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We collect a large number of experimental data from various sources to demonstrate that

free-standing (FS) oxide-passivated silicon nanocrystals (SiNCs) exhibit considerably blueshifted

emission, by 200 meV on average, compared to those prepared as matrix-embedded (ME) ones of

the same size. This is suggested to arise from compressive strain, exerted on the nanocrystals by

their matrix, which plays an important role in the light-emission process; this strain has been

neglected up to now as opposed to the impact of quantum confinement or surface passivation. Our

conclusion is also supported by the comparison of low-temperature behavior of photoluminescence

of matrix-embedded and free-standing silicon nanocrystals. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4756696]

Silicon nanocrystals (SiNCs) are a material of intense sci-

entific interest due to their prospective applications as nano-

scale light emitters both in optoelectronics1 and as fluorescent

markers2 in bio-imaging, and, moreover, for enhancing the effi-

ciency of photovoltaic solar cells.3 SiNCs emit light quite effi-

ciently in contrast to their bulk counterpart. The origin of this

light emission is still not fully understood in detail. It is gener-

ally believed that their slow red/orange emission (the so-called

S band) results from indirect D1 �C250 transition,4,5 being influ-

enced by a complex interplay of quantum confinement6 and

surface terminating species.7 The effect of quantum confine-

ment is most easily demonstrable in SiNCs with “intrinsic”

hydrogen surface termination as their photoluminescence (PL)

is easily tunable between green and deep red emission (550–

800 nm) by changing the size of the crystalline core.8

Since hydrogen surface termination is highly unstable in

air and such nanocrystals are strongly prone to oxidation,9,10

such nanocrystals have to be surface-treated. The surface cap-

ping layer of stable SiNC can be either made up by silicon ox-

ide or by a specially prepared layer of organic molecules if

oxidation is intentionally avoided.9 The detailed chemical

composition of the surface terminating layer significantly

influences the spectral PL position of the sample; therefore,

here, we focus on oxide-capped SiNCs to minimize the effect

of surface chemistry on the proposed reasoning.

In oxide-passivated SiNCs, the oxide-related surface

states profoundly influence PL7,10 because of the formation

of discrete states inside the bandgap. For example, the emis-

sion of green-emitting (2.35 eV) hydrogen-terminated SiNCs

shifts to the red spectral region (1.85 eV) upon oxidation.10

PL of oxide-capped SiNCs is also size-tunable to some

extent: e.g., spectral shifts from 1.32 to 2.4 eV were observed

upon the decrease in size from 7.8 to 2 nm by Ledoux

et al.,11 or spectral shifts from 1.2 to 1.36 eV upon size

decrease from 9 to 4.7 nm were observed by Takeoka et al.12

However, the wavelength tunability is somewhat limited

when compared to hydrogen termination13 and, even if only

oxide-capped SiNCs are considered, their PL is influenced

by defects and/or the core/shell interface.14,15

In general, SiNCs can be prepared via a wide range of

techniques. For the purposes of this article, it is useful to

divide SiNC samples into those prepared as free-standing (FS)

or matrix-embedded (ME). A wide variety of colloidal FS

SiNCs can be prepared by chemical synthesis,9 but these

nanocrystals are quite exclusively very small (<1:8 nm) with

organic surface capping, and therefore their PL emission does

not include the S band, being situated in the UV/blue spectral

region. Focusing on FS oxide-passivated SiNCs, they can be

prepared by various kinds of wet etching (either electrochemi-

cal HF-based etching7,16 or simple chemical HF=HNO3 etch-

ing17 of variously prepared Si powders constituted by

particles with sizes <30 nm, further reducing the core sizes by

chemical etching) or synthesis in plasma from silane.11,18 The

etching or synthesis is then followed by slow oxidation in am-

bient conditions; the FS powder can also be deposited on a

substrate or form a suspension/colloidal dispersion in liquid.

ME oxide-capped SiNCs, on the other hand, can be prepared

by the deposition of SiOx=SiO2 superlattices3,19,20 or Si-rich

SiO2,12,14,21,22 by the implantation of Si ions into SiO2

matrix,23 or by chemical synthesis in a polymer-based ma-

trix.24 After the deposition or implantation step, the samples

are typically annealed (>1000 �C), which results in the forma-

tion of SiNC, either as small inclusions inside an SiO2-based

matrix or as densely packed thin films overgrown with SiO2.

All the references mentioned in the previous paragraph

report reliable data on the room-temperature PL spectra of

oxide-passivated SiNCs along with the corresponding parti-

cle sizes. All these data, measured on more than 100 samplesa)Electronic mail: kusova@fzu.cz.
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by various groups worldwide, can be compiled to Fig. 1. In

this plot, one can easily see the distinction between ME,

denoted by open symbols, and FS samples, denoted by solid

symbols: even if both the size and the type of surface passi-

vation are the same, the PL of ME samples is considerably

redshifted in comparison with the FS samples, roughly by

200 meV. This significant difference is easily visible with

the naked eye, just comparing the color of PL emitted by a

ME and FS sample as shown in Figs. 2(a) and 2(b).

A factor playing an important role in this spectral shift

is the influence of compressive strain exerted on the ME

SiNCs by their matrix. When growing inside a matrix, a ME

SiNC cannot grow freely, but is constantly compressed by

the matrix. On the other hand, spontaneous growth of oxide

on the surface of a FS nanocrystal under ambient conditions

does not exert any strain on the nanocrystalline core. How-

ever, “forced” oxidation, e.g., under high temperature, may

cause the growth of a compressive outer oxide shell or even

a thin-film oxide layer burying the originally FS SiNCs,

causing such nanocrystals to behave as ME ones. This is the

case, e.g., for samples prepared by plasma synthesis from sil-

ane by Takagi et al.,25 by reactive ion etching in plasma by

Ray et al.,17 and by electrochemical etching by Kanemitsu

et al.26 included in Fig. 1 as ME ones. On the other hand, it

was shown that compressive stress could be relaxed, e.g.,

upon local laser annealing of ME SiNCs prepared by rapid

thermal annealing of Si=SiO2 superlattices.27 Therefore, it is

important to take into account all the steps of the preparation

process to correctly determine if the “matrix-induced” com-

pression is present in the investigated sample and if it possi-

bly influences its PL. Inevitably, different levels of stress

will be present in different samples; this is indirectly sup-

ported also by the larger variability in the PL spectral posi-

tion versus core diameter dependence in the ME-prepared

SiNCs when compared to the FS-prepared ones in Fig. 1.

In some cases, namely in samples prepared by annealing

of Si-rich SiO2 layers by Matsuhisa et al.21 (brown symbols

in Fig. 1) and by synthesis in a polymer-based matrix

reported on in Ref. 24 (cyan and magenta symbols in Fig. 1,

respectively), the ME SiNCs were liberated from the SiO2

matrix by HF etching, giving rise to FS SiNC samples (the

correspondingly colored solid points in Fig. 1 are connected

by arrows). Evidently, this ME! FS transition is accompa-

nied by a PL blueshift: Fig. 1 demonstrates that the PL spec-

tral position of ME SiNCs after etching well accords with

that of the FS-prepared SiNCs.28 This blueshift, whose origin

is, interestingly enough, not commented on in the original

studies, confirms the connection between the PL shift and

the matrix: when a nanocrystal is released from the matrix,

the matrix-induced compressive strain is relaxed and is no

longer present, giving rise to a FS SiNC.

The idea that compressive stress is present in ME SiNCs

is not completely new, but it comes to mind much more natu-

rally in connection with Raman measurements than with PL.

The combined influence of quantum confinement and strain

on the SiNC phonon Raman peak is quite complex (see Fig.

2(c)) and, therefore, extreme care has to be taken during

such an analysis. Due to the possibility of systematic error,

samples in which the size was determined solely by analysis

of SiNC Raman spectra were not included in Fig. 1.

Some analyses of Raman measurements of ME oxide-

passivated SiNCs detected the presence of compressive stress.

Namely, Arguirov et al.27 observed an unusual up-shift in the

ME SiNC phonon Raman frequency of SiNCs prepared by

annealing of Si=SiO2 superlattices, implying that in this case,

the stress is compressive regardless of the used confinement

model. The corresponding deduced compressive stress

amounted to �5 GPa. Indeed, PL spectra of samples prepared

by the same group and reported on by R€olver et al.29 exhibit a

significantly redshifted PL maximum (please note that the

same type of samples is later discussed in Fig. 5(b)). Further-

more, Hern�ande�z et al.30 identified compressive stresses of

3.5 GPa in ME SiNCs prepared by annealing of substechio-

metric SiOx films; the maximum of the PL spectrum of the

corresponding sample22 is drawn as open yellow circle in

Fig. 1. Zatryb et al.31 confirmed somewhat lower levels of

compressive stress between 0.4 and 0.8 GPa in ME SiNCs pre-

pared by annealing of Si=SiO2 superlattices, PL of the corre-

sponding sample19 is denoted by open light gray square in

Fig. 1. Surprisingly, lattice contraction corresponding to stress

of several GPa was confirmed also by HRTEM measurements

of SiNCs prepared by inert gas arc evaporation,32 and the

FIG. 1. Summary of experiments reporting photoluminescence spectral

maximum as a function of size of oxidized SiNCs (T¼ 300 K). Gray-

outlined solid symbols correspond to samples prepared as FS (wet etching

taken from Refs. 7, 16, and 17; plasma synthesis and slow oxidation taken

from Refs. 11 and 18), open symbols denote samples prepared as ME

(SiOx=SiO2 superlattices taken from Refs. 3, 19, and 20, Si-rich SiO2 taken

from Refs. 12, 14, 21, and 22; Si ion implantation taken from Ref. 23;

plasma synthesis taken from Ref. 25; electrochemical etching followed by

thermal oxidation taken from Ref. 26; and chemical synthesis in polymer-

based matrix taken from Ref. 24). Samples discussed in more detail are

drawn in color, symbols connected by arrows were prepared as ME, but

liberated from the matrix and their PL as FS was also measured.

FIG. 2. Photos of PL of a (a) free-standing and (b) matrix-embedded SiNC

samples. Schematics of the influence of quantum confinement and strain on

(c) Raman spectra of optical phonon of Si (nano)crystal and (d) bandstruc-

ture of silicon.
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presence of stress was confirmed by x-ray measurements in

ME SiNC samples based on superlattices.33

Stress can be found also in cases slightly different from

but analogical to oxide-passivated ME SiNCs. For example,

SiNCs prepared by ion implantation to a sapphire matrix34

and subsequent annealing exhibited a small lattice contraction

of 0.04%–0.11%, corresponding to compressive stresses

around 2 GPa. Moreover, the compressive effect of the matrix

was also identified in CdSxSe1�x nanocrystals35 via Raman

measurements, and the comparison of Raman spectra of

oxide-passivated ME SiNCs36 with alkylated FS SiNCs also

suggest compression by the matrix (although in this case,

SiNCs with different surface passivations are studied). On the

other hand, porous-silicon-based SiNC layers were found to

exhibit lattice expansion37 by HRTEM measurements.

Although the presence of stress in SiNCs samples was

considered in the past, rarely has it been connected with the

PL properties; such a connection was only indicated by theo-

retical calculations of very small clusters38 consisting of less

than 100 Si atoms. Another theoretical calculation studying

stress in SiNCs, which, however, disregards the implications

for PL, was carried out by Yilmaz et al.39

The concept that matrix-induced compressive stress can

be in many cases one of important factors determining the

spectral position of SiNC samples can be inferred from basic

solid state physics. If we consider that the PL in oxidized

SiNCs arises from indirect D1 � C250 transitions in the silicon

bandstructure,4,5 we can calculate the compressive strain

necessary for down-shifting the D1 minimum by 200 meV,

the value determined from Fig. 1. Compared to bulk Si,

bandgap energy in SiNCs is increased as the D1 conduction-

band minimum up-shifts with decreasing size of the nano-

crystal due to quantum confinement.40 Strain can then either

further up-shift or down-shift this energy gap depending on

its sign, see Fig. 2(d); the effect of strain on the quantum-

confinement energy, though, will be negligible because

strain-induced volume changes will be very small. The effect

of strain on the bandstructure of solids is then usually

expressed in terms of deformation potential41 anðkÞ

dEnðkÞ ¼ anðkÞ ðdV=VÞ; (1)

which links the shift of the energy of a particular band extreme

dEnðkÞ with the relative change in volume dV=V. To gain a

simple estimate of the order of magnitude of this effect, we

can use the deformation potential values for bulk Si, being41

aðDÞ ¼ 14 eV for the indirect bandgap. This implies that the

energy shift of 200 meV corresponds to the volume change of

the primitive cell by as little as 1.4%. This value translates into

a mere 0.7% change in lattice constant (
ffiffiffiffiffiffiffiffiffiffiffi

0:9863
p

¼ 0:993). Still

using the bulk Si approximation, stress dp of the order of

�2 GPa is needed to induce such a change in volume (bulk

modulus of bulk Si K ¼ dp=ðdV=VÞ � 100 GPa is a good

approximation of that of nanocrystals5,42). This is a reasonable

number, because it is well below the first pressure-induced

phase transition in silicon43 from diamond to b-tin structure,

which occurs at 12 GPa and which would certainly be easily

detectable in HRTEM imaging. Our estimate of �2 GPa also

well accords with the stress values measured by various groups

as mentioned above.

In order to further support the proposed idea of matrix-

induced strain, we carried out three types of experiments to

complement the above compilation of literature data. First,

apart from SiNC samples prepared from Si=SiO2 superlattices

and substechiometric SiOx films, compressive stress can be

found also in ion-implanted samples, as supported by our

x-ray diffraction44 (XRD) measurements presented in Fig. 3.

Lattice constant of Si in SiNCs was determined from the posi-

tion of the 2h angle of observed diffraction maximum corre-

sponding to the (220) diffraction line. The maximum of the

diffraction peak was measured at 2h ¼ ð47:55660:002Þ�,
which gives the lattice parameter ð5:4060:01Þ Å (the lattice

parameter of bulk silicon aSi ¼ 5:431 Å would correspond to

the diffraction peak observed at a diffraction angle of

2h ¼ 47:3�). Thus, the lattice parameter is contracted by

�0:6%, which very well accords with the above estimate of

lattice contraction based on deformation potential. Corre-

spondingly, the PL spectrum of the same sample (inset in Fig.

3) peaks at 860 nm, which is a value considerably redshifted

compared to FS samples.

Second, we addressed the issue if a nanocrystalline ma-

terial behaves analogically to bulk when it comes to com-

pression. Our measurements of the dependence of PL spectra

of ethanoic suspensions of FS SiNCs on external hydrostatic

pressure in a diamond cell44 are presented in Fig. 4. The PL

maximum indeed redshifts with compressive pressure, this

shift is, however, somewhat lower when compared to our

above estimate. Very similar shifts of PL maxima of alkane-

capped FS SiNCs have been reported recently.5 More effects

can be responsible for this difference. First, theoretical calcu-

lations of strain fields in ME SiNCs suggest39 that stress is

inhomogeneously distributed in the volume of an oxide-

capped SiNC, being more compressive near the nanocrys-

tal’s surface. In oxide-capped SiNCs, the optical excitation is

trapped at the surface, therefore, it might locally “feel”

higher compressive stresses than those measured by Raman,

HRTEM, or XRD, being averaged over the whole core. Sec-

ond, the microscopic composition of the surface terminating

layer can be to a certain extent different in the ME and FS

FIG. 3. XRD measurements of ion-implanted ME SiNCs. Raw data (black

curve) were smoothed by cubic spline (red curve). The (220) Bragg peak

originates in SiNCs, the (311) Bragg peak comes from the substrate, the

remaining peaks are false peaks arising from the subtraction of background.

The inset shows PL spectrum of the same sample.

143101-3 Kůsov�a et al. Appl. Phys. Lett. 101, 143101 (2012)
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samples, also giving rise to a redshift; this scenario is sup-

ported by the fact that SiNC samples annealed at different

ambients exhibit spectral shifts.14

Last, the difference between ME- and FS-prepared

SiNCs can be further tested using the measurements of tem-

perature dependence of PL. Several experiments14,20,45,46

have already reported on the temperature dependence of PL

for ME samples. All of them concluded that the PL blueshift

with decreasing temperature behaves very similarly to that

of bulk Si, i.e., that PL blueshifts by about 50 meV when the

temperature drops from 300 to 3 K, see Fig. 5(b). (The same

samples as those in Fig. 5(b) are also included in room-

temperature PL in Fig. 1; colors of the symbols in the two

figures are chosen to match.)

Our measurements of the temperature dependence of PL

of FS SiNC samples44 suggest that significantly larger blue-

shift occurs at FS-prepared SiNC. Fig. 5(a) presents selected

PL spectra (smoothed, corrected for the spectral sensitivity

of the setup) of FS SiNCs measured at different tempera-

tures, while Fig. 5(b) plots the temperature dependence of

energy shift of PL maximum with regards to the lowest

experimentally attainable temperatures for our measurements

of FS samples along with the literature data on ME sam-

ples.14,20 Clearly, the PL blueshift is significantly larger for

FS SiNCs, of about 180 meV with respect to the ME value of

50 meV.

This difference can once again be explained by the pres-

ence of strain, which emerges in the FS sample when it is

cooled down. It is obvious that a FS SiNC with a silica outer

shell will tend to shrink with decreasing temperature.47 Judg-

ing simply from the thermal coefficients of expansion for bulk

silicon and silica (3 vs. 0:3� 10�6 K�1), we can see that the

silicon core will have much stronger tendency to shrink than

the outer shell. Therefore, the volume change of the “hollow”

SiO2 shell can be neglected. Unlike the bulk modulus,42 how-

ever, coefficient of thermal expansion a in a nanocrystalline

material can be expected to be several times higher than that in

bulk48 (i.e., aSiNC � 3� 3� 10�6 K�1 ¼ 9� 10�6 K�1) due

to non-negligible influence of the surface. Consequently, the

volume change of a nanocrystal when the temperature changes

by 300 K can be estimated to be ð1� 9� 10�6 K�1 � 300 KÞ3
¼ 0:992, i.e., the core has a tendency to shrink by about 0.8%,

but this shrinkage is prevented by the outer shell. If we take

into account the above “calibration” based on deformation

potential, we can estimate that this effect should induce tensile

strain acting on the core of the nanocrystal corresponding to

the shift in PL energy of about 110 meV.

On the other hand, ME SiNCs are under compressive

strain of the matrix. This compressive strain relaxes on cool-

ing, however, it is never completely lifted (compare the vol-

ume change of 1.8% due to matrix compression versus the

much smaller 0.8% change due to temperature-induced ten-

sile strain in FS SiNCs). Therefore, the PL energy shift in

ME SiNCs with the decrease in temperature from 300 to 5 K

will be driven by the inherent properties of the silicon lattice,

i.e., will be roughly the same as in bulk Si (�50 meV),

whereas in the FS SiNCs, the tensile strain adds up to this

value and the overall PL energy shift will amount to

�160 meV, which is in reasonable accordance with our ex-

perimental results (see Fig. 5).

In conclusion, we show that a clear distinction exists

between oxide-passivated SiNCs prepared as free-standing

and matrix embedded. Data from the literature summarizing

the size dependence of PL spectral position show that the

ME SiNC samples are systematically redshifted by about

200 meV when compared to FS samples of roughly the same

size. We propose that non-negligible compressive stress

(�2 GPa) exerted on the SiNC by the matrix is an important

factor inducing this redshift (in addition to the traditionally

considered effect of surface capping layer). To support the

FIG. 4. Changes in PL spectra of FS SiNCs with external applied pressure,

the squares correspond to the maximum of a Gaussian fit.

FIG. 5. (a) Measured spectra of FS SiNCs, the arrow denotes increasing

temperature. (b) Temperature dependence of the PL shift with respect to the

spectral position at the lowest experimental temperatures. Data of ME

SiNCs (open symbols) are taken from the literature (see the legend), data of

FS SiNCs (solid symbols) correspond to spectral positions from panel (a).

Bulk Si temperature dependence is drawn in black line for comparison. Col-

ors correspond to those in Fig. 1.
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proposed idea, we complement literature data by three types

of dedicated experiments, studying XRD of ME SiNCs,

pressure-dependence of PL of FS SiNCs, and carrying out

temperature-dependent PL measurements on FS SiNCs.

Importantly, the role of matrix-induced strain should not be

overlooked in analyses of SiNC phonon mode in Raman

measurements.
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