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ABSTRACT

Sn0;, nanoribbons with exposed (1 0 1) and (0 1 0) surfaces have recently been demonstrated to be highly effective NO, sensors even at room
temperature. The sensing mechanism is examined here through first principles density functional theory (DFT) calculations. We show that the
most stable adsorbed species involve an unexpected NO3; group doubly bonded to Sn centers. Significant electron transfer to the adatoms
explains an orders-of-magnitude drop in electrical conductance. X-ray absorption spectroscopy indicates predominantly NO; species on the
surface, and computed binding energies are consistent with adsorbate stability up to 700 K. Nanoribbon responses to O, and CO sensing are
also investigated.

The field of nanotechnology continues to advance at a and (0 1 0) rutile planes as surface facets along the growth
breathtaking pace, propelled by the discovery of new axis, with dimensions ranging from 8@20 nmx 10-30
materials, new devices, and new phenomena. Metal oxidenm. Rutile Sn@ is a wide band gap (3.6 eW)-doped
nanoribbon materials systems, particularly those synthesizedsemiconductor with the intrinsic carrier density determined
from inexpensive SnPand ZnO'~® have been of great Dby the deviation from stoichiometry, primarily in the form
current interest because of potential applications as chemicalof oxygen vacancies.

sensors for pollutant gas species and biomolecufeshe In this letter, we have carried out a first principles DFT

use of single-crystalline Snanoribbons as N£sensing  nyestigation of the adsorption process of N the exposed
devices was recently demonstrated at room temperétare, (1 07) and (0 1 0) surfaces as well as the edge atoms of a
which the electrical conductance was found to decrease bySnQ nanoribbon. The DFT code that was used was
orders of magnitude upon NCadsorption. Such single-  pyjo3920 in which each electronic wave function is

crystalline nanowire sensing elements have several advan<y,anded in a localized atom-centered basis set defined on
tages over conventional thin film oxide sensors: low , nmerical grid. We performed all-electron calculatiéns
operatlng tem_peratur.es, no ill-defined coarse-grain bound—With a double numeric polarized (DNP) basis set and the
aries, and a high active surface-to-volume ratio. _ gradient-corrected PBE function@l Nanoribbon surfaces
The experimental nanoribbons were synthesized using ayere represented in periodic supercells, and accurate Bril-

novell aPproaCh bgsed on a_3|mple thermal_-deposﬂmn PO 1ouin zone integration was performed via careful sampling
cesst Field-emission scanning electron microscopy (FE- of k points chosen according to the MonkherBack

tShEM_)bgnd trzinsmlssmn elE.CtL?n mlc:oipopy tr_(leve?ledt tha.tschemé4 with a k-point spacing of 0.1 AL To estimate

2e " O?S (1) ]E)ogsess at Igl y cryst?ﬂJnoelrSdlle st.ruc.ure, charge transfer to adatoms, we computed partial charge on

(2) grow tens of MiCrometers iong in rection; each atom using the Mulliken population analySis.

(3) display a uniform quasi-rectangular cross section per- )

pendicular to the growth direction: and (4) presentthe (L0 1 N bulk rutile SnQ, the Sn atoms are octahedrally
coordinated with six O neighbors, and each O atom is a

* Corresponding author. E-mail: amaiti@accelrys.com. 3-fold bridge between neighboring Sn centers. At both the
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Table 1. Binding Energy and Charge Transfer for Various
Adatom Configurations on Defect-Free (1 § {0 1 0), and
Edges of an SnPNanoribbor

adatom binding energy® net charge

surface structure (kcal/mol) transfer (el)
(101) [O]° 1.4 0.00
[COl2,sn0 12.9 +0.10
[NO2]1 11.2 -0.17
[NO2]2 13.8 -0.17
[NO2]2,sn,0 2.8 +0.05
[NOs]1 14.3 —0.30
[NO3]2 25.5 -0.41
(010) [NO2]1 6.5 0.03
[NO2]2 9.7 0.02
[NOs]s 9.4 -0.24
[NOs]> 10.8 —0.30
edge (3-bonded) [NO:]2.1 17.1 -0.41
[NOs]2.1 29.3 —0.48
edge (4-bonded) [NO2]21 18.6 -0.34
[NOs]2,1 31.6 —0.48

a Bonding geometries of various structures are graphically illustrated in
Figure 2.° Binding energies of all [Ng] structures are defined with regard
to an NQ radical.¢ Spin triplet.

CO on (1 0 ). Oxygen forms a weakly bond&gphysisorbed
structure [Q] in a spin-triplet configuration with the O atoms
symmetrically on top of neighboring Sn atoms. More
importantly, there is no charge transfer between the oxygen
molecule and the surface. Thus, in the absence of structural
© defects (e.g., surface O vacancies), atmosphesishould

. ) . . not affect the sensor performance of Sn@anoribbons.
Figure 1. Simulation supercells representing exposed surfaces of However, the C atom of CO forms two single bonds to the
a SnQ nanoribbon: (a) (1 0)surface; (b) (0 1 0) surface; and (c) ' =
nanoribbon edge. For clarity, the periodic cell is not shown in ¢, Surface-one to a surface Sn and a second to a bridging O
and the interior atoms are represented by polyhedra. Surface atom®n the surfacewhile retaining a double bond to its own O
in a and b and edge atoms in ¢ are shown in ball representation.atom. The resulting [CQkno Structure (Figure 2) has a
Yellow (larger) balls and red (smaller) balis represent Sn and O inging energy of~13 kcal/mol. There is a net transfer of
atoms, respectively. Snand Sf are neighboring Sn atoms 0.1 electron from the CO to the nanoribbon surface, which
connected with a bridging O and are used in Figure 2 to describe ~: ) g ) - ’
bonding configurations of adatoms schematically. should lead to aimcreasein nanoribbon electrical conduc-

tance, in agreement with recent experimental observations.

bridges connecting neighboring surface Sn atoms (Figure 1a The adsorption of N@offers a more complicated scenario.
and b). Both surfaces were represented by three layers ofOn defect-free (1 0Ylor (0 1 0) surface, it can either form
Sn, each layer sandwiched between two O layers. The bottoman [NGQ,]; structure single bonded to a Sn or a bidentate
SnG layer was fixed to simulate the presence of several [NO], structure with single bonds to neighboring Sn at$ms
bulklike layers in the actual sample. To reduce the interaction (Figure 2). On comparing [N&structures on (1 0)lversus
with periodic images, the surface unit cell was doubled in those on (0 1 0), we find that (i) the binding energies are
the direction of the smaller surface lattice constant, and a higher on the (1 0)lsurface by 45 kcal/mol; (ii) bidentate
vacuum of 15 A was placed normal to the surface. To structure [NQ], is more stable than the single bonded O
simulate nanoribbon edges (i.e., lines of intersection of (L 0 1 structure by 2-3 kcal/mol2! and (iii) there is significant
and (0 1 0) planes), a structure such as that shown in Figureelectron transfer from the nanoribbon to the [i€tructures
1c was embedded in a periodic supercell with the smalleston (1 0 9 but charge transfer is very small on (0 1220n
repeat period (5.71 A) along the length of the ribbon and a each surface, the [N} structure is only 2.63.2 kcal/mol
vacuum of 15 A normal to both the (1 ( $urface y axis) more stable than the [N structure. Thus, even at room
and the (0 1 0) surfacex (@xis). At the nanoribbon edges, temperature, [N@), should readily be able to break one of
the Sn atoms can be either 3-fold- or 4-fold-coordinated the bonds, and the resulting [N]o should rotate and re-
(Figure 1c). bond to a different neighboring Sn. The above process

Table 1 summarizes the computed binding energy and constitutes a “step” in a random walk by Nen the surface.
charge transfer for all important adatom structures resulting On both surfaces, the random walk should occur along well-
from NO, adsorption on defect-free (1 0) &nd (0 1 0) defined rows of Sn atoms. Because the binding energies are
surfaces and the edg¥sin addition, the first two rows  lower on the (0 1 0) surface, mobility is expected to be higher
describe structures resulting from the adsorption pa@ad on this surface as well.
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Figure 2. Schematic representation of adatom structures listed in
Tables 1 and 2. Structure names follow the convention phe
single bond to a surface Sn; jwo single bonds, each to a different
(and neighboring) Sn atom; { §».o one bond to Sn and the other
to O; and [ },1, two single bonds, both to the same Sn atom (possible

only at edges). The first nine structures are considered in Table 1Inanor|bbons of SnPto NO, at 300 K. Traces *a’ and *b”
The last three structures occur at surface O vacancies and ar orrespond to two different nanoribbon samples. Included are the

considered in Table 2. In [N{.vao the Cidging comes from N@ correspopding spectra for }(M@nd KNQJ,.. The assignment of the
and fills a preexisting O vacancy. For visual clarity, only adatoms features in these spectra is discussed in refs 27 and 28.
and reacting Sn and bridging O atoms are shown. All calculations
were actually performed in periodic supercells of Figure-da

395 400 405 410 415 420 425
Photon Energy (eV)

Figure 3. N K-edge XANES spectra acquired after exposing

strongly bound structures. It is interesting that only the edges
can support structures such as [0 and [NG],, 5, bonded
The picture drastically changes, producing unexpectedto a single Sn site through two separate-€nhbonds.
chemistry, when a second N@s incident on an already To confirm the high stability of the [N€) species on Sn®
adsorbed [N@; either from the gas phase or through surface nanoribbons, we used X-ray absorption near-edge spectros-
diffusion in a manner described in the preceding paragraph.copy (XANES). Nitrogen K-edge XANES spectra (resolution
On (1 0 3, an oxygen atom spontaneously breaks away from ~0.5 eV) were recorded at beamline U7A of the National
the second N@and converts the preexisting [NJginto an Synchrotron Light Source at Brookhaven National Labora-
[NOg], structure with a much higher binding energy of 25.5 tory?”?8in the electron yield mode by using a channeltron
kcal/mol. The resulting NO molecule binds weakly to the multiplier near the sample surface. Figure 3 displays the
breakaway oxygen and can either desorb from the surfaceroom-temperature N K-edge spectra for two nanoribbon
or get incorporated at a neighboring Sn site not occupied by sample® alongside two common standards (KN®NO3).
another N@.2® By breaking an SrO bond, the [N@]. can It indicates the coexistence of N@nd NQ species on the
lead to an [NQ]: structure. However, unlike [N the surface of both nanoribbons. N@as clearly the dominant
difference between the bidentate and single-bonded;]NO component, with the relative amount of W@arying between
structures is much higher, 11.2 kcal/mol. Therefore, the 20 and 30%. Thermal heating to 400 K led to the desorption
[NO3] species is not expected to be mobile on the (1)0 1 of all of the adsorbed N§but a detectable coverage of BO
surface. The [NG@], structure also takes up a significant remained up to around 700 K, probably a consequence of
amount of charge from the surfacep.4 electrons, which  nitrate molecules bonded to the edges of the nanoribbons.
should lead to a significant drop in electrical conductance. Finally, the effects of surface oxygen vacancies (on the
On (0 1 0), the [N@; and [NQ). structures also take up (1 0 1) surface) were examined, as summarized in Table 2.
significant electronic charge from the surface. However, there Oxygen interacts strongly with a vacancy, forming a
are two major differences: (i) the binding energies are peroxide-bridge structure {3 voc Computed charge transfer
relatively much lower, especially for [N§R and (ii) the indicates that [G]2.vac Should lead to a significant drop in
difference in energy between [N[2 and [NGj]; is only 1.4 nanoribbon conductance, in agreement with recent experi-
kcal/mol, implying that the [Ng] species should be mobile  ments on ZnO nanowiré8.The binding strength of Noat
on the (0 1 0) surfac®. As compared to those on flat an O vacancy is also significantly higher than on a defect-
surfaces, charge transfer and binding energies for both][NO free surface because one of the NOxygens fills the
and [NG;] species are higher at the nanoribbon edges, with vacancy, thereby forming the [N vacStructure (Figure 2).
the 4-fold-coordinated edge atoms supporting slightly more However, NO can easily desorb from this geomelydorption
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(15) Szabo, A.; Ostlund, N. $1odern Quantum Chemistribover: New
York, 1996; p 151.

(16) If we terminate the surface at a dangling O layer such that all surface
Sn atoms remain octahedrally coordinated, then a pair of neighboring
dangling O atoms break away from their Sn neighbors and readily

Table 2. Binding Energy and Charge Transfer for Various
Adatoms at an Oxygen-Vacancy Site on the (1) ®Burface of
an SnQ Nanoribbori

adatom binding energy net charge form a spin-triplet @ molecule that is weakly physisorbed on the
structure (kcal/mol) transfer (el) top of the Sn atoms (structure {0n Table 1).

(17) To start with, all oxygen vacancfesre assumed to be in the bulk of
[Oz]2vac 38.5 —0.88 the oxide. However, the effect of surface O vacancies can be
[NO2]2,vac 41.45 —0.51 substantial and are considered later in the text.
[COl2vac 6.1 -0.10 (18) From previous experiené&we can estimate the accuracy of Dol

computed binding energies to be within 0.5 kcal/mol with the

parameter settings used in this work. Therefore, weak binding
energies, or small differences between binding energies, should be
treated with some error bars in mind. However, such an error bar is

~ 1.8 kcal/mol), thus leaving behind a defect-free surfice. not expected to change any of our main conclusions.
(19) Maiti, A.; Sierka, M.; Andzelm, J.; Golab, J.; SauerJ.JPhys. Chem

Compared to other adsorbates, CO has weaker binding to A 2000 104, 10932.

vacancies, and CO sensing should be dominated by its (20) NG, structures involving a bridging oxygen (e.g., [N&snd are
adsorption on flat surfaces. not very stable and do not involve large charge transfers.

(21) Because [Ng): and [NQ)], can readily convert into one another
without any significant atomic rearrangement, equilibrium statistics
at room temperature would predict almost all [MlGtructures to be
in the bidentate form. However, [NQ2 could potentially act as a
metastable structure, leading to a random walk ot Hthe surface.

(22) A net electron transfer from NQo the (0 1 0) surface should be

a See Figure 2 (bottom three structures) for a schematic descripfidre
desorption energy of NO (with O vacancy filled up)~l.8 kcal/mol.
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