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Abstract: | report for the first time surface-enhanced Raman scattering (SERS) from molecules adsorbed
on InAs/GaAs quantum dots. This result is very interesting because previous SERS experiments have
been essentially restricted to molecules adsorbed on metallic surfaces. Raman scattering from pyridine
molecules adsorbed on these IlI—V quantum dots structures is strongly enhanced relative to the same
molecules in solution. The most interesting feature in the SERS spectrum is the appearance of a new
vibrational band. | suggest that this line should be attributed to the chemisorbed pyridine that is formed by
coordination of its lone pair electrons of the N atom to the semiconductor surface. This work provides
unambiguous experimental evidence for SERS on IllI—V semiconductor quantum dots. Nanostructures are
currently considered as potential building blocks for nanodevices. The performance and reliability of these
devices strongly depend on the surface and interfacial properties of the constituent nanomaterials. Therefore,
this work illustrates the considerable potential of SERS spectroscopy as a powerful new tool in nanoscience.

1. Introduction detection of a single molecufe4 that will open new horizons
for biophysical and biomedical fields.

This is the first study in which surface-enhanced Raman  For semiconductor materials, conventional Raman spectros-
scattering (SERS) has been used to directly probe the adsorptioopy is a poor technique for examining surface and interfacial
of molecules on IV semiconductor quantum dots nanostruc- species present at low concentration. The use of SERS may
tures. Utilizing SERS spectroscopy, | improved the Raman render possible or facilitate Raman studies. As surface spec-
signal by several orders of magnitude and obtained an extremelytroscopy, the SERS technique has as number of important
high sensitivity to probe interfaces. advantages: sensitivity, selectivity, nondestructive detection, and

The SERS effect is characterized by an increase in the Ramarfeasibility for in situ studies. Besides, this spectroscopy enables
intensity by many orders of magnitude for species adsorbed onthe determination of detailed information about adsorbed species
rough metal surfaces with respect to that expected from the same®UCh as their mom‘;‘ilir structure and orientation.
number of nonadsorbed molecules, in solution or the gas N My past worki®'® | showed that by depositing silver
phasé:~12 Until now, SERS experiments have been essentially nanoparticles on semiconductor materials it was possible to
restricted to adsorbates on rough metallic surfaces prepared b)}jetectsgdzoarliatef. :pplyln dg :h's n:etk;)od to saev;a]ral semlcondu?
various methods, especially noble and alkali metals.Anecessary,tOJS’ bI’ d S: nMs, an ntly bo serve ftth‘? [')Aresenc?a 0
but not sufficient, requirement for the presence of high surface adsorbed species. Viore recently, by means ot this Ag-overiayer
enhancement is some form of surface roughness Recentlytechnlque | observed Raman bands of contaminants present at

) . . low concentration on the semiconductor surface, augmented
interest in the SERS spectroscopy has been stimulated by thethrough the surface-enhanced scattering mechanism.

_ : _ Motivated by these developments concerning the ability of
(1) Chang, R K. Furtak, T. BSurface Enhanced Raman Scatteriftenum: - the SERS technique to detect surface species, contaminants, and
(2) Otto, A. InLight Scattering in Solids IVCardona, M., Guentherodt, G.,  adsorbates by using the Ag-overlayer technique and by the SERS

Eds.; Topic in Applied Optics; Springer: Heidelberg, 1984; p 289. e .
(3) Van Duyne, R. P. IrChemical and Biochemical Applications of Lasers sensitivity to very small amounts of material, | have become

" “nﬂ""'ke' (i B,v,I ERd.;A'\;agegglc P;.%%S: é\l7ev7vg3grlg,261397: Vol. 4, pp-1084. interested in the application of SERS technique for studying
e e, e e . Phys1986 84, technologically important materials, like semiconductor quantum
4174-4180. dots. In recent years, interest has grown in semiconductor

(6) Schlegel, V. L.; Cotton, T. MAnal. Chem 1991, 63, 241.
(7) Champion, A.; Kambhampati, Ehem. Soc. Re 1998 27, 241—-250.

(8) Tian, Z. Q.Internet J. Vib. Spectros@00Q 4, 2. http://www.ijvs.com. (13) Nie, S. M.; Emory, S. RSciencel997, 275 1102-1106.
(9) Otto, A.Phys. Status Solidi 2001, 188 1455-1470. (14) Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; ltzkan, I.; Dasari, R.
(10) Moskovits, M.; Tay, L. L.; Yang, J.; Haslett, Top. Appl. Phys2002 R.; Feld, M. S.Phys. Re. Lett 1997, 78, 1667-1670.
82, 215. (15) Quagliano, L. G.; Jusserand, B.; Orani,]DRaman Spectrost998 29,
(11) Weaver, M. J.; Zou, S.; Chan H. Y. Anal. Chem200Q 72, 38A—47A. 721-724.
(12) Tian, Z. Q.; Ren, B.; Wu, D. YJ. Phys. Chem. B002 106, 9463-9483. (16) Quagliano, L. Glnternet J. Vib. Spectros200Q 4, 3. http://www.ijvs.com.
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structures with reduced dimensionalities due to their novel = The Raman measurements were performed with a triple spectrometer
properties related to quantum confinement as well as their Dilor XY, equipped with a cooled CCD detector, in conjunction with
promising device potentialities. For this reason, | have decided & confocal microscope. A 20 objective was used to focus the laser
to investigate nanostructures of semiconductors such as InAs/ight on the samples and to collect the Raman signal. The excitation
GaAs quantum dots. light was the 514.5 nm line of an argon ion laser.

In this work, | present an extension of the SERS effect to 3. Results and Discussion
semiconductor surfaces providing unambiguous evidence for
SERS from IIV semiconductor quantum dots. Using pyridine
as test molecule, | observed, for the first time, surface-enhance
Raman scattering from InAs/GaAs quantum dots. Pyridine has
been chosen as the probe molecule because its Raman spectru
is sensitive to the environment of the molecule.

One interesting feature in the SERS spectrum of pyridine
adsorbed on these sem|conductor.nanostructures IS .the. appea%brmation, providing a natural driving force, which causes the
ance of a new band. The observation of new bands indicates a

. . . ansition from two-dimensional to three-dimensional growth
strong interaction between the adsorbate and the semiconductor - . - .
mode, i.e., the formation of islands. When InAs is grown on

atoms. The appearance of th's.’ relatlve_lylntense band is F?rOb.ablythe GaAs substrate because of the large lattice mismatch
due to the chemisorbed pyridine that is formed by coordination . .
between these two materials, InAs islands are formed. There

2;;:10'2% pair electrons of the N atom to the semiconductor are two stages in this growth. At the beginning the InAs grows
) two-dimensionally, although the InAs suffers compressive strain.

| estmate a large surface enhanc_ement factor of the order OfWhen exceeding a certain InAs thickness, the strain becomes
1C® for this quantum dots system. This represents an enormouslyIarge and a morphological phase transformation occurs, which

enhanced Raman cross section compared to the 'mensn_)/results in the formation of three-dimensional InAs islands.
expected from the same number of nonadsorbed molecules. This
suggests that the Raman signals measured on the semiconduct%e cap layer is grown to perform photoluminescence experi-

nanostructure originate from pyridine molecules adsorbed on ments. As shown by atomic force microscope (AFM) images
it, and | was able to observe them because they are enhanceg.ne InAs/GaAs quantum dots consist of homogeneous InA:s
through the SERS effect islands formed on GaAs with a mean diameter of about 40 nm,

One promising applicgtion C,’f the S,ERS technique c.ould.be a height of 10 nm, and an average distance between the islands
research on the integration of inorganic, organic, and biological of about 60 nm. This surface is rather uniform: therefore. |
nanostructures to build novel functional systems. Recently, the believed it could be suitable as SERS surface ' '

functionalization of semiconductor surfaces through chemisorp- 3.1. Adsorption of Pyridine Molecules on InAs/GaAs

tion of organic molecules has generated much interest becaus‘buantum Dots. A pyridine molecule (GHsN) was chosen for

OT its potential appllcanons n mqleCUIe'pased ‘?'eV'CeS and this investigation since it has been used in many SERS studies
biosensors. There is currently great interest in creating extremelyy o <o of the strength of the Raman signal and the sensitivity

sgn3|t|ve and spgcmc ch.em|cal and b|o!og|cf'al nanosen'sors. Inof its spectral features to the local environment. In fact, some
this regard, the interaction between biological, organic, and lines of pyridine are sensitive to the environment of the

inorganic materials surface will pg one of the key issues soon. molecule, so that by using Raman spectroscopy it is possible
The use of an extremely sens'ltlve tec_:hn_lque such as SERS, distinguish between different adsorption sites. In pyridine,
fspectr-oscc.)py to .study orgammorganic mterconpecuonS, both the lone pair of electrons on the N-atom and the delocalized
!nclud!ng interfacing J,[O b'OIOQ'C_al sysFems, pgrmltteq us 1o s-system of electrons enable various interactions with surface
investigate the role of interfaces in hybrid electrical devices and atoms, and changes in the Raman vibrational frequencies provide
sensors. Therefore, my extension of the SERS technique as a}nform’ation to the molecutesubstrate interaction.

new method to characterize the structure and composition of Figure 1 shows the ex situ Raman spectrum from InAs/GaAs
§urfaces and |nterfages In_semiconductor quantum dots Isquantum dots after the immersion in liquid pyridine and the
|m.portant for developing SERS as a powerful tool in nano- following sonication. This spectrum, recorded in air, consists
science. of many peaks. The most intense lines are located at 1010 and
2. Experimental Section 1045 cnt! along with a band at 1032 cri weaker ones are at
627, 658, and 724 cm. A strong background underlies the
peaks; this is due to the semiconductor overtone and combina-
tion bands'®1® As a matter of fact, | also observed this

In recent years, there has been a growing interest in

dsemiconductor structures with reduced dimensionalities because
of their novel properties related to quantum confinement as well

as their promising device potentialities. For this reason, | decided

{0 investigate nanostructures of semiconductors such as self-
assembled InAs/GaAs quantum dots.

Strain plays a crucial role in the process of quantum dots

The nanostructures were grown without cap layer; usually

Self-assembled InAs/GaAs quantum dots grown by molecular beam
epitaxyl’ GaAs, and InAs (wafers and epitaxial layers) were utilized.

The quantum dots nanostructures were not covered with a cap layer. .
To obtain the adsorption of pyridine, the samples were immersed in background in the Raman spectrum of the InAs/GaAs quantum

liquid pyridine for at least 15 min. At the end of these treatments, the dOtS before immersion. | observed no vibrational bands from
samples were rinsed in acetonitrile (ACN) and subjected to a short OXides.

ultrasonic agitation in ACN to remove excess species, so that only | also measured the Raman spectrum of liquid pyridine and
adsorbed species were left on the surfaces. Commercially availableobserved a close resemblance between this spectrum and that

pyridine was used. in Figure 1. This suggests that the Raman signals measured on
(17) Gerard, J. M.; Marzin, J. Y.; Zimmermann, G.; Ponchet, A.; Cabrol, O.; (18) Trallero-Giner, CPhys. Status Solidi R004 241, 572-578.

Barrier, D.; Jusserand, B.; Sermage 38lid-State Electrorl996 40, 807— (19) Klein, M. C.; Hache, F.; Ricard, D.; Flytzanis, Bhys. Re. B 199Q 42,

810. 11123-11132.
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adsorbed on the silver electrode. Summarizing the results of
these investigations on silver electrode | can conclude that for
the band at 1025 cm two explanations are possible. In neutral
and basic solution, the formation of Lewis acid bonds between
silver and pyridine is responsible for the appearance of this line,
whereas in acid solution this is due to the pyridinium ion. The
appearance of this band was also reported for pyridine adsorbed
on CwO surface by Kudelski et & They affirmed that on such
surfaces pyridine molecules adsorb as pyridinium cations.
Tian and co-workef$24 investigated systematically the
surface Raman spectra of pyridine on various coinage and
transition-metal surfaces. They observed metal-dependent spec-
tra. For the coinage metals they observed that the band for the
v1 mode shifts from 1007 crd on the silver surface to 1012
and 1017 cm! for pyridine on gold and copper surfaces,
respectively, whereas for the transition metals the frequency of
the v, band changed from 1001 crhon Pd to 1015 cmt on
L L L ! L L Pt. Besides the difference in frequency, they also observed

InAs/GaAs QDs S

kcxc=5 14.5 nm

1045

Scattering Intensity (a.u.)

660 770 880 990 1100 1210 different relative intensities from some bands depending on the
wavenumbers/cm’ different metals and attributed these features to the different
Figure 1. SERS spectrum of pyridine adsorbed on InAs/GaAs quantum Orientation on the different surfaces. Tiwg band is very strong
dots nanostructure. for free pyridine and also at the silver surface. However, it is

very weak at gold and copper and has almost vanished at the

the semiconductor nanostructure originate from pyridine mol- pt surface. Feilchenfeld et #.also observed changes in the
ecules adsorbed on it, and | was able to see them because thejtequency positions for pyridine adsorbed on rhodium films
are enhanced from the SERS effect. deposited on silver electrodes. They observed intensand

Details of band positions and tentative assignments are y,, vibrational modes at 1020 and 1046 Threspectively. It
tabulated in Table 1, together with my Raman data of liquid is clear from these studies that both the frequencies and relative
pyridine. The notation of Wilson is followe#.Literature data  intensities of SERS spectra can vary considerably with the nature
for SERS spectra of pyridine adsorbed on various systems areof the substrate.
also reported. In the SERS spectrum from InAs/GaAs quantum dots reported

From the spectral positions of the observed features, | canin Figure 1, the two prominent bands at 1010 and 1045%cm
affirm that there is only a monolayer of pyridine adsorbed on may be assigned to the symmetric ring-breathing vibration
the semiconductor nanostructure. As a matter of fact, vibrational modes v, and v1, of adsorbed pyridine, respectively. The
energies of surface pyridine are generally shifted to higher valuesyibrational frequency of the; mode slightly shifts with respect
with respect to corresponding vibrations from “bulk” pyridine, to that of pyridine adsorbed on silver surface. The band
i.e., pyridine in the second and consecutive layers. frequency for ther;, mode at 1045 crrit is higher than that on

To ascribe the SERS spectrum of pyridine adsorbed on InAs/ the silver and gold surface, at 1036 and 1038 trespectively,
GaAs quantum dots to an appropriate form of adsorbed pyridine, but is almost that of thesy, vibrational mode of pyridine
| compared this spectrum with the SERS spectra of pyridine adsorbed on the rhodiumsilver systen?> Therefore, these
adsorbed on various metal surfaces prepared by various methodsrequency shifts are reasonably attributable to the substantially
reported in the literature. A comparison with the SERS spectra different behavior of adsorbed pyridine on the different solid
of pyridine adsorbed on silver surface, which is the most studied syrfaces.
SERS system, shows that this spectrum is quite similar to these |t should be noted that between the two strongest peaks there
spectra. In the SERS spectrum of pyridine adsorbed on Ag js another intense one at 1032 tinl can associate this peak
surface, the strongest bands, assigned to ring-breathing vibrayyith the 1025 cm? band that has sometimes been detected on
tions, appear at 1010{) and 1036 ¢12) cm™*. Sometimes for  pyridine adsorbed on silver electrode surface, shifted to higher
pyridine molecules adsorbed on silver electrode immersed in energy by 7 cmt with respect to the silver surface. For the Ag

aqueous electrolytic solution an additional Raman band appearsg|ectrode, this band is associated with pyridine coordinated to

Raman spectrum of free pyridine, is still uncertain. It appeared

in some reports and was not observed in others. of a lone pair of electrons on the nitrogen atom. The surface of

Fleishmann et &' observed this band in neutral solution and  ihe InAs/GaAs quantum dots nanostructure is probably an
suggested that it is associated with pyridine coordinated to the gsenjc-stabilized surface (As-rich condition). Therefore, | can
Ag electrode through the nitrogen atom. Many investigations
have been performed in acid solution, and it has been proposed22) Kudelski, A.; Grochala, W.; Janik-Czachor, M.; Bukowska, J.; Szummer,

)
i i idini i idini i A.; Dolata M.J. Raman Spectros@998 29, 431-435.

that this band is due to pyridinium ion or pyridinium chloride (23) Tian Z . Gao, ). S L1 X. Q.- Ren. B.: Huang, 0. J.: Cai, W. B. Liu,

F. M.; Mao, B. W.J. Raman Spectros&@99§ 29, 703—-711.

)

)

Pyridine is a strong electron donor because of the existence

(20) Long, D. A.; Murfin, F. S.; Thomas, E. [Trans. Faraday Sacl963 59, (24) Wu, D. Y.; Ren, B.; Jiang, Y. X.; Xu, X.; Tian, Z. @. Phys. Chem. A
12. 2002 106, 9042-9052.
(21) Fleischmann, M.; Hendra, P. J.; McQuillan, AChem. Phys. Lettl974 (25) Feilchenfeld, H.; Gao, X.; Weaver, M. Chem. Phys. Lett1989 161,

26, 163-166. 321-326.
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Table 1. Vibrations of Pyridine (Py) in Various Systems (in wavenumbers/cm~1)

SERS from SERS SERS SERS SERS SERS SERS SERS
liquid InAs/GaAs from Ag from Ag from from from from from
mode? Py® Quantum-Dots® electrode? filme Auf Cu? pth Ag/Rhi Cu,0'
Vea 605 627 625 642 646
Veb 652 658 654
VY11 700 724
V1 991 1010 1006 1010 1012 1017 1015 1020 1005
1032 1025 1024
V12 1029 1045 1034 1036 1038 1042 1046

a Assignments, after ref 2®. Liquid pyridine, my measurements.Py on InAs/GaAs quantum dots, my measuremehtBy on Ag electrode, after ref
21.© Py on Ag film in UHV, after refs 26 and 27. Py on Au electrodes, after refs 23 and 24Py on Cu electrodes, after refs 23 and 24Py on Pt
electrodes, after refs 23 and 24Py on Ag electrode modified by rhodium film, after ref 25Py on CwO hydrosol, after ref 22.

suppose that when pyridine molecules adsorb on ouf\ll sorbed molecules directly under the same condition, taking
nanostructure, their electrons are very likely trapped by the advantage of the presence of an internal standard. For this
electron-deficient atoms of arsenic. | suggest that the relatively purpose, | immersed the quantum dots sample in liquid pyridine,
intense band at 1032 crhshould be attributed to the chemi-  trying to keep the liquid level at the thickness of the collection
sorbed pyridine that is formed by coordination of the lone pair volume. In the confocal configuration, the laser is focused on
electrons of the N atom of pyridine to the semiconductor surface. the sample with a microscope objective. Only signals from the
Recently, Cho et & investigated the adsorption of pyridine  volume very close to the focal point can be focused and reach
onto the Ge (100) surface by means of STM studies. They alsothe detector. As a matter of fact, the confocal Raman microscope
found that pyridine molecules adsorb onto this semiconductor defines in a precise way the volume from which the light is
surface via the formation of GeN bonds through a Lewis acid-  collected. A confocal system rejects out-of-focus light and off-
based reaction. axis light efficiently outside the sampling volume, and thus the

To ensure that the above features in the spectrum of InAs/ detected intensity falls rapidly as the system is defocused. The
GaAs quantum dots are due to the SERS effect, | measured thaateral resolution together with the axial resolving power, or
Raman spectrum of bare GaAs and InAs samples after immer-depth of focus, determines the analyzed volume. The lateral
sion in pyridine and consecutive sonication. These spectra didresolution is essentially determined by the diameter of the laser
not show any peaks except the characteristic ones from thepeam spot at 1%e The axial resolution is usually defined as the
semiconductor phonons, indicating that the Raman scatteringfy|| width at half-maximum intensity. In the confocal experi-
from pyridine adsorbed on the quantum dots structure is surface-mental condition used, | can assume a lateral resolution ca. 10
enhanced. However, only an extremely careful quantitative um and a depth of the focus caun.
evaluation of the surface enhancement of the Raman scattering
allows us to safely determine whether an observed weak Ramanfr
signal is surface-enhanced.

3.2 Evaluation of the Surface Enhancement FactorTo
evaluate how strong the SERS effect is in the quantum dot

structures, | have to estimate the surface enhancement fact0|];rom the phonon peaks of the semiconductor compared to that

(Er). Namely, | have to compare the intensity of Raman observed from the sample outside the pyridine. Decreasing the
scattering from molecules adsorbed on the nanostructure surfac? . . . ]
iquid level, | measured an increase of the semiconductor signal

to the intensity expected from the same number of nonadsorbed -
molecules. and almost the same counts from pyridine. Then, | slowly

. . removed the liquid until | measured for the semiconductor
The surface-enhancement factor can be defined as: . .
almost the same counts obtained from the sample outside the
_ _ liquid pyridine. | can suppose that in this condition the incident
E- = (I, /Ne i)/ (50 Neroo) = (Isf| N, . /N 1
F = (surfNourd/(ledNiree) = (st lre) NiredNsurd) - (1) laser radiation was just at the semiconductor surface. Therefore,
it is reasonable to assume the pyridine liquid level equal to the
thickness of the collection volume, i.e.,m. All pyridine

With a thick pyridine liquid level | only observed the signal
om pyridine. | can presume that in this case in the collection
volume there is just the solution. At lower level, | measured
the semiconductor signal as well as that from pyridine. | have
to point out that in this condition | measured a lower signal

wherelgee andlsys are the experimental integrated intensities
of the same band for free and adsorbed molecules, respectively, _ . .
andNsee andNsgs are the number of free and adsorbed molecules molecules W't_h'n the golle(?tlon volume contributeNge. | am .
taking part in the scattering process, respectively. Thus, the aware that this tgchnlque IS nc_)t_ very acc'urate, but | WOF"O! like
determination of th& requires that the spectra from adsorbed to point out that in these conditions _I estimate a lower limit of
and free molecules be measured under identical conditions, 'Nree Therefore, atworst, | underestimate the surface enhance-
To obtain a quantitative evaluation of the surface enhance- Ment factor Ee).
ment factor, | performed a separate Raman experiment on the The measured Raman spectrum in the range from 200 to 800
guantum dots structure in such a way that | was able to measurecm ! is shown in Figure 2. In this wavenumber region, |
the number and the band intensities of adsorbed and nonad-Observed features characteristic of the semiconductor nano-
structure as well as the pyridine molecules. The peak at 288
(26) yamada, H.; Yamamoto, YSurf. Sci.1983 134, 71-90. cm~tis due to the semiconductor quantum dots nanostructure;

(27) Yamada, H. IrRaman Spectroscopy: Sixty Years on Vibrational Spectra . R . . L
and Structure Bist, H. D., During, J. R., Sullivan, J. F., Eds.; Elsevier  this band can be assigned to the GaAs longitudinal optical (LO)

Science: Amsterdam, 1989; pp 39406.
(28) Cho, Y. E.; Maeng, J. Y. Kim, S.; Hong $. Am. Chem. So@003 125 phonon mode. The peaks at 403, 601, 650, and 704 can
7514-7515. be clearly assigned to pyridine bands; this Raman signal contains
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InAs/GaAs QDs immersed in Py surface to the_ideally smooth s_urface, is almos_t 1. 'I_'he evaluation
of Nsuf, carried out assuming the approximation for one
monolayer adsorption, is 2.5 10°.

Taking advantage of the presence of the internal standard, |
was able to evaluate the scattering volume. According to my
previous assumptions, using the GaAs LO intensity as internal
standard | estimated the pyridine liquid thickness equal to the
GaAs thickness of the collection liquid volume, i.e.ufin. As reported

2 above, | would like to reiterate that with this assumption |
underestimate the number of nonadsorbed molecules. Since all
pyridine molecules within the illuminated liquid volume con-
tribute to Niee | determined that the effectively illuminated
number of pyridine molecules in this experiment is<610™.
Thus, the enhancement factég is estimated to be £0

This nominal enhancement factor is estimated, as usual, for
a monolayer of adsorbed pyridine. From the frequency shift of
the vibrational lines | concluded that there is only a monolayer

1 1 1 1 1 of adsorbed material. On the other hand, the observed signal is
200 300 400 500 600 700 800 mostly likely from a monolayer since the samples were washed
wavenumbers/cm’' in acetonitrile and sonicated and then examined in air. |
Figure 2. Raman spectrum of InAs/GaAs quantum dots nanostructure emphasize that this surface enhancement factor of the order of
immersed in liquid pyridine. 103 is large, and it definitely indicates the existence of the SERS

o - effect on this [IV quantum dots structure.
contributions from pyridine molecules free and adsorbed on the Despi h ical | o full und
semiconductor. It is likely that this signal comes almost espite numerous theoretical investigations, a full under-

completely from the liquid pyridine rather than the adsorbed standing of SERS is still lacking. Several possible _m_echanisms
molecules because the peak frequencies agree very well WithOf enhancement have been proposed. However, it is generally

those obtained from the Raman spectrum of liquid pyridine and accepted that two main mechanlgms contribute to the surface
the peak intensities are strongly increased with respected to thoséenhancgment: .the electromagnetic and the charge transfer.
of pyridine adsorbed on the quantum dots structure. The first attributes the ephancement to surface. pl'asmon
To summarize, a comparison with the surface-enhanced 'ésonances of _the metz_al, which enha_nce local electrl_c fields at
Raman spectrum of pyridine presented in Figure 1 shows thatthe sn_Jrfape. This effect is usually considered the most important,
in this unenhanced Raman spectrum the pyridine bands shiftcontributing about 19 of the total observed enhancement
and increase strongly in intensity, while the Raman signal of (commonly described as around®j@nd is often called the
the semiconductor nanostructure remains almost unchanged. Physical effect, since all that is required is that the molecules
The surface enhancement of the Raman scattering can bere physisorbed at or near the surface. The second mechanism
expressed by the surface enhancement fagtoAccording to assumes that the incident photons cause a _resonant chgrge
eq 1,E- depends on the integrated intensities of the same bangdtransfer _b_etween the metal and the adsorbate_ with the formation
for adsorbed and nonadsorbed molecules as well as on thePf Specific adsorbatemetal complexes. This produces an
number of these molecules. To estimate the surface enhancemerficréase in the polarizability and then in the Raman scattering
factor, | used the experimental scattering intensities ofvtige cross section of adsorbed species. However, applications of the
vibration mode of pyridine. The peak position of this mode for charge-transfer theory usually can account only for about 10
the adsorbed molecule is at 658 Th(SERS spectrum in Figure ~ 100 of the observed enhancement factor.
1), whereas for the free molecule it is at 650 érfunenhanced Enormous enhancements with the surface enhancement factor
Raman spectrum in Figure 2). The SERS and Raman intensitiesUp to 16 have been reported in single molecule studies.

of this band are related to an internal standard, such as the 28gRecently, huge surface enhancement factors have been observed
cm™! band from the quantum dot nanostructure. For the by Van Duyne et af? on nanostructured metallic substrates and

650

)»HC:S 14.5 nm

(LO)

403

288
704

experimenta] integrated intensities | measu"eﬂt/qfree) =4 x by Gupta et af® on tunable gO'd films with an enhancement

102 factor on the order of 0and 16, respectively. These SERS
Moreover, the determination of th&- requires knowledge =~ €nhancements are mainly due to the optical properties of the

of the number of adsorbed\N{,) and nonadsorbedNfee) metallic substrates that support surface plasmon excitation in

molecules effectively excited by the laser beam, namely, the the visible light region. Although the SERS observed signal
molecules taking part in the scattering process. For this purposewould imply an enhancement factor of the order of,libe

| have to estimate the scattering surface and volume. From theobserved SERS spectra must be caused mainly by some other
AFM images of the quantum dot sample | know the diameter, effect than the surface plasmon polaritons effect. This is because
the height, and the interdistance of the InAs islands. By meansfor Ill =V semiconductors the surface plasmon excitation
of these values as well as of the spot laser diameter, | calculated€sonance does not occur in the visible region but in the infrared,
a scattering area of 10 cn?. | would like to point out that this and therefore it is far from the used excitation wavelength.
area is only 5% larger than the scattering area for a flat
semiconductor surface. In fact, in the sample the surface (29 Haynes, C. L Van Duyne, R. B. Phys. Chem. 2003 107, 7426~
roughness factor, defined as the area ratio of the real rough(30) Gupta, R.; Weimar, W. AChem. Phys. LetR003 374, 302—306.
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To understand the origin of the surface Raman enhancementof magnitude and obtained an extremely high sensitivity to probe
in the semiconductor nanostructures, | have to consider thesurfaces and interfaces. In the SERS spectrum a new band was
electronic properties of these kinds of surfaces and interfaces.detected, probably due to the interaction of pyridine with the

Since pyridine molecules observed in our SERS experimentssemiconductor atoms via its nitrogen lone-pair electrons. The
adsorb strongly onto the quantum dots structure, a chemical observation of this band indicates a strong interaction between
enhancement could make an important contribution. As a matterthe adsorbed molecules and the semiconductor atoms. | observed
of fact, the appearance of the relatively intense band at 1032an enormously enhanced Raman cross section compared to the
cm ! ascribed to formation of Lewis acid bonds between intensity expected from the same number of nonadsorbed
pyridine and the semiconductor surface indicates that the molecules. This suggests that it is possible to study adsorption
molecule is chemically bonded to the surface. and reactions of molecules on the surfaces of Ulsemicon-

Pyridine is a strong electron donor, and the lone pair of ductor quantum dots by means of SERS spectroscopy.
electrons on the nitrogen atom enables various interactions with 1. \vork is important from the SERS point of view because
surface atoms. The surface of the INAs/GaAs quantum dots s gy that semiconductor quantum dot structures are capable
nanostructure is probably an arsenic-stabilized surface. | may o supporting SERS. It is also important from the semiconduc-

postulate that when pyridine molecules adsorb on the electron-tor,S point of view since it shows that SERS investigation of

deficient atoms of arsenic, these atoms on the Semlconducmrsurfaces and interfaces can be an important contribution to the

surface actas electron acceptors and combine to electror_1 don_orsanalysis of semiconductor devices. Quantum dots are possible
Therefore, drawing from the charge transfer theory, in this

. building blocks for novel nanodevices. The performance of these
semiconductor nanostructure the charge transfer can take plac%levices depends critically on the properties of the surface and

between filled adsorbate levels and empty semiconductor levels.. . .
. . . Jinterface features. It is therefore of interest to explore spectro-
It is clear that considerably more research must be carried copic means of determining these properties. The successful
out to explain adequately the enhancement mechanism for SER b g prop '

. . g . . ERS measurements on these semiconductor quantum dots
in semiconductor materials, which may be different from that suggest that SERS is a promising techniaue to investigate the
of noble and transition metals. Thus, for a complete understand- 99 P 9 q g

ing of the SERS mechanism on semiconductors, theoreticalmtegraﬂon of organic, inorganic, and biological nanostructures

studies as well as further experiments are required. | hope thatt0 build novel functional systems.
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This work is the first report on the SERS effect from
molecules adsorbed on HV semiconductor quantum dots.
Until now, SERS experiments have been essentially restricted
to adsorbates on rough metallic surfaces. Utilizing SERS
spectroscopy, | improved the Raman signal by several ordersJA031640F
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