
DNA-modified silicon nanocrystals studied by X-ray luminescence and X-ray
absorption spectroscopies: Observation of a strong infra-red luminescence band
P. R. Coxon, M. Newman, M. R. C. Hunt, N. O’Farrell, B. R. Horrocks, N. R. J. Poolton, and L. Šiller

Citation: Journal of Applied Physics 111, 054311 (2012); doi: 10.1063/1.3691600
View online: https://doi.org/10.1063/1.3691600
View Table of Contents: http://aip.scitation.org/toc/jap/111/5
Published by the American Institute of Physics

Articles you may be interested in
Quantitative cone beam X-ray luminescence tomography/X-ray computed tomography imaging
Applied Physics Letters 105, 191104 (2014); 10.1063/1.4901436

Feasibility study of endoscopic x-ray luminescence computed tomography: Simulation demonstration and
phantom application
Journal of Applied Physics 114, 084701 (2013); 10.1063/1.4819299

Reactions and luminescence in passivated Si nanocrystallites induced by vacuum ultraviolet and soft-x-ray
photons
Journal of Applied Physics 98, 044316 (2005); 10.1063/1.2012511

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/1678661887/x01/AIP/Ametek_JAP_PDF_1640x440_Oct3-9_2018/Ametek_JAP_PDF_1640x440_Oct3-9_2018.jpg/67454736696c7571664673414449306c?x
http://aip.scitation.org/author/Coxon%2C+P+R
http://aip.scitation.org/author/Newman%2C+M
http://aip.scitation.org/author/Hunt%2C+M+R+C
http://aip.scitation.org/author/O%27Farrell%2C+N
http://aip.scitation.org/author/Horrocks%2C+B+R
http://aip.scitation.org/author/Poolton%2C+N+R+J
http://aip.scitation.org/author/%C5%A0iller%2C+L
/loi/jap
https://doi.org/10.1063/1.3691600
http://aip.scitation.org/toc/jap/111/5
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4901436
http://aip.scitation.org/doi/abs/10.1063/1.4819299
http://aip.scitation.org/doi/abs/10.1063/1.4819299
http://aip.scitation.org/doi/abs/10.1063/1.2012511
http://aip.scitation.org/doi/abs/10.1063/1.2012511


DNA-modified silicon nanocrystals studied by X-ray luminescence and
X-ray absorption spectroscopies: Observation of a strong infra-red
luminescence band

P. R. Coxon,1,a) M. Newman,2 M. R. C. Hunt,2 N. O’Farrell,3 B. R. Horrocks,3

N. R. J. Poolton,1,4 and L. Šiller1,a)
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Silicon nanocrystals (SiNCs) modified with 18-mer DNA oligonucleotides have been studied by

X-ray excited optical luminescence (XEOL) and X-ray absorption spectroscopy (XAS) in

photoluminescence yield (PLY) and total electron yield (TEY) modes. Luminescence spectra from

the DNA-modified SiNCs under X-ray excitation display distinct differences from simple alkyl

terminated SiNCs. The DNA-modified SiNCs show strong luminescence at 540 6 10 nm under

vacuum ultraviolet excitation which is assigned to nitrogen 1s – r* transitions within the DNA

bases. Under excitation at 130 eV the PLY spectra from the same samples show the native

nanocrystal ultraviolet emission band is suppressed, and the strongest emission peak is red shifted

from 430 6 10 nm to 489 6 10 nm which we attribute to base nitrogen 1s transitions. In addition, a

strong emission band in the infrared region at 815 6 10 nm is observed. This clearly resolved

strong IR band from the DNA-modified SiNCs may provide a useful luminescence signature in

cell-labeling techniques and open up a range of applications for in vivo assays. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3691600]

I. INTRODUCTION

DNA has become an increasingly popular subject of

study in nanotechnology, for example, there is interest in the

use of DNA as a scaffold template to build complex two and

three-dimensional nanoscale architectures,1–3 as a data proc-

essor within molecular computing4,5 or as a potential compo-

nent in the production of lab-on-a-chip devices and sensors

for biological targets.6,7 Fluorescent DNA markers employ-

ing cadmium-based nanocrystals have attracted considerable

interest since it was found8 that capping the CdSe nanopar-

ticle with a ZnS layer resulted in increased room temperature

quantum yields. Although the first programed assembly of

CdSe DNA-functionalized nanocrystals was reported more

than decade ago,9 the use of cadmium-based nanoparticles

within living systems has been questioned owing to the in-

herent toxicity of the nanocrystal core10,11 and their propen-

sity to agglomerate within restricted volumes.12 In response

to these concerns, attention has turned toward nanocrystals

with less harmful chemistries. Silicon-based nanoparticles

have shown themselves to be promising candidates in diag-

nostic applications as cellular markers because they have

greater stability and similar quantum yields when compared

with cadmium nanocrystals.13–15

Several groups have reported the synthesis of DNA

molecules covalently-attached to silicon surfaces through a

variety of intermediate linker groups.16–19 At present the

majority of the work carried out upon silicon-based DNA

sensing devices has concentrated upon either surface modifi-

cation of bulk material for sensor platforms through self-

assembled monolayers for DNA immobilization,20 or

through hybridization with silicon nanowire arrays.21 In

comparison, the coupling of silicon nanoparticles with bio-

molecules has been less prevalent largely due to challenges

in rendering the nanocrystals water-dispersible and compati-

ble with biological fluid environments. To date only one

study has been conducted where, in 2004, Wang and co-

workers labeled DNA with amino-functionalized silicon

nanocrystals with a view to ascertain their feasibility as fluo-

rescent markers.22

Following our development of a synthetic route for

fabricating stable, fluorescent alkylated silicon nanocrystals

through electrochemical etching,23 their optical and elec-

tronic properties have been investigated in detail.24–27

Studies have been carried out to test the stability of the nano-

crystal luminescence within aqueous solutions over extended

durations to assess their survival in cellular environments15

and to demonstrate their lack of cytotoxicity.28 Owing to the

high surface-to-volume ratio the luminescence is, in princi-

ple, sensitive to the surface states. For nanocrystals which

are used as biological markers, interaction between the nano-

crystal surface and biomolecule may influence the efficiency

of electron-hole recombination29 leading to variations in the

emitted light. With this in mind, in order to establish their

a)Authors to whom correspondence should be addressed. Electronic

addresses: p.r.coxon@ncl.ac.uk and lidija.siller@ncl.ac.uk.

0021-8979/2012/111(5)/054311/7/$30.00 VC 2012 American Institute of Physics111, 054311-1

JOURNAL OF APPLIED PHYSICS 111, 054311 (2012)

http://dx.doi.org/10.1063/1.3691600
http://dx.doi.org/10.1063/1.3691600
http://dx.doi.org/10.1063/1.3691600
http://dx.doi.org/10.1063/1.3691600


viability as potential biological labels, it is desirable to iden-

tify and understand any behavioral changes upon coupling

with common biological molecules.

We have previously reported the attachment of DNA to

nanocrystalline porous silicon and its characterization.18 The

method we employ, of synthesizing the DNA at nanocrystal-

line porous silicon, rather than attaching pre-formed DNA

strands, has some advantages. In particular, the synthetic

procedure via solid-phase methods ensures the absence of

DNA molecules not bound to the nanocrystals. The reason is

that unbound DNA molecules are automatically washed

away during the standard oligosynthesis protocol. The work

contained within this paper extends the preparation by dis-

rupting the porous silicon to disperse the DNA-modified

nanocrystals in aqueous media and describes the results from

photoluminescence and X-ray absorption studies upon sili-

con nanocrystals coupled to DNA chains. The main aim of

this study is to identify changes in the nanoparticle lumines-

cence spectra in response to modification. Luminescence

profiles from the DNA modified silicon nanocrystals have

been investigated by X-ray excited optical luminescence

(XEOL) and optically-detected X-ray absorption spectros-

copy (OD-XAS). Characterization by XEOL offers particular

advantages over conventional luminescence spectroscopies

in nanoscale composite systems owing to its chemical state

and site selectivity.30

II. EXPERIMENTAL

DNA-nanocrystal samples were synthesized in a two-

part process. In the first stage, solid-phase DNA oligomers

were grown upon alkylated porous silicon wafers using an

automated DNA synthesizer (Expedite 8909 Nucleic Acid

Synthesizer, PED Applied Biosystems) analogous to the pro-

cedure detailed in Ref. 18. In brief, an organic monolayer is

formed on the porous Si which contains a vinyl group at one

end to react with the Si-H surface and a hydroxy group at the

other on which to synthesize DNA. The link between the Si

and the monolayer is an Si-C bond that is extremely resistant

to chemical attack, even by aqueous alkali. The link between

the DNA and the monolayer is via a C-O bond to a phos-

phate.18 The synthesis of DNA at hydrogen-terminated sili-

con via such monolayers produces DNA molecules which

remain anchored even after heating in aqueous solution.18 A

suspension of nanocrystal-DNA structures was formed from

the DNA-porous silicon wafers by breaking the chip surfaces

with a needle and sonicating the powder in water. That the

DNA remains attached to the Si after sonication is verified

by the water solubility of Si-DNA nanoparticles (see Supple-

mentary Material59) whereas the original alkylated Si

nanoparticles are not water soluble in the absence of DNA. It

is also worth noting that electrophoresis of the Si-DNA

particles shows no evidence of free DNA, which would

not be expected for a simple mixture of nanocrystals and

DNA.

Nanocrystals formed by the ultrasonic disruption of

porous silicon show very similar luminescent characteristics

to those formed through thermally-induced mechanical

fracture.23 We have repeated some of the spectroscopic

characterization of unmodified SiNCs on the DNA modi

fied SiNCs, but we present this data in the supplementary

material59 accompanying this paper because the main conclu-

sion of that work is that the DNA-modified SiNCs have simi-

lar Si core size and similar photoluminescence characteristics,

at least under visible excitation, to unmodified SiNCs.

The DNA chains bound to the nanocrystal samples

(SiNCs-DNA) comprise an 18-mer (polymer units) with a

base sequence: 50 - GCG -TAC -TAT - CAG -TCA - GAT -

30. The sequence strand was linked to the nanocrystal at the

30 – end. The sequence used in this work is fully synthetic. Its

structure was chosen in order to prevent self-hybridization,

which results in a less ordered, kinked structure as the single

strand hybridizes and folds back upon itself. In this work

SiNCs bearing synthesized single-stranded DNA are termed

”DNA-modified” SiNCs. Alkyl terminated SiNCs prepared

as described in Ref. 26 we call “unmodified” SiNCs. The

same the C11 capping monolayer is present on both SiNC

surfaces (as shown in the molecular model presented in the

supplementary material59). The presence of DNA at the

surface of the SiNCs has been confirmed by infra-red spectros-

copy, Raman spectroscopy, and photoluminescence spectros-

copy (see supplementary material59). Both preparation methods

involve electrochemical etching of bulk silicon wafers, the

main difference in preparation is that a lower current density

(75 mA cm�2 versus 400 mA cm�2) is applied to produce the

DNA-modified SiNCs since porous Si layers prepared at higher

current densities are not sufficiently stable to survive the multi-

step procedures of solid-phase DNA synthesis.

XEOL and OD-XAS measurements were performed

using the Mobile Luminescence End-Station (MoLES)

(Ref. 31) on Beamline MPW 6.1 at SRS, Daresbury, UK and

at Beamline-52, MAX-I, MAXLab Sweden. The DNA-

modified SiNCs were re-dispersed in a suspension of dichloro-

methane (dichloromethane provides a convenient means to

transfer the SiNCs as it evaporates rapidly) and placed drop-

wise onto a clean tantalum foil substrate (Goodfellow, UK)

which was mounted on a closed cycle helium cryostat using

carbon tape to maintain good electrical and thermal contact.

Measurements were made at room temperature and at 10 K.

XEOL from DNA-modified SiNCs was studied using vacuum

ultraviolet (VUV) photons with an energy of 21.2 eV at Max-

Lab (to enable comparison with data taken using laboratory

based sources) and soft x-ray photons with an energy of

130 eV (i.e., above the Si L2,3 edge) at SRS, Daresbury. In the

latter case, the approximate flux at the sample was 1012 pho-

tons per second, with a spot size of 2.0� 0.4 mm2. The choice

of excitation energies permits direct comparison of the DNA-

modified SiNC samples with previous XEOL measurements

performed upon alkyl-terminated SiNCs prepared by similar

methods.27,32 Wavelength selective luminescence spectra

were recorded using a 0.19 m, f ¼ 3.9 optical spectrometer

(Triax-190, Jobin-Yvon) using three different gratings. Two

gratings blazed at 250 nm and 630 nm provided a nominal

optical resolution of 6 nm and a spectral range spanning the

UV=visible=NIR from 200 to 860 nm (recorded using a multi-

alkali photomultiplier tube). A 600 l=mm grating provided a

resolution of 12 nm in the near infra-red (NIR) range from

800 to 2000 nm, which was recorded using a cooled Ge
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detector. All emission spectra presented here have been cor-

rected for instrumental response.

OD-XAS spectra were collected across the silicon

L-edge, the carbon K-edge and the nitrogen K-edge in total

electron yield (TEY) and total luminescence yield (TLY)

modes. The total electron yield was recorded by the drain

current method, while the TLY was obtained with the mono-

chromator set to zero order and detecting over the full band-

width of the photomultiplier tube (PMT), 200–860 nm; both

modes were recorded simultaneously. OD-XAS measured

over the nitrogen edge is of particular interest since nitrogen

is only expected within nucleobase compounds and so any

absorption and=or luminescence signatures in this spectral

region will serve as a useful indicator of the presence of

DNA. All spectra have been normalized to account for

systematic variations in the beamline flux and instrumental

response. OD-XAS spectra were normalized to the incident

X-ray flux collected by either the luminescence yield from

an ultrapure quartz specimen or from the photo-current gen-

erated from a gold grid, both sited before the sample. The

quartz reference sample was used for normalization over the

carbon and nitrogen absorption edges. Spectra over the sili-

con absorption edge were normalized to the flux measured

by the gold grid. Energies were calibrated against the p*

peak of highly oriented pyrolytic graphite (HOPG), located

at 285.38 eV.33

III. RESULTS AND DISCUSSION

Figure 1 shows the photoluminescence spectra from the

unmodified SiNC sample [Fig. 1(a)] and the DNA-modified

SiNCs [Fig. 1(b)]. The luminescence intensity is comparable

with and without DNA attachment. The vertical line denotes

where spectra obtained using the different gratings described

above have been spliced together. The spectra were taken at

300 K with a photon energy of 130 eV. At this energy, the L
shell of both pure silicon and silicon oxide are excited. The

spectrum from the unmodified SiNC sample shows three

major features: a broad peak at �420 nm, a broad peak at

�630 nm, and a series of sharper peaks within a band

between 210 and 310 nm. The series of sharp peaks for the

unmodified SiNCs are likely to arise from the presence of

trace amounts of toluene remaining from their synthesis, as

has been suggested by Rosso Vasic et al.34 These sharp fea-

tures are absent from the DNA-modified SiNC sample due to

the more rigorous washing procedures employed in the syn-

thesis of this material. The peak at �420 nm from the

unmodified SiNCs [Fig. 1(a)] is the blue emission band

which has been previously associated with oxidized Si

within the passivating layer at the SiNC surface.25 If one

compares the position of the blue band from the unmodified

SiNCs with that of the modified SiNCs [Fig. 1(b)], it is clear

that this band is shifted from �420 nm to �445 nm. In

XEOL and X-ray emission measurements upon silicon nano-

wires Sham and co-workers have also attributed a blue emis-

sion at �460 nm to a silicon oxide layer.35 The presence of

SiOx in our DNA-modified SiNCs is confirmed by Fourier-

transform infra-red (FTIR) spectroscopy and XAS (see sup-

plementary Material59). A significant difference between the

preparation of the unmodified SiNCs and DNA-modified

SiNCs is the oxidative step involved in transforming phos-

phorus (III) to phosphorus (V) during DNA synthesis in the

latter. Due to the phosphoramidite chemistry specific to

DNA synthesis, it very likely that the SiOx species at the

surface of the DNA-modified SiNC differ from those of

the unmodified SiNC surface leading to the observed shift of

the blue band.

It is notable that the strong emission observed at 630 nm

in the unmodified SiNCs associated with orange light emis-

sion appears broadened and shifted in the DNA-modified

SiNCs (Fig. 1). To investigate this further we undertook

XEOL measurements of the nanocrystals under VUV excita-

tion (21.2 eV) and 300 K and 10 K, as shown in Fig. 2.

FIG. 1. Photoluminescence spectra from (a) unmodified SiNCs and (b)

DNA-modified SiNCs acquired through excitation with 130 eV photons.

The sample temperatures were 300 K. The vertical line denotes where two

spectra from different gratings has been spliced together.

FIG. 2. X-ray excited optical photoluminescence spectra for unmodified

SiNCs and the DNA modified SiNCs excited at 21.2 eV measured at 10 K

(a) and (b) and at 300 K (c) and (d), respectively. All spectra have been

scaled to the same maximum intensity for clarity while the spectra collected

at 10 K have been shifted vertically to ease comparison. The dashed lines

indicate the zero intensity position.
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Again clear differences can be observed between the spectra

of the DNA-modified and the unmodified SiNC samples.

There is a shift of the emission intensity in the 450–750 nm

range to shorter wavelength from the DNA-modified SiNCs

compared with the unmodified SiNC sample. Such a blue-

shift was not observed when luminescence experiments were

performed with Argon ion laser excitation at 488 nm (see

supplementary material59). This suggests that the observed

emission is due to an energy transfer process which requires

larger excitation energy. It is notable that the spectra from

the DNA-modified SiNC sample show an extended asym-

metric profile toward the red end of the spectrum. It can also

be seen that in both the spectra from the DNA-modified sam-

ples [Figs. 2(a) and 2(c)] the leading edges of the lumines-

cence show much steeper profiles than for the unmodified

SiNCs: this form appears independent of sample temperature

and can be seen at both 10 K and 300 K.

At first inspection the emission band centered at

540 6 10 nm in the spectra from the DNA-modified SiNCs

might be thought to arise from a shift of the orange emission

band observed in the unmodified SiNCs. However, there is a

significant dependence on temperature of the position of this

emission band from the unmodified SiNCs. The orange band

from the unmodified SiNCs is blue shifted from 630 nm to

600 nm as the sample temperature is decreased from 300 K

to 10 K [Figs. 2(b) and 2(d)], as we have observed previ-

ously.25 This shift has been suggested to arise from popula-

tion of localized tail states which are formed by the

disordered surface potential arising from variations in the

nanocrystal surface stoichiometry and roughness.25 There is

no similar temperature dependence of the emission from the

DNA-modified SiNCs which show the same line shape and

position at both temperatures, hence this emission feature

originates from a different process.

A blueshift of 35.1 nm has been observed in photolumi-

nescence (PL) spectra from HgTe nanocrystals upon cou-

pling with a 22-base single strand of DNA at room

temperature.36 The shift in the narrow PL band was ascribed

to changes in the refractive index of the DNA modified sys-

tem and to saturation of the nanocrystal dangling bonds by

the negatively-charged strand wrapping around the nanocrys-

tal. Further work37 attributed the narrow blue-shifted bands

to quantum confinement effects and localization of excitons

by a surface dipole layer induced by the different dielectric

constants of the DNA and nanocrystal, leading to a shorten-

ing of radiative combination lifetimes thus aiding rapid radi-

ative transitions. Although the species in the samples studied

in our work have significantly different dielectric constants,

e for double-stranded DNA has been measured as �80

(Ref. 38) against 11.7 for bulk silicon, reducing further

within nanoscale systems,39 the width of the bands at

530 nm in Figs. 2(a) and 2(c) is too large for excitonic emis-

sion and therefore cannot be attributed to localized excitons

in this case.

Blue-shifting of nanocrystal emission has also been

reported within CdSe-DNA assemblies upon hybridization

with biological specimens.40 The authors suggested the shifts

may be caused by energy-transfer processes related to the

hybridization between the nanocrystal and the target

biostructure or through selective quenching of the native lu-

minescence of the CdSe. Further insight into the nature of

the luminescent sites which give rise to the emission at

�540 nm in the DNA-modified SiNCs may be gained by

collecting filtered luminescence over the absorption edges of

an element of interest. Since nitrogen is present within the

bases of the DNA it was decided to scan the excitation

energy across the nitrogen absorption threshold while col-

lecting filtered luminescence sampled at 542 nm. Figure 3

shows the partial photon yield (PPY) spectrum obtained at

542 nm emission over the nitrogen K-edge at 10 K. A sharp

minimum at 405 eV may be clearly observed. The minimum

corresponds to an inverted peak due to self-absorption

effects arising from the sample thickness.41 Such inversions

are regularly observed in standard XAS measurements using

yield techniques, for example photoconductivity XAS stud-

ies and X-ray fluorescence spectra.42 Inversions in the lumi-

nescence occur because the sample thickness is far greater

than the penetration depths of the photons at the energies

specific to the absorption edges (the thick film of DNA-

modified SiNCs is estimated to have a thickness of the order

of several tens of microns) and as a result all incident light is

absorbed by the sample. The position of the feature at

405 eV is in good agreement with the nitrogen absorption

profiles of nucleobases and amino acid compounds. Previous

absorption studies have shown that all are dominated by a

broad absorption around 406 eV which has been attributed to

1s - r* transitions43–45 within the nitrogenous bases. Thus

the luminescence band at 540 nm can be linked to the pres-

ence of nitrogen. From this evidence we suggest that the

luminescence observed from the DNA-modified SiNCs cen-

tered at 542 nm arises from the DNA itself, rather than from

sub-stoichiometric oxides on the silicon nanocrystals. The

role of SiOx can be neglected because SiO2 emits in a very

clear band with a maximum at 440 nm (and extends between

400 and 500 nm), as seen in Fig. 2(b). This emission origi-

nates from self-trapped excitons. A reduction of “x” from

“2” in SiOx would lead to a strong red-shift; but equally, the

quantum efficiency will rapidly decrease too. Therefore, it is

very unlikely that the emission at 542 nm originates from

SiOx on the SiNCs.

Further support for the presence of DNA in intimate

contact with the SiNCs in the DNA-modified SiNC sample is

FIG. 3. Partial photoluminescence yield (PPY) spectrum at 542 nm col-

lected over the nitrogen K-edge from DNA-modified SiNCs.
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provided by XAS across the carbon K edge, Fig. 4. OD-XAS

spectra from the DNA-modified SiNCs taken at 10 K are

shown in Fig. 4(b). The luminescence yield is inverted with

respect to the electron yield showing a decrease in intensity

as the 1s - p* transition is reached by self-absorption or

non-radiative absorption channels, as discussed above. Both

the luminescence [Fig. 4(b)] and electron yield [Fig. 4(a)]

profiles exhibit generally similar shapes.

Generally XAS profiles of DNA, especially those

around the nitrogen and carbon absorption edges, are notice-

ably influenced by the p* orbitals in the nucleobases.46

Stacking interactions and the phosphate backbone have also

been shown to play a role in the absorption structure.47 The

high flexibility of the biomolecule also gives rise to the exis-

tence of different local configurations of nominally identical

moieties, which tends to broaden out the respective spectral

features.48 The samples studied here have a further order of

complexity with the inclusion of the alkyl chain linking the

oligonucleotide to the nanocrystal surfaces, leading to further

disorder.

Although a few studies have been performed upon

double and single-stranded multibase DNA chains (typically

immobilized upon modified Au substrates),49,50 the vast ma-

jority of experimental and theoretical XAS studies on DNA

have limited their concern to single nucleobase, nucleoside

or nucleotide samples so as to preserve fine structural fea-

tures and to aid spectral analysis and identification [for

example, Refs. 51–53]. Owing to the differing carbon

species within the DNA-nanocrystal sample and differences

in local environment resulting from disorder, as discussed

above, we are not able to resolve the absorption fine struc-

tures characteristic of the individual nucleobases such as

those reported in Refs. 45 or 54. However, the TLY spectrum

shows a sharp dip at �284.5 eV which matches with the cen-

ter of the doublet in the TEY spectrum (shown by the dashed

line). In spite of the lack of absorption fine structure, we can

attribute this dip to dipole 1s - p* transitions arising from

within C¼C functional groups that are present within all the

nucleobases. This assignment agrees with those given to fine

resonance absorption peaks lying within the 284 � 285 eV

energy range found previously.45,55 From 286 to 290 eV a

broad absorption dip may be observed. This region is labeled

p* C¼C-N, p* CONH, p* HNCONH following the work of

Ref. 45 upon calibrated DNA base reference samples. In

addition, a higher energy feature in the TLY at �301.6 eV is

observed which is related to r* resonances not involved in

luminescence or bonding. Although it is not possible to

resolve clear resonance structures, the C¼C related signal

provides a clear signature which confirms the presence of

DNA within the sample.

We can eliminate the possibility that photon-induced

degradation of DNA (and any resulting photo-induced reac-

tions at the SiNC surface) has a significant influence on our

measured PL and OD-XAS results: It has been shown that a

significant buildup of reaction products in DNA due to dam-

age by X-ray photons with a flux density comparable to that

used in this work occurs only after approximately 2 h of con-

stant irradiation.56 This is because the cross-section for DNA

degradation by photons in the VUV energy range is almost

two orders of magnitude smaller than that for low energy

electrons and that the threshold value for photon induced

damage is several eV higher than for low-energy electrons

(3–20 eV).57 Since in this work the PL data are acquired

within a few minutes and OD-XAS spectra are measured

within �10 min, we believe that for the results presented our

measurements are sufficiently rapid that photo-induced DNA

damage is minimal.

In addition to the emission at 540 nm the DNA-modified

SiNCs also show strong emission intensity compared with

the unmodified SiNCs at wavelengths above 700 nm, as can

be seen in Figs. 1(b), 2(a), and 2(c). The far infra-red emis-

sion from the DNA-modified SiNCs is shown more clearly

over the extended wavelength range presented in Fig. 5,

which shows the room temperature XEOL spectrum excited

with 130 eV photons. There is a clear peak in the emission

located at 815 6 10 nm which has a full width at half maxi-

mum (FWHM) of �250 nm. In our previous work a very

weak and narrow emission line located at �792 nm with a

shoulder at 810 nm was observed from unmodified SiNCs

(Ref. 27) excited by 150 eV photons (above the oxidized Si

absorption edge) but only at low temperature (12 K). This

emission was attributed to radiative recombination of

valence excitons. However, the peak observed in Fig. 5 is

very clear, although broad, even at room temperature. We do

not consider this band to be related to the native room tem-

perature emission of bulk silicon which is centered at

1137 nm (Ref. 55) and is therefore some way from the IR

band observed in this work. Instead we suggest that the pres-

ence of DNA at the surface of the DNA-modified SiNCs can

affect PL through, for example, the passivation of surface

trap states.29 Increased radiative recombination would then

enable the XEOL signal to be observed even at room temper-

ature and may explain the relatively large width of this peak.

An alternative possibility is that if, as a result of the C11 alkyl

chain, the DNA is too far away from the silicon surface to

effectively passivate surface states there could easily be

FIG. 4. XAS spectra from DNA-modifed SiNCs acquired over the carbon

K-edge, in (a) total electron yield (TEY) and (b) total luminescence yield

(TLY) yield modes.
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long-range screening effects since ssDNA is a highly

charged, flexible polyanion.

The clearly resolved 815 nm IR band observed for DNA-

modified SiNCs could provide a useful luminescent signature

in cell-labeling techniques and open up a range of applications

for in vivo assays. Emission toward the red end of the visible

spectrum is highly desirable in cellular labels since light in

this region is only weakly absorbed by cells in living systems

and is well separated from the normal range of cellular emis-

sion.58 Consequently, the use of near-infrared emitting nano-

crystals has attracted much interest, especially in deep-tissue

imaging studies where they are estimated to increase the sensi-

tivity of tumor imaging by tenfold, which would extend the

sensitivity of cancer detection limits down to 10 - 100 cells.

IV. CONCLUSIONS

Silicon nanocrystals covalently bound to short DNA

chains have been studied by X-ray excited optical lumines-

cence and X-ray absorption spectroscopies. The DNA

modified SiNCs exhibit a shift of the nanocrystal blue photo-

luminescence band from �420 nm to �445 nm when com-

pared to the ”unmodified” SiNCs. This redshift is explained

in terms of changes to surface oxidation of the SiNCs as a

consequence of the preparation procedures. Emission is also

observed at 540 nm in the DNA-modified SiNCs which is

suggested to arise from the DNA, on the basis of energy fil-

tered OD-XAS performed over the nitrogen K-edge. Upon

coupling of SiNCs with DNA, a strong emission band in the

infrared region at 815 6 10 nm has been discovered. This is

a particularly striking find and one which may open up

potential uses of silicon nanocrystals within biological imag-

ing technologies.
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