed by the energy and momentum conservation. Three-dimensional

carrier con�nement results in the discretization of the energy spectra of NCs [75,76]

and the modi�cation of multi-particle interactions, including Auger e�ects [77�80].

The con�nement-induced enhancement of Coulomb interactions and relaxation in

the translation momentum conservation should increase the Auger rates in com-

parison to the bulk [77, 80], whereas the atomic-like structure of the energy levels

in NCs should have the oppostite e�ect because of the reduced availability of �nal

states satisfying the energy conservation. As a result, Auger recombination can only

occur e�ciently with the participation of a phonon (as a four-particle process) or

with the involvement of a �nal state from the continuum of states outside the NC

(Auger ionization) [80,81]. The complex interplay between these e�ects complicates

the theoretical analysis of quantum-con�ned Auger recombination. In experiments,

the Auger e�ect in NCs is typically analyzed within a bulk semiconductor approach

by introducing an e�ective carrier concentration in the NC (nexc = Nexc/V0, where

Nexc is the number of e-h pairs per dot and V0 is the NC volume) and a cubic

carrier decay rate (CAn
3
exc , where CA is the Auger constant) [82, 83]. However,

the validity of this approach in the regime of a few electron-hole pairs per NC is

not obvious, and the recombination occurs as a sequence of quantized steps from

the N to N − 1, N − 2, . . . and �nally to the last remaining electron-hole pair

state, which then will recombine with the characteristic e�ective time constant. In

the �quantized� regime, Auger recombination is characterized not by a continuum

of density-dependent recombination times τAuger = (CAn
2
exc)

−1 as in bulk materials,

but by a set of discrete recombination constants, characteristic of the decay of the

2�, 3�, . . . electron-hole pair NC states. It has been shown for CdSe QDs that

the Auger decay constants for multiple excitons for a given NC volume V0 scale

approximately as τ4 : τ3 : τ2 = 0.25 : 0.44 : 1, which is remarkably close to the ratio

expected for the cubic recombination process [45]. This correspondence indicates

that in strongly con�ned, 0D NCs, Auger recombination is a cubic process, similar

as in bulk materials.
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Figure 3.4: a) A schematic illustration of the simultaneous absorption of multiple
photons in the same NC by which multiple excitons are generated (1). By means
of Auger interaction, one electron gets excited to a higher energy level at expense
of the (non-radiative) recombination of the other elctron-hole pair (2). The last
remaining carrier relaxes to the lowest energy state after which it can recombine
radiatively, demonstrating the limit of one emitted photon per NC per excitation
pulse, independently of the incoming photon �ux (3). b) IA transients for Si NCs
with an average diameter of dNC ≈ 3.5 nm for four di�erent excitation photon �uxes
in a total time window of 1 ns upon pulsed excitation at λexc = 400 nm. In this graph,
the intial amplitude of the signal (taken at t = 0.6 ps) is indicated with A, and the
amplitude for longer delay time B (taken at t = 800 ps). c) The amplitudesA and B
as function of the photon �ux (or the average number of excitons per NC < Nexc >
� upper horizontal axis). The dependence of A can be described accurately by a
linear �tting, and B shows good agreement with the function (1 � e−σabsj(0)). The
data are extracted from Ref [47].

The characteristic Auger recombination times of two electron-hole pairs in the same

Si NC of a given size lies typically in the range τAuger ≈ 10−11 � 10−10 s. For a

NC with an average diameter of dNC = 1.65 nm and the bulk value for the Auger

interaction coe�cient of CA = 4×10−31 cm6 s−1, the Auger time constant would be

τAuger ≈ 220 ps [74]. However, this approximation is rather crude, and much smaller

values are generally found for Si NCs, as a consequence of the strong dependence

of CA on NC diameter. In case of CdSe quantum dots, CA has been shown to

change by about 2 orders of magnitude when moving from 5 nm-sized NCs to NCs
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with average diameter of dNC ≈ 1.5 nm [45]. The conventional way to investigate

Auger-related dynamics is by femtosecond resolution optical spectroscopy, either

in con�guration of a PL or TIA experimental setup. In case of Si NCs, where the

external PL QEs are relatively low, the latter technical approach is frequently chosen

for this purpose (see Chapter 2, Section 2.3.2 for experimental details). Figure

3.4(b) shows the TIA results for Si NCs with the average diameter of dNC ≈ 3.5 nm

as function of excitation �uence (excitation photon energy of Eexc = 3.1 eV) and

probing at Eprobe = 0.95 eV. Evidently, the amplitude of the intial decay component,

corresponding to the carrier concentration prior to Auger recombination and/or

carrier relaxation, shows a steady growth as function of the incoming photon �uence,

exhibiting a linear dependence (as demonstrated in Fig. 3.4(c)). The amplitude

of the longer decay component (taken at t = 800 ps), related to single exciton

relaxation and recombination processes � as all multi-carrier interaction processes

have vanished at this time scale (τAuger ≈ 35 ps for two electron-hole pairs in the

same Si NC) � exhibits a saturation behavior and represents the maximum fraction

of NCs within the photoexcited volume. This can be described by the relation

(1 � e−σabsj(0)), where σabs is the linear absorption cross section for the excitation

photon energy and j(0) the photon �uence, in accordance with Poisson statistics.

3.3 Photoluminescence of non-equilibrium carriers

in Si nanocrystals

The e�ciency of no-phonon radiative recombination across the direct bandgap in Si

is similar to that of direct bandgap semiconductors, with the time constants of an

order of τrad = 10 � 100 ns. In bulk c-Si, the �hot� no-phonon luminescence is prac-

tically inhibited by e�cient intraband relaxation of carriers, with the thermalization

driving hot electrons to the minimum of the conduction band, and so toward the

indirect bandgap recombination channel. This scenario has recently been con�rmed

by the experimental observation of weak hot no-phonon emission in bulk c-Si under

extreme conditions of high-energy carrier injection using scanning tunneling micro-

scope technique [84]. In this case, the measured QE was QEdirect bandgap ≈ 10−7,

implying ultrafast hot carrier cooling on a sub-picosecond time scale.

In Si NCs, thermalization processes of hot carriers will be a�ected by the quantum

con�nement-induced altering of the band structure [76]. Generally, with lowering

the dimensions of structures the density of states will decrease, while the separa-

tion between the individual levels will appear, slowing down the phonon-assisted



34

cooling. Simultaneously, the relaxation of the momentum conservation restriction

will allow for mixing of di�erent states, which will signi�cantly change the den-

sity of states distribution and transition probabilities between individual states. It

has been postulated that upon lowering of the crystal dimensions, the so-called

�phonon-bottleneck� e�ect would appear, slowing down hot carrier thermalization

by as much as 1 � 3 orders of magnitude. Experimental observation of this ef-

fect has been reported only recently in a system where the electron-hole coupling

was switched o� [85], since usually e�cient electron-hole coupling facilitates a fast

cooling channel for electrons, thus masking the e�ect of reduced electron-phonon

scattering [86]. In Si NCs, carrier relaxation processes have not been investigated

in detail � neither experimentally nor theoretically �, but single electron cooling

times of the order of 1 � 10 ps range are commonly expected [65]. This very short

lifetime of hot carriers might possibly be increased by spatial separation of the ex-

cited electron and hole prohibiting interband scattering [85]. In addition, e�cient

Auger recombination of multiple excitons generated in the same NC (Nexc > 1) will

in�uence the hot carrier population: de- and re-excitation of multiple excitons, by

which the hot carrier density is enhanced, will lead to time constants of the order of

10 � 100 ps [74,87]. In this way, the probability of the no-phonon recombination can

be enhanced by a continuous generation of hot carriers. In the present study, we

report on the observation of an ultrafast (picosecond decay) visible PL band, which

has the striking feature of shifting to longer wavelengths (redshift) for smaller NCs.

We assign this band to the phononless radiative recombination of hot carriers.

3.3.1 Results and discussion

The study has been conducted on a set of samples containing Si NCs of average

diameters dNC = 2.5, 3, 3.5, 4, 4.5 and 5.5 nm embedded in SiO2 prepared by

radio-frequency co-sputtering, as described in Section 2.1. The left panel of Fig.

3.5(a) shows the time-integrated PL spectrum for the sample with Si NCs average

diameter of dNC = 4.5 nm, obtained under 325 nm continuous wave (cw) excitation.

PL dynamics taken at the maximum intensity of this spectrum reveals a decay

of the order ∼ 100 ms (right panel). This PL band is related to the well-known

excitonic recombination across the indirect bandgap, from the bottom of conduction

band to the top of the valence band. Figure 3.5(b) shows a PL transient taken at

λdet = 420 nm obtained under ∼ 2 ps pulsed UV excitation. The time-resolved PL

is shown in a ∼ 50 ns time frame, as recorded by a TCPC detection technique with

resolution of τres≈ 25 ps. The transient features a multi-exponential decay, with

fast picosecond components, followed by a tail with a decay of τdecay ≈ 50 ns (not
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fully shown). Due to the high repetition rate of the laser (f = 3.8 MHz), the slow

(microsecond) excitonic PL does not fully relax in between consecutive excitation

pulses, which can be identi�ed by a non-zero baseline signal present before the

laser pulse in Fig. 3.5 (b), left panel. As a consequence, the faster picosecond

and nanosecond PL transients are superimposed on the background arising due

to accumulation of the microsecond PL signal. The di�erent arrows in the panel

indicate the amplitudes of the di�erent contributions: the slow microsecond PL

signal (Aµs� red), the initial PL signal instantaneously after the laser pulse (Ai
� black), and the nanosecond component (Atail � blue), corrected for the non-

zero baseline signal Aµs. The right panel zooms onto the �rst 500 ps of the PL

dynamics, illustrating the fastest PL components, with amplitude Aps (green arrow

� corrected for the slower microsecond and nanosecond contributions). Recording

the PL transients for the 350 � 620 nm detection range enables reconstruction of

the spectral pro�le of the initial amplitude of the PL signal (Ai � black dots) �

panel (c). Due to the drastical di�erence in kinetics, the three afore-mentioned

contributions can be easily separated: On the long wavelength side of the spectrum,

the high-energy onset for the slow excitonic band can be seen, illustrated with the red

line (Aµs). The two Gaussian �ts represent the spectral pro�le of the amplitude of

the nanosecond component, Atail � blue line, with its maximum around λmax = 420

nm, and the fast picosecond component centered around λmax = 480 nm (Aps �

green line). The latter PL band (referred further to as �hot� PL) features ultrafast

multi-exponential decay, in the 10 � 100 ps range, with the fastest initial decay being

limited by the experimental resolution (shown in the upper inset � τres ≈ 25 ps),

implying existence of even faster relaxation processes.

In order to establish the microscopic origin of the hot PL band, samples with NCs of

di�erent sizes were investigated. Variation of the spectral characteristics is expected

for the core-related emission while recombinations at surface/defect states exhibit

only very weak, or no dependence on the NC size, as is the case for the 420 nm-

band [88]. Firstly in Fig. 3.6(a), on the long wavelength side the excitonic PL for all

samples is displayed, with the well-known blueshift of its maximum for smaller NC

diameters. Next to that, in the visible regime, the hot PL band for all the samples

is shown: the position of hot PL maximum shows a gradual shift from λmax ≈ 430

nm for the sample with dNC = 5.5 nm to λmax ≈ 630 nm for the smallest NCs

with dNC = 2.5 nm. The illustrated dependence of the hot PL band on the NC

diameter provides a very strong evidence relating it to radiative recombination in

the NC core, rather than at defect states. Remarkably, the hot PL band shows a

redshift, opposite to the blueshift of the excitonic recombination observed in the
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Figure 3.5: The temporal and spectral characteristics of PL for the sample with
NCs of an average diameter dNC = 4.5 nm. a) In the left panel, the time-integrated
spectrum, as obtained under cw excitation at λexc = 325 nm is shown, centered
around λdet = 870 nm. The PL dynamics (right panel) taken at this wavelength
exhibit a decay which can be �tted with a stretched exponent I = I0 e

(−t/τdecay)β ,
with decay τPL ≈ 100 ms, and β = 0.8, for Gaussian distribution of the PL decay
times. b) In the left panel, the PL decay dynamics at λdet = 420 nm as obtained
under 2 ps pulsed excitation at λexc = 325 nm, shown in a total time window of 50
ns, taken in a TCPC mode with a setup resolution of τres ≈ 25 ps. The amplitudes
for the initial PL signal (Ai � black arrow), the nanosecond component (Atail �
blue arrow), and the baseline signal (Aµs � red arrow) are indicated. The latter
is a consequence of buildup of the slow ms excitonic PL, which does not fully relax
between consecutive pulses due to high repetition rate of the laser (f = 3.8 MHz).
The right panel shows dynamics for the �rst 500 ps, after correction for the slower
decaying contributions. It reveals the presence of decay components in the 10 �
100 ps range, with amplitude Aps (green arrow). c) The spectral pro�le of the
initial amplitude Ai of the PL decay dynamics is taken in the 350 � 620 nm range
(black dots). Within this pro�le, the three di�erent contributions Aµs, Aps, and
Atail (corrected for Aµs) are indicated with Gaussian �ts in red (only high energy
onset), green and blue, respectively. The spectral pro�le for the ns component has
its maximum around λmax ≈ 420 nm, whereas the spectral position of the maximum
of the amplitude for the fast picosecond components (Aps) is around λmax ≈ 480 nm.
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same samples.

Figure 3.6: a) The hot and excitonic PL bands for all the samples used in this
study. On the long wavelength side of the graph in the NIR, the (normalized) exci-
tonic PL spectra show a blueshift for smaller NC sizes: the PL intensity maximum
for the sample with the largest average NC diameter (dNC = 5.5 nm) centers around
λmax ≈ 990 nm, while for the sample with the smallest NC size (dNC = 2.5nm) the
maximum is around λmax ≈ 750 nm. In the short (visible) wavelength range, the
(normalized) hot PL is depicted. This band shows the opposite behavior: here a
redshift upon NC size decrease is evident. The sample with the largest average NC
diameter (dNC = 5.5 nm) shows hot PL with a maximum aroundλmax ≈ 430 nm,
while for smaller NCs this band gradually moves to longer wavelengths. b) A com-
parison between the theoretically modeled behavior (as described in Section 3.1.2) of
the transitions in the Γ-point (dashed lines) and those across ∆ � Γ (solid line) as a
function of NC diameter. Evidently, good agreement is found for both dependences
of the �indirect bandgap� as well as the �direct bandgap�. The four transitions
in the Γ-point correspond to (from high to low): 1eh0 � 1hm2, �1em1 � 1hh2,
�1em1 � 1hm1, 2eh0 � 1hm2, and show an opposite behavior for smaller NC sizes
to the transition corresponding to the excitonic recombination. The cut-o� of the
dashed lines around 2.3 eV is related to the fact that the applied theoretical approach
is valid only within ∼ 1 eV around the Γ-point.

The PL spectrum in Fig. 3.5(c) illustrates three di�erent contributions to the emis-

sion of Si NCs observed in this study: the �rst band is the excitonic emission in the

NIR which, as shown in Fig. 3.6, exhibits a blueshift for smaller NC sizes due to

quantum con�nement. This recombination has been well investigated experimen-

tally [89] and successfully modeled by theory [90]. Its decay time is in the ∼ 100 ms

range. For Si NCs in an O-rich environment, participation of an O-related interface

state (Si=O) leads to stabilization of its wavelength for small Si NCs with diame-

ters dNC . 2.5 nm [22,91]. The second PL band is centered around λmax ≈ 420 nm

and has a decay time ∼ 10 ns. This band has been frequently reported in previous

investigations of PL from small Si NCs in SiO2 matrices and in defect-rich SiO2. It
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is commonly assigned to recombination at an O-related defect state (O-Si-O) [88].

Thirdly, in addition to these two well-known PL bands, we identify another contri-

bution � the hot PL band, with fast picosecond decay characteristics. For the dNC
= 4.5 nm sample its maximum intensity is at λmax ≈ 480 nm and shows a redshift

for smaller NC sizes.

In the past, visible emission with nanosecond decay dynamics has frequently been

reported in optical investigations of Si NCs and its origin has been debated upon.

It has usually been postulated to arise due to radiative recombination at some O-

related defects, in the SiO2-matrix itself, or due to quasi-direct transitions in very

small NCs [92�95]. A combination of di�erent contributions might be possible,

which could explain the existing controversy. The hot PL band identi�ed in this

study appears next to the previously reported visible emission from Si NCs, and can

be readily distinguished by its considerably di�erent characteristics � a picosecond

decay and spectral redshift upon NC size reduction. We postulate that it originates

from no-phonon radiative recombination of hot carriers whose energy and e�ciency

are in�uenced by quantum con�nement.

As mentioned in Section 3.1.2, the redshift of PL is likely to be related to the

quantum con�nement e�ect on the no-phonon radiative recombination in Si NCs

[9, 62, 63, 96]. In order to justify this hypothesis, the theoretically simulated energy

dependences for four di�erent transitions, extracted from the modeled energy levels

shown in Fig. 3.2(a), are plotted together with the experimentally obtained PL

spectra, both for the excitonic and the hot PL bands for all NC sizes (Fig. 3.6(b)).

Evidently, the theoretically modeled dependence describes the experimental results

rather accurate, for transitions in the Γ-point (dashed lines) as well as those across

∆ � Γ, clearly demonstrating opposite behavior. The change of band structure with

respect to the higher excited states adds to other e�ects which in�uence emission

from Si NCs � the momentum conservation relaxation, changes of density of states

and carrier relaxation mechanisms. As a consequence, it can be expected that with

decrease of NC size, the energy and the relative e�ciency of the no-phonon radiative

recombination channel might increase.

For further justi�cation of the proposed identi�cation of the hot PL, also its dy-

namics have to be considered. For hot PL, the experimentally measured decay time

re�ects carrier cooling. As mentioned before, for single carrier thermalization in

Si NCs relaxation times in the 1 � 10 ps range are generally expected [65]. Such

conditions are realized with a single exciton per NC, requiring the excitation �ux to

be su�ciently low � Nexc < 1. Indeed, PL up-conversion and TIA measurements

with sub-ps resolution performed under such excitation conditions on our materials,
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Figure 3.7: Carrier relaxation paths for low (Nexc < 1) and high (Nexc > 1) excitation
�ux. The schematics of the Si band structure in the Γ−X direction, with quantum
con�nement induced discretization of the energy levels in the Γ15-point (electrons),
Γ25-point (holes) and the ∆-valley. a) The pictogram illustrates the situation when
excitation �ux is such that Nexc < 1, where carriers can either thermalize within
1 � 10 ps or trap at surface-related defect state. Therefore, only the O-related re-
combination (∼ns) and the excitonic recombination (∼ms) will be present, while the
recombination via the direct channel will have low e�ciency (dashed green line). b)
For the Nexc > 1-condition, multiple carriers are generated by high �ux, allowing for
a constant feeding of the direct channel by Auger recombination of multiple excitons.
This will induce enhancement of the PL intensity due to radiative recombination
via the direct channel (green arrow).

do reveal relaxation times of this order (see Chapter 5 for TIA results). The TCPC

PL results shown in Fig. 3.5 and Fig. 3.6, were obtained under conditions when

multiple excitons were being generated per NC � Nexc > 1. These two di�erent

excitation conditions (Nexc < 1 and Nexc > 1, respectively), are schematically il-

lustrated in Fig. 3.7: Si band structure in the Γ � X direction is depicted with

quantum con�nement induced energy levels in the vicinity of the Γ-point and the

∆-valley. For the Nexc < 1-case, panel (a), the fast electron cooling of the order of

1 � 10 ps, will practically only allow for photon emission due to the lowest energy

exciton recombination (red arrow) and � after fast trapping � at the O-related

defect at λO−PL ≈ 420 nm (blue arrow). The hot carrier no-phonon recombination

via the direct channel (illustrated by a dashed green arrow) is limited by e�cient

draining of carriers from the higher energy levels due to rapid thermalization. The

situation changes when multiple excitons appear, for Nexc > 1 � panel (b). In

this case, PL dynamics will be governed by multi-carrier recombination character-

istics. Hot carriers will now not only be generated by the laser pulse itself, but also
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by re-excitation by so-called �Auger recycling�, by which continuous population of

these higher energy states is maintained [97, 98]. Therefore, the hot carrier popu-

lation follows the Auger process-controlled lifetime of multiple excitons, exhibiting

dynamics in 10 � 100 ps range [74,87]. As a consequence, hot carrier population will

be enhanced and no-phonon hot PL will now appear next to the excitonic emission

and the O-related PL.

These considerations are justi�ed by experimental results shown in Fig. 3.8, where

the time-resolved spectral dependence of the PL intensity for the sample with an

average diameter of dNC = 2.5 nm is depicted for two di�erent experimental con-

ditions: In the �rst case (panel (a)), the Nexc < 1-condition was satis�ed allowing

only for (fast) single carrier relaxation processes. These results were obtained under

very low-power 2 ps UV pulsed excitation (no accumulation of excitation between

the pulses) with resolution of τres ≈ 25 ps (i.e. insu�cient to resolve the fast carrier

relaxation). In the two right panels, the PL spectra taken at t = 1 ps (immediately

following the pulse), and for t = 35 ns reveal presence of only two contributions: the

O-related PL band centered around λmax ≈ 420 nm, and the high energy shoulder of

the excitonic band, with its maximum around λmax ≈ 750 nm (not fully displayed).

Although in the initial PL spectrum for t = 1 ps the intensity is non-zero at the

position corresponding to the maximum of the hot PL band (λmax ≈ 630 nm for this

sample), no pronounced band can be observed. This illustrates the low e�ciency of

this channel due to rapid hot carrier cooling. In panel (b), the time-resolved spec-

tral dependence of the PL intensity for the same sample is displayed under intense

pumping, for the Nexc > 1- condition. In that case, the 5 ns UV pulsed excitation

source is used, with a repetition rate of f = 100 Hz, allowing for full relaxation

between consecutive pulses. For this measurement, the hot carrier population is

now governed by Auger-processes of nonradiative recombination of multiple exci-

tons. Furthermore, the laser pulse duration is one order of magnitude longer than

the carrier cooling and/or Auger recombination time, creating a semi-cw excita-

tion condition for hot PL. This means that during laser excitation an equilibrium

concentration of hot carriers is realized, and therefore carrier dynamics will repro-

duce the temporal characteristics of the laser pulse. The spectrum taken during

the excitation pulse, at t = 1 ns (right lower panel), shows not only the O-related

contribution around λmax ≈ 420 nm and the excitonic PL band around λmax ≈ 750

nm (in this case fully displayed), but also the pronounced hot PL band centered

around λmax ≈ 630 nm.
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Figure 3.8: Comparison of the time-resolved spectral dependence of the PL intensity
for the sample with an average diameter of dNC = 2.5 nm under pulsed (t = 2 ps)
and semi-cw (t = 5 ns) excitation at λexc = 325 nm. a) The TCPC data as obtained
under 2 ps pulsed excitation (τres ≈ 25 ps), in a 50 ns time window in the 350 � 700
nm detection range. The laser power was such that Nexc ≈ 0.002, so no multiple
excitons were created, in spite of the high repetition rate (f = 3.8 MHz). In the
two spectra at the right side, taken at t = 1 ps and t = 35 ns, two contributions are
discernable: the O-related PL centered around λmax ≈ 420 nm, and the (onset of
the) excitonic band with its maximum around λmax ≈ 750 nm (not fully shown). b)
The time-resolved PL intensity in the 380 � 790 nm detection range for the semi-cw
excitation with high �ux, i.e. Nexc > 1. The spectrum taken at t = 35 ns after the
excitation pulse again shows the same two contributions as in panel (a), while the
spectrum taken at t = 1 ns (i.e. during the laser pulse, under pseudo-equilibrium
conditions for hot carriers) clearly reveals a hot PL band centered around λmax ≈ 630
nm. Dashed lines in the panels are a guide to the eye in order to distinguish the
three separate bands � red for the lowest excitonic recombination, blue for the
O-related emission and green for the hot PL.

In view of the above, we conclude that the detailed analysis of decay dynamics of

the newly identi�ed PL band is fully consistent with the proposed identi�cation of
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this band as hot PL, with its intensity being correlated with hot carrier density. We

note that the observation of hot PL reported here is in a way similar to what has

recently been realized in nano-engineered Ge, where the direct and indirect bandgap

have very comparable energies, and where direct bandgap transitions appear as soon

as those related to the lowest indirect bandgap saturate [99].
Finally, we discuss the QE of the hot PL identi�ed in this study. As mentioned

before, the relative e�ciency of the hot PL is expected to increase for smaller NC

sizes. This is indeed the case as demonstrated in Fig. 3.9, where the PL intensities

of the excitonic band and the hot PL band for two samples with average NC sizes

of dNC = 2.5 nm and dNC = 4 nm are shown together in the spectral range, where

both can be recorded simultaneously. The measurements have been performed un-

der identical excitation conditions, with 5 ns pulses (f = 100 Hz). When corrected

for the bandwidth, the hot-to-excitonic PL amplitude ratio increases approximately

5-fold for smaller NCs, supporting the proposed model. In order to quantize the

external QE of the hot PL band (QEhot PL), comparison of its time integral (Ihot PL)

with that of the excitonic band (Iexc) is performed. In such a procedure, one takes

advantage of the fact that while temporal characteristics of the hot PL may be dis-

torted due to insu�cient temporal resolution of the detector, the time integral of PL

signal is preserved. For sample with the smallest NC sizes, dNC = 2.5 nm, the exper-

imentally determined intensity ratio between both PL bands is Iexc/Ihot PL ≈ 1000.

Taking into account the independently evaluated external QE of the excitonic PL

for that sample of ∼ 10% [46], we arrive to QEhot PL ≈ 0.1�. This represents the

lower limit of the QE of the non-phonon recombination and implies an enhancement

by at least 3 orders of magnitude when compared to bulk c-Si [84]. On the other

hand, we can now use this independently obtained QE value to estimate the e�ective

carrier cooling time: τeff = τrad × 10−4 ≈ 10 � 100× 10−4 = 1 � 10 ps. This agrees

reasonably well with our previous considerations concerning decay time of hot PL

and also with the hot electron thermalization times expected for Si NCs, providing

further support for the proposed identi�cation of the observed PL as the no-phonon

hot emission.
In the future, the QE of the hot PL may still be increased by careful optimization

of the material and of the excitation procedure in order to maximize the radiative

recombination channel vs. carrier cooling. To this end, we recall that external QEs

as high as 60 � 80 % have been claimed in the literature for the excitonic emission

from optimized Si NCs [100], with the intrinsic PL yield approaching possibly 100%

[101]. A possible approach for taking full advantage of the direct channel emission

could be by placing the Si NCs into a photonic crystal con�guration, allowing only

for the visible fast emission to escape.
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Figure 3.9: Comparison of the relative intensity of the hot and excitonic PL bands
for NCs with the average diameter of dNC = 2.5 nm and dNC = 4 nm. a) The
spectral pro�le of the initial amplitude of PL transients for the sample with the NC
size dNC = 2.5 nm, as obtained under 5 ns UV excitation for the 380 � 790 nm de-
tection range. The two Gaussian �ts represent the hot PL (green) and the excitonic
recombination (red), respectively. The same procedure has also been applied for
the NCs with an average diameter of dNC = 4 nm in panel (b). The relative ratio
between the two contributions in panel (a) is ∼ 7.5, and ∼ 1.5 for the larger sample
(with correction for the spectral width).

Conclusions

We have identi�ed an ultrafast (picosecond range) visible band in PL spectrum of

Si NCs. The energy of this band decreases for smaller NC sizes, while its relative

intensity increases. Based on these characteristics, we assign this band to no-phonon

hot carrier radiative recombination at levels in vicinity of the Γ-point in the Brillouin

zone, with the red spectral shift which can be viewed as reduction of the �direct

bandgap� energy due to quantum con�nement. We show that in Si NCs the e�ciency

of this no-phonon emission increases by a factor of 103 in comparison to bulk c-Si.

These results are consistent with the hot carrier lifetime in Si NCs being of an order

of 1 � 10 ps.

The current �ndings o�er a comprehensive understanding of quantum con�nement

induced emission from Si NCs and provide an explanation for some experimental con-

troversies from the past. This concerns the origin of e�cient emission bands at higher

energies with sub-nanosecond lifetime sporadically observed in the high-energy part

of PL spectra of Si NCs prepared by di�erent methods. Also the experimentally

identi�ed link between this emission and Auger quenching of the indirect bandgap
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PL is naturally explained [74]. Finally, now that we have identi�ed the quantum

con�nement induced downshifting of the no-phonon transitions, the enhanced ab-

sorption of amorphous Si (a- Si) � which in literature on solar cells is often referred

to as a �direct bandgap material� � is also put in a new perspective. Namely, this

could arise from contributions of small Si NCs, which can spontaneously form within

a-Si, due to direct optical transitions that are available at lower energies.

The identi�cation of direct no-phonon optical transitions that are tunable into the

visible range opens new horizons for photonic, photovoltaic, and optoelectronic ap-

plications of Si NCs in areas that until now were reserved for NCs prepared from

direct bandgap semiconductors. Reducing the drawback of the indirect bandgap

makes Si NCs the optimum solution for CMOS-integrable photonic devices, for

highly absorbing and environmentally friendly layers for a new generation of NC-

based solar panels, and for totally inert, non-toxic and e�cient bio-tags. One should

nevertheless remark that this will require careful optimization of materials as well

as excitation procedures. While our study shows that the wavelength and the ef-

�ciency of hot no-phonon emission increase upon quantum con�nement, in order

to e�ectively explore this channel of radiative recombination, the nanocrystalline

material will have to be further developed. The described e�ects take place only for

Si NCs of high crystalline quality and for a certain range of NC sizes, since for very

small NC sizes the importance of surface states will increase which could enhance

nonradiative cooling of hot carriers. On the other hand, since the new PL band

concerns hot-carrier emission, the optimum excitation procedures will also need to

be found. Finally, for practical applications, electrical excitation will have to be

considered. For this purpose, the existing schemes for electrical devices based on

SiO2 layers doped with Si NCs need to be explored [102].


