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PHYSICAL REVIEW B 69, 205319 (2004

Excited states of tetrahedral single-core S hanopatrticles
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Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801, USA
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A. Tsolakidis and R. M. Martin
Department of Physics and Materials Research Laboratory, University of lllinois at Urbana-Champaign, 1110 West Green Street,
Urbana, lllinois 61801, USA
(Received 7 November 2003; published 28 May 2004

We dispersed bulk crystalline Si into identical hydrogenated nanoparticles with negligible impurities and
defects, which provide the opportunity for detailed comparison between measurement and theory. The UV
photoluminescence of a dispersion of 1 nm silicon particles was studied. Distinct bands appear in the emission
spectra with the lowest peaks in wavelength identified to be at 400, 360, and 310 nm with optimal excitation
at 3.7, 4.0, and 4.6 eV, respectively. The multiple photoluminescence bands are analyzed in terms of the
molecularlike energy levels of one bulklike and two nonbulklike reconstruction configurations of the filled
fullerene single-core &H,,4, calculated by quantum Monte Carlo calculations and by time-dependent density
functional theory. The measured bands are in close agreement with the excited states of the ideal bulklike
configuration. However, there is a possibility that some of the observed bands might originate from the
nonbulklike reconstructions. The Stokes shifts are discussed in terms of radiative relaxation via the molecu-
larlike states versus charge carrier relaxation via the underlying continuum states.

DOI: 10.1103/PhysRevB.69.205319 PACS nuniber73.22—f, 78.67.Bf

INTRODUCTION and theory. We produced samples consisting of discrete sizes
in the range of 1-3 nm. Discrete sizes in this range are very
Semiconductor clusters, especially silicon, comprise on&aluable since they exhibit strong distinct photolumines-
of the most active frontiers in physics, chemistry, and bio-cence in the red, green, and bliRGB), useful for biomedi-
physics. Studies have focused on their unique structures, steal tagging and in RGB display applicatioh¥he smallest
bility, and chemical reactivity and on their optical, electronic, particles(1 nm in diameterare ultrabright blue luminescent
and functional properties. The optical characteristics of Ssuch that emission from single particles is readily
nanostructures were mostly studied using porous silicoletectabl€. The emission from aggregates of the particles
samples.~® Quantum confinement of charge carriers, intrin-exhibits highly nonlinear stimulated emissidrcollimated
sic radiative surface sites, extrinsic radiative defects, or exblue and red laser beam emissitii,and second harmonic
trinsic chemical species related to silicon oxygen compoundgeneratiort! The particle’s capacitance is small so that the
are among the models that have been discussed over the l&stgle electron charging energy or the quantum confinement
several years. However, the analysis is not straightforwarelectronic energies are larger than the thermal agitation, al-
because porous Si consists of interconnected wirelike strudewing single electronics at room temperattife.
tures of random size, shape, and chemical composition, with  The 1 nm Si nanoclusters are amenable to testing and
nanostructures being mostly larger than 2—3 nm. Analysisiccurate first-principles simulations because they consist of a
performed under heavy statistical averaging makes it hard tmanageable number of Si and H atoms and are produced in
differentiate between theoretical models. Despite significantnacroscopic amounts. Thus, these particles have been at-
progress toward elucidation of the structure and the mechdracting experiment&i*? and theoreticaf° attention. Cal-
nism responsible for the visible photoluminescence or opticatulations based upon density functional theory with a gener-
characteristics in general, the problem of the strong opticahlized gradient exchange-correlation potential, configuration
activity of Si nanostructures remains open. interaction, and Monte Carlo approaches suggest a filled
There has not been anpriori way for selective excitation fullerene structure for $iH,, (1 nm).**=" The molecular
or enriching a particular distribution of crystallite sizes andstructure of this hydrogenated configuration was calculated
shapes in porous Si. A reproducible method to create fluofor several specific surface reconstructions, from fully con-
rescent Si nanoparticles with a high control over their sizestructed to nonconstructed surfa¢est® The structure,
shape, and orientation would alleviate these problems anshown in Fig. 1a),"> *referred to as ideal bulklike, is nearly
allow straightforward measurements and interpretation. Respherical but contains a combination of hexagon and penta-
cently, we developed an electrochemical etching method fogon ring structuresTy point group symmetrythat produce a
dispersion of bulk crystalline Si into identical hydrogenatedhighly wrinkled or “puckered-ball” surface. It consists of a
nanoparticles with negligible defedst?which provides the central core Si atom and four Si atoms in a tetrahedral coor-
opportunity for detailed comparison between measuremerdination, constituting an inner cotaner shell. The remain-
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minescence at 400 nm with a band gap of 3.7 eV, the results
identify two more emission bands. The bands lie in the UV
and peak at 310 and 360 nm, with optimal excitation ener-
gies of 4.0 and 4.6 eV. In order to compare with theory, the
calculations of the molecularlike excited states of the ideal
bulklike construction of the $4H,, prototype configuration
and the two nonbulklike configurations of ,&#l,, using
time-dependent density functional thedyDDFT) are pre-
sented. The results of these TDDFT calculations indicate that
the experimentally measured absorption peaks of 3.7, 4.0,
and 4.6 eV are present not only in the optical spectrum of the
bulklike reconstruction of $jH,, but in the two nonbulklike
configurations as well.

EXPERIMENT

The samples originate from crystalline Si that is dispersed
into nanoparticles through electrochemical etching with HF
and H0,.571%2° The wafer is laterally anodized while
: % slowly being advanced into the acid bath to produce a large

{ ' meniscuslike area. The combination of HF angD4 takes
(0 ©) advantage of the highly reactive nature of HF with silicon
) ) . oxide, resulting in the production of smaller particles. In ad-

FIG. 1. Structural prototypes of a particle that contains 29 S'“'dition, the oxidative and cleansing nature of the peroxides
con atoms(magic number for theTy symmetry and spherical produces chemically and electronically high-quality
shape. (a) Bulklike (light atoms are the Si atoms that make up the Sample§0 The pulverized wafer is then transferred to an
inner corg. Small white(hydrogen, large dark(hydrogenated sili ultrasouﬁd bath for a brief treatment, under which the film
con), and large ligh(silicon). (b) SipgH33™- (©) SiygHz3™ Small crumbles into a colloidal suspension, of blue-emitting par-
ticles. High-resolution transmission electron microscope im-

white (hydrogen and large dark(silicon). The two configurations

(b) and(c) essentially feature two other ways to connect the inner - .
T4 Si atom to the surface, while keeping all of the hydrogen on theag'ng shows that th.e partlcles are nearly spherical and ap-
surface. proximately 1.0 nm in diameté?.

The excitation spectrum, i.e., the absorption monitored at
a specific emission wavelengtproduct of absorption and
emission quantum efficiengywas recorded on a photon
counting spectrofluorometer with a Xe arc lamp light source
) - . and 4 nm bandpass excitation and emission monochrometers.
surface dimens Alternatively, one can think c_)f the structure The excitation wavelength was varied between 250 and 400
as a 28-atom fullerene cage withTg atom in the center. nm while collecting the emission in the range 250—600 nm
Once the core atom is connected to the fullerene, the remaing; each excitation wavelength. The result, a “matrix” of data
ing atoms are passivated with hydrogen. Quantum Montg.,m, yarying both wavelengths with a small step size, allows
Carlo simulation¥’ yield a size of 0.9 nm, band gap of 3.5 4 analysis of both emission characteristics at different ex-
*0.1eV, and Stokes shift of 0.4 eV with an emission bandgjtation wavelengths and optimal excitation wavelengths for
in the blue under 355 nm excitation. In addition to the idealfjyeq emission wavelengths. Selected emission spectra from
bulklike Eg:onstructlon degcrlbed above, there is a regen@me of the samples are shown in Figéa)22(j), with each
proposal® of two other unique ways to connect the interior spectrum originating from a different excitation wavelength.

ing 24 atoms constitute an outer Si surfa@aiter shel,
which has a hydrogen-terminated bulklike X2) recon-
struction of dimer pairs orf001) facets(six reconstructed

core atom to the surface and maintain a tetrahedral core. Thfﬁhus, the figure shows how the emission changes as the ex-
results in two different configurations, ,§#3;™ and  citation wavelength is walked from 250 to 400 nm. Distinct
Si,gH55" shown in Figs. (b) and 1c),"® that have no full  emission bands are observed, centered at 310, 360, and 390
bulk analog. The three gH,, configurations are of the same nm. The corresponding excitation bands for these emission
size and contain hydrogen only at the surface. The nonbulkyavelengths are centered at 275, 310, and 33546 4.0,
like configurations, however, have surfaces that differ fromand 3.7 eV, respectively. For both the emission and excita-
the bulklike reconstruction that resulted in the six recon-tion, the bands are fairly broad with widths40—70 nm. At
structed surface dimer pairs. They also exhibit larger quanthe optimal yield of the resonance, the relative brightness
tum Monte CarlolQMC) band gaps, namely, 4.5 and 4.1 eV (product of absorption and quantum efficienof the emis-
for SipHo3 ™ and SheH53"2 respectively® compared to 3.5 sion bands is calculated roughly to be 7:2:1, with peak-to-
eV for the bulklike configuration. peak Stokes shifts of 0.51, 0.56, and 0.53 eV, respectively.
In this paper, the intrinsic molecularlike structure andWe also observe an emission band at 440 (&8 eV) that
photoluminescence bands of the 1 nm particle are studied byverlaps with the 390 nm band, with a 410 nm center of
mapping out the excitation and emission bands of a suspenveight for the combined bands.
sion of the nanoparticles. In addition to the known blue lu- Density functional theory with generalized gradient
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FIG. 3. The experimental absorption spectrum of the ideal bulk-

like configuration of a SgH,, cluster, along with the spectrum cal-
culated using QMC from Ref. 15.

Kohn-Sham equation. We approximate the exchange-
correlation potential using the adiabatic local density ap-
proximation in which the exchange-correlation potential is
. - —— local in time and space. For every time step we solve the
360 400 440 480 520 560 600 Kohn-Sham equation using the Crank-Nicholson operator
Emission (nm) method?” and from the new wave functions we obtain the
electron density, which is used for the calculation of the
Hamiltonian in the new cycle. For calculation of the optical
response, the cluster is treated as a bounded system in a finite

350 nm. Distinct emission bands are observed centered at 310, 36%',eCtr.|C field, and the ground S.tate is found using Stanc_iard
390, and 440 nm. The curvéd), (), (h), () represent the optimal time-independent density functional theory. Then we switch
response of the bands, with excitation wavelengths of 275, 31(Pff the electric field at time =0, and for every subsequent
335, and 355 nm, respectively, or 4.5, 4.0, 3.7, and 3.5 eV. Thdime step we propagate the occupied Kohn-Sham eigenstates

center of weight of the overlapping band of 390 and 440 nm at 41&Nnd (?alculate the diPO|e moment. The Fourier transform of
nm maximizes for excitation at3.6 eV. the dipole moment finally leads to the frequency-dependent

polarizability tensor and average linear polarizability. The
exchange-correlation potential, configuration interaction, angluantity of interest is the dipole strength functi@nit is

Monte Carlo approaches yield sharply structured spectra inkroportional to the photoabsorption cross section recorded in
cluding the transitionT1—T2, which corresponds to the ©OUr experiments and, therefore, allows direct comparison. In

edge of the absorption spectrdfi?’ The lowest few transi- addition, the integration o8 over energy gives the number
tions occur at 3.55, 3.95, 4.55, 4.90, 5.05, 5.80, and 5.95 eV,
as shown in Fig. 3, which gives the experimental absorption 30-

Intensity (arb. units)

FIG. 2. A series of emission line profile spectra for a typical
sample with corresponding excitation wavelend#):250, (b) 260,
() 270, (d) 280, (e) 290, (f) 310, (g) 320, (h) 335, (i) 340, and(j)

spectrum along with the calculated QMC results. -
THEORY —~ 20+

We calculated the absorption spectrum of the three con- 5 15+
figurations of SjgH,, using TDDFT. Our implementation in- A
volves the description of the electronic states using linear n 10+
combination of atomic orbitals. Our scheme is based on the
siesTa code?’ =2 which is used to compute the initial wave 51
functions and the Hamiltonian matrix for each time step. 0-
Core electrons are replaced by norm-conserving 0 5 10 15 20 25
pseudopotentiafé in the fully nonlocal Kleinman-Bylander Energy (eV)
form,?® and the basis set is a general and flexible linear com-
bination of numerical atomic orbitaleNAOs), constructed FIG. 4. The absorption spectrum of the ideal bulklike configu-
from the eigenstates of the atomic pseudopoterﬁ?&ag. ration of the SjgH,, cluster for the range 0-25 eV, calculated

The calculations are done in the time domain, explicitlywithin time-dependent density functional theory using the approach
evolving the wave functions by solving the time-dependenbf Ref. 28.
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of electrons; therefore providing a test for the quality of thethe energy from the exchange and correlation effects in-
calculation. More details about the theoretical method can beluded in TDDFT. This is one possible explanation why the
found in the recently published pagér. energy of the peak is close to the Kohn-Sham gap of around
Figures 4 and @&-5(d) give the calculated optical spec- 2.5 eV. The emission at 440 nf2.8 eV) observed in the
trum of the bulklike reconstruction of §H,, using TDDFT  measurements may be related to this band; however, the ob-
for different energy ranges. In the calculation, we let theserved band may be associated with defects in the hydrogen
system evolve for the total time Gf=94.26 eV * or 389.83  passivation such as the presence of a single oxygen site.
fs. The energy resolution is, in consequence, equal to 0.033 Time-dependent density functional thettywas previ-
eV. The time step is 7.35010 % eV ™!, and the damping ously used to examine nonhydrogenated Si clusters as small
factor used in the Fourier transform is 0.095 eV. An auxiliaryas 2.5 nm diameter particles. But only the optical gap was
real-space gritt equivalent to a plane-wave cutoff of 70 Ry calculated and no surface construction effects were analyzed.
is also used in this calculation. The basis set for Si includesinear response calculations within the time-dependent local
25 numeric atomic orbitals per atom: two radial shapes tqjensity-functional formalism were also used to obtain the
represent the $states with confinement radii=6.12 a.u,  photoabsorption cross sections of very small nonhydroge-
two 3p and 3 shells with radii r,=7.85 and rqy nated silicon clusters ($iand Si).>° The TDDFT method
=8.68 a.u., plus an additional polarizatidrd shell with  was also used to calculate the optical absorption spectrum of
confinement radius§°'=8.68 a.u. The basis set for H in- hydrogenated silicon clusters in the presence of oxygen on
cludes five NAOs per atom: two radial shapes to represerthe surfacé® In those calculations the systemsis, and
the 1s states and an additional polarizatisshell with radii  Si,gH;, Were analyzed in the presence of oxygen on the sur-
re=rP"=6.05 a.u. face(i.e., SksOHg, and SpOHs,), in either a bridge forma-
The calculations give overlapping bands centered4t, tion (Si-O-Sj or a single double bond formation ESiO).
4.0, and 3.6 eV, in fair agreement with the three bands seefhe calculations show that local resonance structures in the
in the measurements. The next higher excited bands absorption at 3.5 eV and higher are introduced for a bridge-
modulations in the absorption occur at 4.85, 5.15, and 5.7%ke defect and at 3.2 eV and higher for a double-bond de-
eV. These lowest six bands are in reasonable agreement witact. The computed spectra demonstrated that oxidation ef-
the quantum Monte Carlo calculations of thggRionfigura-  fectively reduces optical gaps in silicon clusters by as much
tion. The peak at 3.6 eV in the TDDFT calculation may beas 1-2 eV. The effect of oxygen passivation opySin the
associated with the highest occupied—lowest unoccupied ma@onfiguration SigOgH,, was also examined using hybrid
lecular orbital( HOMO-LUMO) peak observed in the QMC functional density functional theofy.The change in the size
calculations. However, observing the low-energy absorptiorof the optical gaps was consistent with the redshift of pho-
spectrum below 3.6 eV in the TDDFT, we notice a smalltoluminescence observed in oxidized silicon nanocrystals
peak at 2.8 eV. The fact that the oscillator strength of thisRef. 4, for examplg Although those calculations did not
peak is so small signifies that it corresponds to a “forbidden”analyze the fully reconstructed,gl.,, particle, nevertheless
transition. Because of localization effects this transition isthey do not show an oxygen-induced resonance at 2.8 eV.
now possible but carries little oscillator strength. The smallThis leads us to believe that the observed band at 440 nm
oscillator strength has as a consequence a tiny correction 2.8 €V) is most likely not associated with defects in the
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30 The band edges of the two configurationgy853"°* and

25 SipgH5a"2are found to be close to the energies calculated for

20 the excited states of the bulklike configuration. Thus, it
% 15 would not be possible based on energy consideration alone to
= differentiate between the two regimes. There are several po-
» 104 tential signatures that may be useful in this regard. These

include studies of the excited states in the 4.5—7.0 eV range.
There are no other configurations with band gap excitation
: ; ; ; ; ; exceeding 4.5 eV, because this would require restructuring of
0 s E:grgyzfv) 20 25 the bonds in terms of symmetries other than Thetetrahe-
dral coordination. In other words, the system would have to
FIG. 6. The absorption spectrum of thegi)a"* configuration ~ switch from the tetrahedralp® symmetry to the graphitelike
for the range 0—25 eV, calculated using the same methods as f&p? symmetry, which is not favorable in solid silicon. Other
Fig. 4. means of differentiation include the use of UV light treat-
ment to soften the bonds to determine if they853"°* and
hydrogen passivation such as the presence of a single oxygé*ng"'zanoz configurations can be activated or catalyzed,
site. hence enriching the population of the sample with the differ-
Recent quantum Monte Carlo simulations yielded twoent particles. Finally, the theoretical optical properties of the
other variations on the configuration of the,Bi,, cluster  higher excited states of bulklike S, and the SigH33""
[Figs. 1b) and ¥c)].*® QMC calculation gives band gap and szgH“a“"Zconflguratlons, including the emission bands,
edges of 4.5 and 4.1 eV for these two configurationsStokes shifts, brightness, quantum efficiency, optical anisot-
SipgHa™t and SjgHH"% These band edges coincide with ropy, and vibration spectra, would provide other means of
the energies calculated for the excited states of the ideal couhifferentiating between the mechanisms.
figuration. If we associate the measured resonance excitation Using TDDFT and the same parametéts., number of
energies of 4.0 and 4.5 eV with the band edigg then the  orbitals, cutoffs, etg.as in the case of the bulklike FHy,
measured bands at 3.7, 4.0, and 4.6 eV can be explaineddfuster, we calculated the optical response of the two not
the particle ensemble consists of the three configurationgntirely bulklike configurations. In Figs. 6(a—7(c), 8, and
bulklike, ShgHIa™% and SjgHR"2 The simulations show 9(@)—-9(c), the optical responses of Fi3;"° and StgH”a”OZ,
that these variations in configuration are favorable for severaiespectively, are given for various energy ranges. First we
reasons. First, the total energies of the two variations are lesghserve that the first substantial absorption band for
than the total energy of the bulklike case by 0.6 and 1.0 eVSiH3a"** occurs around 4.5 eV, while for §H3"? it oc-
respectively. Second, the barrier involved does not requireurs around 4.0 eV. This would be in fair agreement with
breaking of multiple bonds simultaneously; only a singleQMC predictions if we associate these peaks with the
bond at a time. Third, the two nonbulklike configurations areHOMO-LUMO values of 4.5 and 4.1 eV, respectively, given

less strained compared to the bulklike construction. by QMC. However, the TDDFT results show that absorption
30+
251
20+
215
* 10
51
04
0 5 10 15 20 25 FIG. 7. The absorption spectrum of the
Energy (eV) SipgH53"! configuration for different photon en-
2.0, 0.10, ergy ranges.
15/ 0.08
< 0.06
21.0 2
= <.0.041
[ [}
0.5 0.024
0.0 — 0.00 | | | | |
30 3.5 40 45 50 55 6.0 30 32 34 36 38 40
Energy (eV) Energy (eV)
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25] trix elements on the oscillatory overlaps between electron
and hole states in momentum space, which makes the corre-
sponding photoluminescence anisotropy highly sensitige
=15 cillatory) with the size and shape of clustéfsThe time dy-

= namics of emission, consisting of multiple time scales, is

10 . . .

@ also sensitive to the size and shape, ranging from nanosec-
51 onds for the blue emitting 1 nm to a mix of nanoseconds and
0/ hundreds of nanoseconds or microseconds components for

the red emitting particles. Moreover, uniformity of size and
shape is very important in many photonic or electronic ap-
plications that are contemplated for Si nanostructures. For
FIG. 8. The absorption spectrum of thegi)3"°?configuration  instance, uniformity and repeatability of size and color is
in the range 0-25 eV, calculated using the same methods as fomportant for biomedical applications that employ single
Fig. 4. molecule analysis using the particles as fluorescent markers,
and for synthesis of high quality films, self-assembly forma-
proceeds well below the HOMO-LUMO energies of QMC, tion, or colloidal re-crystallization. In electronics applica-
down to 3.2 and 3.5 eV, respectively. The second observatiofions utilizing the particles in single electron transistors or
is that the low-energy optical response is somewhat differen¢harge-based memory nano devices, uniformity is pivotal as
for the two nonbulk configurations. For instance, forsjze or shape non-uniformity washes out the sharp threshold
Si,gHY"? we see additional peaks at 4.2, 3.85, and 3.5 eVof the devices.
On the other hand for §H™" those peaks are nearly It is interesting to discuss the Stokes shifts in view of the
washed out. Finally, strong peaks in the TDDFT calculationgresent results. Figures(8d—5(d) show local resonance
are in good agreement with the experimental spectra. structure embedded in a continuum of absorption spanning
The emission and absorption bands of single particles arthe range 2.6—25 eV. The local resonance is molecularlike
found to be wide. But they are repeatable with featuresvith enhanced oscillator strength in absorption. We also be-
nearly identical from sample to sample and on any day thdieve that it is characterized with enhanced oscillator strength
material is prepared. Moreover, the measured emission bands emission since our measurements show photolumines-
of 1, 1.67, 2.15, and 2.85 nm particles are distinct enough t@ence bands commencing at the same resonance energies.
allow reasonable separation according to color, especially thEor instance, under excitation to the high-lying excited mo-
red and blue particlésThe importance of size uniformity of lecularlike state at 280 nn4.55 eV}, the emission bands
silicon clusters, however, transcends issues related to thfeom the lower excited molecularlike states, peaking at 310,
width of the absorption or emission spectra. For instance, th860, and 400 nm, are observed with decreasing intensity ra-
anisotropy and the time dynamics of photoluminescenceios, respectively. Similarly under 310 nfd.0 eV) excita-
have strong dependence on size and shape of the cluster. Ttien, the emission bands from lower excited states, peaking
fact that transitions in silicon are indirect, therefore requiringat 360 and 400 nm, are observed. The spacing of the con-
phonon-assistance, leads to a dependence of the optical meecutive excited states in the calculated spectrum is inter-

0 5 10 15 20 25
Energy (eV)

25
20
315-
hak
101
54
0
0 5 10 15 20 25 FIG. 9. The absorption spectrum of the
Energy (eV) Si,gH53"*? configuration for different photon en-
2.0, ergy ranges.
0.14]
15 0.12]
_ 0.104
%10 g 005
3 ;;0.064
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preted as the Stokes shift. The basic mechanism of the cabetween the different structures, and to elucidate the nature
cade process to lower excited states, radiative relaxation viaf the Stokes shift, extension of the studies to higher energies
the molecularlike states versus charge carrier relaxation vimto the vacuum UV region and monitoring emission or ex-

the underlying continuum states, is not clear at present, howtitation between the excited states in the infrared regime are
ever. Studying the optical transitions between the excite@esirable. Calculations of the optical response can also be

states may be useful in elucidating the nature of the cascadgseful, as demonstrated with our TDDFT calculations.
If radiative relaxation is involved, we would expect photolu-

minescence at-2 um, corresponding to the Stokes energies
(0.6-0.5 eV.

In conclusion, we observed several emission bands in 1
nm Si nanoparticles, a blue band and two UV bands, at 400, The authors would like to thank Dr. E. Draeger for pro-
350, and 310 nm with excitation energies at 3.5, 4.0, and 4.6iding the coordinates for the SH53"°*and ShoHH3"°? clus-
eV. The measured bands and Stokes shifts are explained fars. The authors also acknowledge U.S. NSF Grant No.
terms of intrinsic molecularlike excited states of the idealBES-0118053, the State of lllinois IDCCA Grant No. 00-
bulklike configuration of the $iH,, nanocluster but some of 49106, the U.S. DOE Grant No. DEFG02-ER9645439, NIH
the bands may originate from similar particles with differentGrant No. RR03155, and the University of lllinois at
surface reconstructions. In order to be able to distinguistrbana-Champaign.
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