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Effects of surface termination on the band gap of ultrabright Sibg nanoparticles:
Experiments and computational models
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A SiygH,, particle, with five atoms constituting a tetrahedral core and 24 atoms constituting a H-terminated
reconstructed Si surface was recently proposed as a structural prototype of ultrasmall ultrabright particles
prepared by electrochemical dispersion from bulk Si. We replace the H terminatibnawhit linkage (in
butylaming and O linkage(in pentang The emission band for N-termination downshifts b9.25 eV from
that of H termination, whereas it blueshif0.070 eV for C termination. We use density-functional approaches
to calculate the atomic structures and correction from the quantum Monte Carlo method to estimate the highest
occupied—lowest unoccupied molecular-orbital band gap. We find a downshift of 0.25 eV for N termination
and very little for C termination. These features are discussed in terms of exciton penetration in the capping
material.
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Recently, we dispersed bulk Si into monosize ultrasmall We disperse Si into nanopatrticles by lateral electrochemi-
nanoparticles of-1 nm diametet; " much smaller than what cal etching of(100), oriented, 1-1@ cm, p-type boron-
is available today, with high throughput and excellent sizejoped Si wafers in a mixtures of hydrogen peroxide®4),
definition and control. The particles are extremely active opnygrofluoric acid(HF), and methanol. Si acts as the anode,
tically in the blue, exceeding the activity of fluorescein, such, e 4 platinum wire acts as a cathode. We gradually ad-

that single particles are readily detectable. addition, they 1o the \water into the bath to create a large meniscuslike
exhibit stimulated emissiohdirected blue beam emissidn, : ) . )
section. The wafer is then immersed in an ultrasound bath,

and harmonic generatidriThe particle capacitance is ultras- _ .
mall, such that single-electron charging and the confinemernder which the top layer, a weakly interconnected nano-

energy are significantly larger than thermal energiWe structure network crumbles into ultrasmall particlesObl
synthesize them with H, GRef. 6 or N terminations. Us-  produces an ideal monohydride stretching phase, and elimi-
ing a density functional approach with generalized-gradiennates defects(dihydrides and trihydridgs as well as
exchange-correlation potentials, configuration interactionimpurities!* Because it oxidizes Si, 40, enhances the etch-
and Monte Carlo approaches, we constructed a structurghg process, resulting in smaller nanostructures. We deter-
prototype for 29 atomémagic number for the Td symmelry  mined the particle size by high resolution transmission elec-
In the prototype, 24 atoms form a network of reconstructeqyon microscopy. The measured size of 1 nm was confirmed
Si-Si species on the surface and five atoms constituting gy 5 to correlation fluctuation spectroscérevious stud-

tetrahedral cor. : ; -
The optical activity has been analyzed in terms of recon > of the.prelc ursor solid showed structures-df nm. o
N termination follows a recent procedure for terminating

structed Si-Si network, found only in ultrasmall nanopar- 16 . _ o
ticles, on which excited excitons are seIf-trapﬁéPiUnder- porous Sit® A chlorobenzene colloid of particles is first satu-

standing the chemical interactions and their effect on théated with C}, replacing H with Cl. The dried particles are
optical properties would be very useful for applications inaminized by butylamine (£49NH,) to produce
biological imaging and diagnostid5:*3 In this paper, we Si-NH(CH,),CHs.*" For carbonizatiort! H-terminated
examine the structure and optical properties with several tefSi-H) Si nanoparticles dispersed in xylene were reacted with
mination or linkages: H termination, N linkagén buty-  1-pentene (ChC,Hg) to produce Si-ChH(CH,)3;CH;. To
lamine and C linkage(in pentang The emission and exci- examine the surface termination, we measured the infrared
tation bands are found to down shift by0.25 eV for N, but  absorption. We measured the transverse op{ic@) infrared
blueshifts by only 0.07 eV for C termination. We calculdted vibrations. Figures ()—1(c) give the spectra of the particles
the highest occupied—lowest unoccupied molecular orbitabn silicon substrates. For H terminatipha], the spectrum
(HOMO-LUMO) band gap. The gap with N termination is shows all H with less than a 10% oxygen signal at 1070
found to down shift by 0.25 eV from that of H, where as it cm L. In the case of N terminatiofilb], the spectra do not
shifts very little for C termination. These features are dis-show H bonds. Instead they show a N-H bond at 3300%cm
cussed in terms of exciton penetration in the capping mateand butyl groups at 2869, 2881, 2931, and 2966 trithe
rial. N-H bond indicates a single Si-N linkage. Similarily, in the
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FIG. 1. The FTIR spectra ¢B) hydrogenated)b) aminized, and FIG. 3. The calculated band gap of H-terminated particles as a
(c) carbonized particles deposited on silicon substrates. The spectfgnction of the number of H atoms on the particle.
show the presence of the N-H bond and the mythel groups, in the
case of aminization, indicating the Si-N linkage, and it shows thecopy (FCS.2" We used two-photon excitation at 700—900
methyl groups in the case of the carbonization, indicating Si-Chm ysing a mode-locked Ti-sapphire lag&50-fs duration at
linkage. 80 MH2). At the target, the average power, 20 mW, is fo-
L cused to a 0.§«m-diameter spot. The autocorrelation func-
case of carbonizatiofilc], the spectra show the pentyl oot e emissior: f1(t+ 7)1 (t)*dt of both very diluted

roups, indicating an organic coating via Si-C linkage. X-ra .
ghotgspectrosco?)y con%rms the regul‘the removal %f hy- ypartlcle and standard dye samples are measured. They are
fitted to Gaussian diffusion function: A [1/(1

drogen indicates that the functionalization is successful, i.e., N1 Ao _ ;
Si-H bonds are replaced by Si-N/C linkage. 4 8Dt/w?)][1/(1+8Dt/z%)]+B, wherew is the waist of

Figure 2 gives the emission spectrum at 365 mm of théhe beamzis the depth of the focal volume s in millisec-

dispersed Si-H, Si-N, and Si-C passivated particles. We useﬁnd' N I\IIS' thhe cﬂffu_smn coefﬂqer;]t,B IS ban (;ffset,_Al\
a photon-counting spectrofluorometer with a Xe arc lamp_ 0.076N is thet=0 intercept N Is the number of particles
the focal volume, and 0.076 is a numerical calibration

and 4-nm bandpass monochrometers. The emission peak
the hydrogenated particles shifts from 400 to 440 nm upo actor from the standard dye measurement taken under the
ame beam conditions. We referenced the aminized particle

aminization. In the case of Si-C, the emission band narrows . . A
by diminishing the red wing, causing a blueshift of less than©Sults with those of coumarine. This yields=400 nm and
5-10 nm. The emission band of diluted functionalization?=1-98um, or a volume of 0.997 picocubic centimeters,
compoundsby a factor of 20 were measured. Under such &1d N=1 partl(;les. This corresponds to a density of
dilution the emission from pentene and butylamia&0 nm ~ (3:45—3.85K 10'%/cne’. A similar analysis yields 0.2 cou-
is negligible. Emission from the heptane solvent at 355-nnfNarine molecules in the focal volume. From the photon-
excitation is very weak and brod@-3 eV), with a peak at
3.2eV.

We determined the brightnegthe product of absorption
and quantum efficiengyby fluctuation correlation spectros-
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FIG. 4. The SjgH,, particle. Five Si atomsdark sphergcon-

FIG. 2. The emission spectrum at 365 nm of the dispersed Si-Hstitute a single tetrahedral core, and 24 Si atddesk sphergcon-
Si-N, and Si-C terminated particles. stitute a H-terminatedwhite sphergreconstructed surface.
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counting histograms, we find brightness twofold smaller tharsurface is highly wrinkled or puckered system of hexagon
coumarine. For the hydrogenated particles, we find brightand pentagon rings. The prototype gives a diameter of 0.9
ness two fold to three fold larger than fluorescein. nm for the Si core and 10.66 A including the H termination,
The computational investigations started with a sphericabnd an absorption edge of 3:9.3 eV.

piece of the bulk Si, which for a size 6f1 nm contains 29 For doping by -NH2 and -CH3 groups, the positions of
atoms(magic number for the Td point group symmetand  the Sj atoms are very similar to the pure H terminations. The
requires 36 H atoms to terminate the unsaturated bonds. Theyno-LUMO absorption edge is calculated to be 3.5
number of H atoms was varied due to reconstruction, as exs. 0.3, 3.25-0.3, and 3.5% 0.3 eV for H, N, and C termina-

plained below. The geometry optimizations were carried Oufjons respectively. The N termination down shifted the band
using density functhnal generalized gradient app:oxmgﬂon@alo by 0.25 eV relative to the H termination, whereas C
with a PW91 functional and 6-3IGand 6-31G* basis  termination blueshifted it by a smaller amount. The large

sets. Geometry optimizations and configuration interaction;ncertainty is due to a common correction made using Monte

calculations for excited states were carried out in an allogrg calculations to counter the incomplete treatment of the
electron frameworkno pseudopotentials were employed in gjectron correlation effecfsbut the relative shifts between

this stage The calculations of the band gap were carried oute three terminations are more accurate. As expected, the
by using the HUMO-LUMO difference from the PW91 func- omission spectra correlate with the size of the band gap. It is
tional corrected by the quantum Monte Cai@MC) estima-  yieresting to consider the valence of the terminating atoms.
tion of the excited state corresponding to the absorption edg¢he N atom has aisp® diamondlike hybridization with a
and the correction was essentially rigid shift by @)%V 4 angle of~109.5 (the tetrahedral angleto minimize
which corresponded to the 32% percent increase of the bandy ision. Three of thep® orbitals are used to form bonds to
gap as done in our p_reviou; calculatibbased on a combi- Si, H, andR=C4Hg, and the fourth orbital holds the lone
nation of methods including the quantum Monte Carlop.i The N atom, in the Si-N termination, therefore, is of
method? The QMC calculations employed accurate oqative valence, ie., a Lewis base that acts as a hole trap.
Hartree-Fock pseudopotentials, which were thoroughlyranhing the Si hole onto the N site may cause recombina-
tested in our previous calculatidhDue to a loss of elastic- tion outside the Si material. On the other hand. C is not a
ity in ultrasmall particles, atoms can move appreciably. g5 pase, i.e., it is not a hole trap; rather it repels the hole,
Moreover, the presence of,B; in the synthesis solution 54 recombination continues to be on Si sites. The optical
causes a reaction such that agli molecule may strip tWo  properties have been explained in terms of surface recon-
H atoms from adjacent Si site$orming two water mol- g cted Si-Si network on which excited excitons are
ecules followed by the movement of the Si atoms to recon-geff trapped'l® The shift due to N termination may be
struct. Figure 3 plots the calculated band gap versus the nUNy;a\ved as a softening of the confinement as N allows exci-

ber of H atoms. As the number of H atoms is reduced fromg s tq combine slightly outside the Si core. The C termina-

36, the band gap decreases. For less than 24 H atoms, {5, on the other hand, results in a slight strengthening of the
which each surface Si atom is terminated by a single H atom, 1sinement.

it drops s_harply, approaching a mestallic Z€ro ban_d gap, and e studied the optical properties of Si nanoparticles with
the bonding changes from the pwep’ tetrahedral diamond- H, N and C linkages. The emission downshifts-b9.25 eV

like to the mix withsp? type, a configuration common in C o N termination relative to the H termination, but blueshifts

that does not exist in bulk Si. Isp?, the layers are con- by 0.07 eV for C termination. The shifts correlate with shifts
nected by low-lying orbitals that are exactly analogous 10 i the band gap calculated using the state-of-the-art compu-
the conduction bands in metal crystatsorbitals with delo-  ational techniques.

calized electrons account for the electrical conductivity, for

example, in a graphitelike structure. The relaxed configura- The authors acknowledge the State of lllinois Grant ID-
tion, shown in Fig. 4, with five atoms constituting a single CCA No. 00-49106, U.S. NSF Grant No. BES-0118053, U.S.
tetrahedral core and 24 constituting a H-terminated reconDOE Grant No. DEFG02-ER9645439, NIH Grant No.
structed surfacgSi,gH,4, with six reconstructed dimers RRO03155, and Motorola. L.M. acknowledges support by
provides the best agreement with our measurenfefite  NSF Grant No. DMR-0102668.
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