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ABSTRACT

Photoluminescence (PL) spectra were measured for dodecene-capped Si nanocrystals with a
wide range of average diameter, from 1.8 nm to 9.1 nm. Nanocrystals larger than 3 nm exhibited
relatively high PL quantum yields of 30% to 45%. Smaller nanocrystals exhibited lower
quantum yields that decreased significantly with reduced size. Because smaller nanocrystals also
have lower optical absorption there is a significant biasing of the PL spectra by the larger
nanocrystals. We show that with proper accounting of polydispersity and size-dependent
guantum vyields and optical absorption, the effective mass approximation (EMA) accurately

estimates the average diameter of silicon (Si) nanocrystals from experimentally-determined PL
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emission peak energies. A finite confinement model is presented that explains the decreased PL

quantum yields of the smaller diameter nanocrystals.

INTRODUCTION

The synthesis of silicon (Si) nanocrystals has advanced significantly in the past few
years.}* Now it is possible to obtain significant quantities of crystalline Si nanocrystals with a
wide range of sizes, sufficient uniformity to form superlattices, and well-characterized surface
ligand passivation that largely prevents oxidation.®>'" Si nanocrystals have been shown to be
efficient light-emitters with photoluminescence (PL) quantum vyields as high as 60%,%® and
color that can be widely turned from the near infrared towards the blue end of the spectrum.®19-2!
Si nanocrystals have been explored in a variety of light-emitting applications, such as
fluorescence bioimaging contrast agents®?22® light-emitting diodes (LED),?*2® and luminescent
solar concentrators.?’” Nonetheless, there still remains uncertainty about how the emission
wavelength correlates with Si nanocrystal size.*?2° This is due to differences in surface
passivation and uncertainty in sizing of the nanocrystals in various studies. Here, we examine
nanocrystals with a wide range of sizes prepared using the same synthetic and passivation
approach and accurately measure the size of the nanocrystals using both transmission electron
microscopy (TEM) and small angle X-ray scattering (SAXS), which is especially important for
the nanocrystals smaller than ~3 nm in diameter.

The effective mass approximation (EMA) has been used often as a convenient method to
estimate the size of semiconductor nanocrystal quantum dots from optical spectra.®*3! The EMA
has been reported to overestimate the optical gap for nanocrystals in the smaller size range (< 3
nm).3237 Alternative approaches to calculating the size-dependent optical gap of Si nanocrystals

have included modified versions of the EMA3* and quantum mechanical models that introduce



oxygen-related surface states.®® However, without accurate sizing of the nanocrystals, the
accuracy of these models for predicting the size dependence of the PL peak energy cannot be
assessed. Here, we measure the average diameter and the size distribution of dodecene-capped
Si nanocrystals ranging in diameter from 1.8 nm to 9.1 nm using TEM and small angle X-ray
scattering (SAXS) and find good agreement between the size-dependent optical gap calculated
using the EMA and the experimentally measured peak PL energies, provided that the size-
dependent optical absorption and PL quantum yields are properly accounted for. For the small
nanocrystal size range, SAXS is a more accurate method of measuring the average size and size
distribution of the nanocrystals than TEM. Although very high resolution TEM images of Si
nanocrystals have been obtained in a couple of instances,?>% it is experimentally difficult to
measure accurately the diameter of Si nanocrystals using TEM because of the quality of the
samples and the low imaging contrast of Si, especially when the size of the nanocrystals is small.
The Si nanocrystals studied here exhibit bright light emission and have sufficient size uniformity
to use SAXS to measure the size and size distribution of the samples, including the nanocrystals

of the smallest diameter.

EXPRIMENTAL DETAILS

Materials FOx-16 was purchased from Dow Corning. 1-dodecene (98%) was purchased
from Sigma-Aldrich. Ethanol, toluene, chloroform, and hydrochloric acid (HCIl, 37.5%) were
from Fisher Scientific. Hydrofluoric acid (HF, 48%) was obtained from EMD chemicals.
Deionized (DI) water was obtained using a Barnstead Nanopure Filtration System (17 MQ

resistance).



Synthesis of Si nanocrystals Si nanocrystals were obtained via thermal decomposition
of HSQ, followed with etching and hydrosilylation.”!>?° In a typical synthesis, FOX-16 is
loaded into a round bottle flask and the solvent is evaporated on a Schlenk line for 4 hr to
generate glassy hydrogen silsesquioxane (HSQ), which was subsequently heated to 1100-1400°C
for 1 hr under hydrogen/nitrogen (7%/93%) forming gas flow. Higher temperature produces
larger nanocrystals. The product, containing Si nanocrystals (10% in weight) embedded in SiO2
matrix (90% in weight), was ground with agate mortar and pestle for 10 min and shaken in a
wrist-action shaker for 9 hr with 3 mm borosilicate glass beads. 1 gram of the ground powder
were etched in 3 ml 37.5% HCI and 30 ml 48% HF in dark for 4-6 hours to yield hydride-
terminated Si nanocrystal. These nanocrystals were isolated by centrifugation at 8000 rpm for 5
min and rinsed once with DI water, twice with ethanol, and once with chloroform, and finally
dispersed in 1-dodecene and heated at 190°C for 12 hr after 3 freeze-pump-thaw cycles to
complete surface passivation.

Si nanocrystals were cleaned by centrifugation at 8000 rpm for 5 min to precipitate
poorly capped nanocrystals. The supernatant was mixed with ethanol and centrifuged at 8000
rpm for 5 min to precipitate nanocrystals that were redispersed in toluene. The size distributions
of nanocrystals were narrowed with multistep size-selective precipitation. After size-selection,
each nanocrystals sample contains 10-50 mg of material. The nanocrystals were rinsed four times
by using toluene/ethanol solvent combination, and finally dispersed in toluene at a concentration
of 5 mg/mL until further use.

Materials characterization Solution Small Angle X-ray scattering (SAXS) was
performed on D1 beam line of the Cornell High Energy Synchrotron Source (CHESS) using

monochromatic X-ray radiation with a wavelength of 1.154 A. A fiber-coupled CCD camera



(MedOptics) of 1024 x 1024 pixels with pixel size of 46.9 um x 46.9 um and 14-bit dynamic
range per pixel was used to acquire the SAXS pattern images. The typical sample-to-detector
distance was 500-700 mm, determined by using silver behenate powder as a calibration standard.
In a typical measurement, toluene dispersion of nanocrystals at a concentration of 5 mg/mL is
loaded into a capillary tube, which is aligned perpendicular to the X-ray beam. The typical
exposure time for solution SAXS is 600 sec. The data are fit to the calculated scattering intensity

expected for a collection of non-interacting solid spheres:
I(q) o« [,° N(R)P(qR)R®dR (1)
where N(R) is the nanocrystal size distribution, which is taken to be Gaussian with average

radius R and standard deviation o,

1 —(R-R)?
N(R) = exp [ )
and the form factor P(gR), is for homogenous spheres,
. _ 2
P(qR) _ [3 sm(qR)(q;{zl;cos(qR) (3)

Transmission electron microscopy (TEM) images were acquired using a FEI Tecnai
Biotwin TEM operated at 80 kV accelerating voltage. Nanocrystals were drop cast onto 200
mesh carbon-coated copper grids for imaging (Electron Microsopy Science). X-ray diffraction
(XRD) was performed using a Rigaku R-Axis Spider Diffractometer using Cu Ka radiation
(A=0.15418 nm). Nanocrystals were dried on a glass slide and placed onto a nylon loop. Two-
dimensional diffraction data were collected for 60 min while rotating the sample stage at 10° per
minute. 2D diffraction data were radially integrated with 2DP Spider software (version 1.0,

Rigaku Americas Corp.)



Photoluminescence (PL) spectra in the UV-visible wavelength range were acquired on a
Varian Cary Eclipse fluorescence spectrophotometer and in the UV-visible-NIR wavelength
range on a Fluorolog-3 spectrophotometer (Horiba Jobin Yvon) with InGaAs photomultiplier
tube, using 350 nm as the excitation wavelength for visible PL and 400 nm for NIR emission. A
Hamamatsu H10330-45 detector was used during the time correlated single photon counting
(TCSPC) measurement for PL decay, using 371 nm NanoLED laser as the excitation source.
The PL quantum yield is the ratio of the number of emitted photons to the number of absorbed
photons and can be estimated by comparing the sample PL intensity and the absorbance at
excitation wavelength to those of a standard dye with known PL quantum yield. PL quantum
yields for nanocrystals smaller than 3 nm were estimated relative to Rhodamine 101 in
anhydrous ethanol (®=1). Edinburgh FLS920 spectrofluorometer equipped with a Ge-detector is
used to measure the NIR quantum yield. NIR emission dyes HITCI (1,1'3,3,3'3'-
hexamethylindotricarbocyanine iodide) in EtOH, ®=0.30 and [Ru(bpy)3;]Cl> ©=0.040 in air-
equilibrated aqueous solution are used as the standards. Emission spectra were corrected for
detector sensitivity in the 550-1200 nm region by using a calibrated lamp. NIR quantum yields
were verified with the absolute method developed by de Mello et al.*® using an integrating
sphere to determine the relative numbers of emitted and absorbed photons. Emission lifetimes in
NIR range were recorded using a Varian phosphorimeter with excitation at 350 nm, Aem =850
nm or emission peak wavelength.

X-ray photoelectron spectroscopy (XPS) was measured with a Kratos Axis Ultra XPS,
utilizing monochromatic Al K, X-rays (hv= 1486.5 eV) at 150 W (10 mA and 15 kV). The
instrument work function is calibrated to show a binding energy (BE) of 368.3 eV for the Ag

3dsp line for metallic silver. Spectra were charge-corrected to the main line of the carbon 1s



spectrum (284.5 eV). High resolution XPS spectra were collected with a pass energy of 20 eV,
at a 0.1 eV step. Casa XPS analysis software (Version 2.3.16 PR 1.6) was used for peak

deconvolution.

RESULTS AND DISCUSSION

Si nanocrystals. Figure 1 shows TEM images of dodecene-capped Si nanocrystals used
in the study. The average diameter of the nanocrystals ranged from as small as 1.8 nm up to 9.1
nm and all of the nanocrystals were crystalline with diamond cubic crystal structure, as the XRD
data in Figure 3 show. The diffraction peaks are broader for the smaller nanocrystals as expected.
TEM can be used to accurately determine the size of the larger nanocrystals but not for the
smaller nanocrystals (less than ~3 nm) because the image contrast is too low. The TEM images
show that the smaller nanocrystals are relatively uniform in size though, making it possible to
use SAXS to determine their size. Figure 2 shows Porod plots* of the SAXS data of Si
nanocrystals dispersed in toluene. By fitting Eqns (1)-(3) to these data, the average diameter of
and standard deviation of the nanocrystal size distribution were determined. TEM was used to
determine more precisely the size and size distribution of the larger nanocrystals, e.g. 9.1 nm,

because their significant faceting makes the assumption of a spherical particle shape inaccurate.
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Figure 1. TEM images of dodecene-passivated Si nanocrystals used in the study with average

diameter and standard deviation noted in the insets.
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Figure 2. Porod plots of SAXS data for the dodecene-capped Si nanocrystals used in the study
dispersed in toluene (red circles). The black curves are the best fits of Eqns (1)-(3) to the data

(red circles) to obtain the average diameter and standard deviation values shown for each data set.
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Figure 3. XRD of Si nanocrystals with the indicated average diameter. The diffraction peaks are
indexed to diamond cubic Si with blue labels (PDF#027-1402, a=b=c=5.43088 A). The X-ray

wavelength was A = 0.15418 nm for Cu K, radiation

The PL emission spectra of the dodecene-capped Si nanocrystals are shown in Figure 4a.
The nanocrystals span a wide range of size and the color the samples extends from visible to near
infrared (NIR) wavelengths. For Si nanocrystals, the PL peak energy provides a convenient
measure of the optical gap. Because Si has an indirect bandgap, there are no exciton peaks in the
absorbance spectra (Figure S5) and it is difficult to determine precisely the absorption edge
because the low density of states make the optical absorption near the absorption edge extremely

weak.2>4t The EMA for the energy of the optical gap E(d), of nanocrystals with diameter d, is:

E(d) = E, + h2m? (ni + 1*> _ 1.786e> (@)

2d? e my ed
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Eg is the bulk band gap of Si. Figure 4b shows a plot of E(d) calculated using the EMA
assuming that the nanocrystals are perfectly uniform without any polydispersity compared with
the experimentally measured PL peak energies for the nanocrystals. For nanocrystals with
diameters larger than ~3 nm, there is good agreement between the EMA values and the
experimental values. But when the nanocrystals were small—Iless than ~3 nm in diameter—the
EMA significantly overestimates the optical gap. As shown below, this is due to the effect of the
polydispersity in the sample, which must be taken in to account. It is also worth noting that our
PL data are consistent with the results of Wolkin et al. (green triangles in Figure 4b), which have
been attributed to the generation of Si=O related radiative recombination centers.®® In this work,
we do not try to rule out that possibility of Si=O related radiative recombination centers playing

a role, but rather provide an alternative explanation that is also consistent with the data.
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Figure 4. (a) PL spectra of Si nanocrystals with various average diameters and maximum

intensity normalized to a constant. The excitation wavelength for nanocrystals smaller than 3 nm

is 350 nm, while larger Si nanocrystals are excited at 400 nm (b) Peak PL emission energy

plotted versus the average nanocrystal diameter, in which the blue curve shows the optical gap

calculated using the EMA assuming no distribution in nanocrystal size (Eqn. 4). The dotted line

provides a reference for the bulk band gap of Si (1.12 eV). The average diameters of

nanocrystals larger than 6 nm were determined from TEM images, while the others are
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determined by fitting solution SAXS data. (c) PL quantum yields of Si nanocrystals with various

diameters.. The blue line is a linear fit of the data.

Both the optical absorption and the PL quantum yield are size dependent.}+?2  The
measured size dependence of the PL quantum yield is shown in Figure 4c. The PL quantum
yield QY (d), of the larger nanocrystals is roughly independent of size, but decreases when the
diameter is smaller than about 4.5 nm:

0, d<1.73nm
QY(d) =40.125d — 0.216,1.73 <d < 4.5 (5)
0.35, d> 4.5

The extinction coefficient (d) is also size-dependent. Various semiconductor nanocrystals have
been shown to have a similar size-dependence, e(d) « d", 2 <n < 3, and in our case, n =
2.5 based on previous measurements.?’ The contribution to the PL made by Si nanocrystals of
diameter d, depends on the relative optical absorption and the PL QY of the nanocrystals:

I(d) = Ip(1 — 10~ 5@V @)Qy(d) (6)
I,is the intensity of incident light at the excitation wavelength, C is the number concentration of
Si nanocrystals, L is the light path length, N(d), e(d) and QY(d) are size distribution, absorption
cross section at the excitation wavelength and PL quantum yield of the Si nanocrystal with a
diameter of d, respectively. Using a Taylor expansion of Eqgn. 6,

I(d) =In101,QY(d)[0+ &(d)N(d)CL + 1/2 (e(d)N(A)CL)? + -] (7

and considering dispersions with low concentration (C — 0):

I(d) =In101,QY(d)e(d)N(d)CL (8)

The observed average emission energy E(d) is

13



E(d) = I I@E@) _ X3 10QY(d)e(d)N(A)CLE(d) _ X5 QY (d)e(d)N(A)E(d) )
31 20 1oQY(d)e(d)N(d)CL Y Qv (d)e(d)N(d)

The number-average diameter is

g = ZeN@d _ > N(d)d/N

T IPN(@) (10)

total
Therefore, E(d) # E(d) when the PL quantum yield and absorption cross section both depend
on size. Figure 5 shows a comparison of calculated and experimentally measured PL energies.
The data agree with the predicted values for the extended size range of average diameters from
1.8 nm and 9.1 nm. The PL of the Si nanocrystals can be predicted quite well using the EMA,
even for nanocrystals smaller than 3 nm. One thing to note however is that the best EMA fitting
corresponds to a 1.0 nm standard deviation, which is slightly larger than the actual standard
deviation of the sample measured by SAXS, which is around 0.4~0.7 nm. The EMA model is

slightly overestimating the optical gap in this size range.

;40 T * T " T 5 T * T " T - T s T
()
>_ _|\_» standard dev. 0 nm @ messured daia
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<1C>3'0 standard dev. 0.4 nm
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o L
015
© |
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Figure 5. Average PL emission energy of Si nanocrystals predicted with the EMA by assuming a
constant standard deviation for size distribution (blue curves) and the comparison with measured

PL emission energy (black diamonds, same data shown in Figure 4b).
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The time-resolved PL exhibits a bi-exponential decay (Figure 6a):%

—t _
1= Apgsce /ot + Aggpe /tsiow (11)

Afqse and Agp, are the relative numbers of excitons that decay through fast and slow channels,
satisfying Agqse + Asiow = 1, Trast and tsiow are the lifetimes of the fast and slow decays,
respectively. The average PL lifetime, T = Ary5:Trase + AsiowTsiow» and radiative lifetime,
TRad = T/Qy, are in the range of tens to hundreds of microseconds, consistent with the indirect
band gap of Si.***> Figure 6b shows a plot of the PL lifetimes for nanocrystals of different size.
The bi-exponential decay indicates that a significant number of fast nonradiative channels exist
in the sample. As shown in Figure 6c, the relative fraction of fast nonradiative decay channels

relative to the slower radiative decay pathways increase significantly as the nanocrystal size

shrinks.
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Figure 6. (a) PL decay data of Si nanocrystal population with various average diameters, which

could be fitted by bi-exponential decay functions (black curves). The excitation wavelength is

371 nm and detection wavelength is 650 nm. (b) Plot of average PL lifetime and radiative

lifetime for Si nanocrystals against average diameters. (c) Plot of fast decay contribution (Afast)

against average diameter, showing that there more excitons in smaller nanocrystals recombine

through fast nonradiative channel, leading to the lower quantum yield.
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Table 1. Summary of PL lifetime measurements and the parameters determined by fitting Eqn

(11) to the data in Figure 6a for dodecene-capped Si nanocrystals in the small size range (< 3

nm).
Average Fast decay Fast decay Slow decay Slow decay Average
diameter (nm) lifetime (Us) weight lifetime (Us) weight lifetime (us)
1.8 0.7 0.72 10 0.28 3.3
2.0 0.7 0.62 17 0.38 6.9
2.3 0.7 0.57 25 0.43 111
25 1.0 0.47 35 0.53 19.2
2.7 1.0 0.40 41 0.60 25.6
2.9 1.0 0.25 65 0.75 49.0

A decreased QY with decreasing diameter in the small size range has been observed for
CdSe nanocrystals®® and in other work for Si nanocrystals.!* The loss in PL efficiency with
decreased size has often been attributed to high surface defect densities. We checked for surface
oxidation of the Si nanocrystals by XPS. As shown in Figure 7, XPS does show more
pronounced oxidation of the smaller Si nanocrystals. Surface oxidation can reduce the QY, but
oxidation does not necessarily lead to low PL efficiency. For example, Si nanocrystals
embedded in SiO> substrates made by ion-implantation followed with thermal annealing have
exhibited bright PL,*4" and nanocrystals linked to capping ligands by Si-O and Si-S bonds have

also exhibited bright PL with similar quantum yield as alkyl passivated (Si-C) nanocrystals.®4343
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Figure 7. XPS Si 2p spectra of Si nanocrystal with average diameters of (a) 6.8 nm, (b) 4.2 nm,
(¢) 2.7 nm, and (d) 2.2 nm. The peak deconvolution shows relative contributions from zero
valance Si (Si°2Ps2 and Si2P1/2), Si-C bonding (Si-C), and various oxidation states (Si*, Si?*,

Si%*, and Si*").

For the very small nanocrystals, there is an increasing probability that the exciton will

interact with the nanocrystal surface and nonradiative channels such as defects on the surface or

18



vibrational modes of the capping ligands.*® The probability of finding an exciton outside the
nanocrystal depends on its wave function W, which is obtained by solving the time independent

Schrodinger equation:
HY = EY¥ (12)

We adopt the method developed by Kayanuma and Momiji.>® and write the Hamilton as:

h2 [ 92 2 9 ré—r24+rZ 92 h2 (02 2 9 ré—ri+r2_ 92
H=E——(—2 20 | TeTThtTeon )_ (_2 20 | TeThtTen )_
g 2me \0T1% Te OTe TeTe—h  O0Te0To_p 2mp \07§ Te 0T TeTe—h  OTe0Te_p
h2 02 2 o] e?
— - V. (r, Vi, (r 13
(ot ) e+ RO + V) (13)

By using the Hylleraas coordinate system: r, = |7,|, 1, = |13,|, 7e—p, = |72 — T,|. 7, and 7, are the
positions of electron and hole, E; = 1.12 eV is the band gap of bulk Si, m,, m, and u are the
effective mass of electron, hole, and the reduced effective mass of exciton, respectively. The

potential function is described by

0,n<R .
Vi) = {V N i=eh (14)
(2

V. and V,, are the confining potentials for an electron and hole, satisfying E, +V, +V, =
Eecnvironment » 1N Which Egppironment 1S the energy difference between lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) of 1-dodecene
attached to Si nanocrystals. To approximate the energy levels associated with the alkyl chain on
the Si surface, the HOMO-LUMO gap of alkyl thiols on a gold surface, >°2 4.5 eV, is used.
For Si nanocrystals in the strong confinement regime, the electron and hole can be approximated
as two non-interacting particles and the confining potentials for the electron and hole are

assumed to be equal: V, =V, = O.S(Eem,imnment — Eg) = 1.7eV. The effective masses of the
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electron and hole outside the nanocrystal is also taken to equal the value inside the nanocrystal.

The trial wave function is:

W(r, T Teon) = Ade(12)be (1) €C e (15)

Sin(ﬁiri)/ri,ri <R

where ¢;(r;) = ,i=¢eh (16)

&&{m%pﬁ>R
A is the normalization constant, B; and &; could be expressed as a function of #; and R based on
the wave function smoothness at the nanocrystal boundary (r; = R), . and S are variational
parameters that are adjusted to minimize the expectation value of energy. The probability of

finding an exciton outside the nanocrystal is

R R |re+rh|
Jo dreJy drp f|Te_Th| AT o $W*TeTpTe—n

(17)

Poutside nanocrystal — 0 0 rot+T
[ dre | drhf| e h|dre_h‘~l»"~11*rerhre_h
0 0 |re—rpl

Figure 8a shows the predictions made by this finite confinement model, which agree well with
the data. Figure 8b shows the plot of the probability of finding an exciton outside the nanocrystal
against the nanocrystal diameter for Si nanocrystals in the strong confinement regime. The
probability of locating an exciton outside the nanocrystal increases as the nanocrystal becomes
smaller. When an electron or hole is located outside the nanocrystal, it has a high likelihood of
nonradiative recombination, leading to decreased QY. Figure 8c shows the probability an

electron or hole will be located outside the nanocrystal and the corresponding (relative) QY.
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Figure 8. (a) PL emission energy (black diamonds) compared to predictions made by finite
potential particle-in-box model with constant size standard deviations (blue curves), and red
filled circles are estimated values of PL emission energy based on finite confinement energy and

size distribution for each sample determined by solution SAXS (<6.1 nm) or TEM (>6.1 nm). (b)
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Plot of probability of finding electron or hole outside nanocrystal against nanocrystal size. (c)
Correlation between probability of finding electron or hole outside nanocrystal and PL quantum

yield, empirically fit to an exponential function.

CONCLUSIONS

In conclusion, the PL emission spectra and quantum yields, along with the average
diameter and size distribution, were measured for a wide range of sizes of dodecene-capped Si
nanocrystals. The size was determined using both TEM and SAXS to obtain the most accurate
measurement possible. We show that with a proper accounting of the size-dependence of the PL
QY and the optical absorption and the polydispersity of the nanocrystals that the EMA provides
a reasonably accurate correlation between size and optical gap. A finite confinement model for
the exciton provides an explanation for the observed drop in PL QY and increased nonradiative
recombination with decreased size when the nanocrystals are smaller than about 3 nm in
diameter. It should be possible to significantly increase the PL QY of the smaller Si nanocrystals
by developing an effective inorganic shell passivation strategy, similar to what has been done for

CdSe. 3>

Supporting Information

Histograms of nanocrystal diameter obtained from TEM images; SAXS data used to
determine the Si nanocrystal size; FTIR, PL excitation, and PL decay data for Si nanocrystals;
derivation of the finite confinement model. This material is available free of charge via the

internet at http://pubs.acs.org.
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