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Evidence for surface reconstruction on InAs nanocrystals
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By means of photoelectron spectroscopy with synchrotron radiation we have studied the surfaces of colloi-
dally prepared InAs nanocrystals in the 30—60 A size range. We find evidence that specific surface states exist
for both In and As atoms and that the passivating trioctylphosphine ligands form chemical bonds with a
fraction of the surface In and As atoms. There is evidence for a significant amount of bond-length variation at
the nanocrystal surface.
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[. INTRODUCTION surface. This technique is ideal for acquiring a qualitative
understanding of the nanocrystal surface and has been used
Colloidally prepared semiconductor nanocrystals showy Winkler et al. to fully describe chemical bonding on
size dependant scaling laws for their optical, electronic, thernanocrystalline CdS surface$}*By recording In 41 and As
mal, and mechanical properti&s' For 11I-V nanocrystals 3d core-level spectra across a range of photon energies we
size effects are most striking in the size range of 20—60 Avary the surface sensitivity in our experiment so that varia-
and since a large number of atoms are either on or influenceéPns in the spectra may be identified with surface chemical
by the surface, knowledge of the structural and electroni@nvironments. These surface core-level shifts may be com-
properties of this surface is crucial for a complete descriptiorPared with those found for low index InAs clean surfaces so
of various nanocrystal properties. Modification of the surface2s to establish the nature of the surface chemical bonds. A
dramatically increases nanocrystal luminescence, whicomplimentary investigation records equivalent spectra for
combined with the band-gap size dependence is leading téifferent nanocrystal sizes. Variation of the surface to bulk
new technologies such as nanocrystal optical displaysatomic ratio in this way confirms the presence of genuine
lasers® and biological labelind. Surface modification may Surface core-level shifts. Conclusions on the degree of sur-
either involve oxidatiofior the growth of an epitaxial shell face disorder may be drawn from a large broadening of the
layer around the nanocrystaloth of which remove surface surface core-level components relative to the core-level com-
states that lie in the band gap. It would be useful to clarifyPonents associated with the interior atoms. Relatively broad
the chemical nature of these surface states in order to furth&tirface core-level shifted components are evidence for a
improve techniques of luminescence enhancement in nandarge degree of bond length and angle variation across the
crystal applications. surface when compared to the precise values for chemical
At present, very few studies on Ill-V nanocrystal surfacesPonds in the interior of the system.
exist. Hamadet al. interpreted the broadening of x-ray ap-
pearance near-edge structure spectra features as being due to
structural disorder allied to a bond-length variation, which is
caused by a surface relaxation similar to that found on the Core-level photoelectron spectra were recorded at beam-
lI-V (110 clean surface$Ref. 10. 3P nuclear magnetic line BW3 of the DORIS Il storage ring at HASYLAB in
resonance experiments found that the organic ligands hawgamburg. Size selected, trioctylphosphiff®©P) passivated
many distinct surface bonding environments most probablynAs nanocrystals were prepared by a standard methtid.
due to the different chemical environments associated witlis the phosphorous atom of the TOP molecule which bonds
different crystal planest This is because 11I-V nanocrystals to the nanocrystal surface. Size determination was done us-
are approximately spherical and so the surface comprisesiag TEM and optical absorbtion spectra confirmed that the
collection of low index planes meeting at complex line de-band gap scaled with nanocrystal size in agreement with Ref.
fects. Many established surface science techniques are nbb. Nanocrystals were deposited from solution on Au films
sensitive to the surface modification of the crystal structurén an N, atmosphere and transported to the experiment in
in nanocrystals. This is either due to lack of long-range ordesealed flasks. These samples were introduced, via a fast entry
for diffraction techniques or else due to the ligand coveragdoad lock, into the UHV chamber that was equipped with an
that would hinder probe microscopy in a surface structuraDmicron EA125 hemispherical electron spectrometer. A
study. Also, transmission electron microscdp¥M) images  plane grating Zeiss SX700 monochromator selected photons
of high resolutio? do not reveal any clear surface detail. in the 70—600 eV energy range and Ad @nd In 4 core-
In this work, we use photoelectron spectroscdpES level photoelectron spectra were thus recorded with kinetic
with synchrotron radiation to study InAs nanocrystals withenergies in the 40—550 eV range. The combined photon and
the aim of establishing which chemical bonds exist at theelectron spectrometer resolution were set to 200 meV for
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broadening of the various components are given below for
As 3d spectra recorded using a photon energy of 89.0 eV. At the
higher photon energies in all spectra this broadening in-
creases slightly due to an increase in the photon broadening
as mentioned above.

InAs Nanocrystal
Diameter = 43 + 3 A

hv =578.0 eV

431 532 533 534 535 536 537 538 539 IIl. RESULTS AND DISCUSSION

As 3d core-level spectra recorded from a film of nano-
crystals with a diameter of 433 A are shown in Fig. 1.
Through the photon energy range shown good data fits were
possible only with three components for each spectrum. The
Voigt component of highest kinetic energdy) is a well re-
solved spin-orbi{0.69 e\j split doublet while the two com-
ponents at lower kinetic energys{ and S,) are so much
broader that the spin-orbit splitting is unresolved. The Gauss-
ian widths are 0.60, 1.260.05, and 1.26:0.20 eV of these
Voigt functions, respectively, in the spectrum recorded at
89.0 eV. ComponentS; andS, increase in relative intensity
130 131 132 138 134 136 136 137 138 towards the lower photon energies as the photoelectron ki-
netic energy is tuned toward the maximum in surface sensi-
tivity. These components are, therefore, identified with atoms
hv=118.3 eV //J\ having a distinct surface environment in the nanocrystal and

the componenv¥ is due to As atoms in the interior of the

nanocrystal volume.
72 73 74 75 786 77 78 7o 80 That the As &l core level componentS; andS, in Fig. 1
are genuine surface core-level shifts is confirmed by data
recorded from nanocrystals of different sizes. Figure 2 shows
As 3d core-level spectra for nanocrystals of three different
diameters at both surface and volume sensitive photon ener-
gies. With increasing nanocrystal size the intensity of the
surface componentsS{ and S,) reduce in intensity with
. . respect to the volume componéntThis is simply due to the

Kinetic Energy (eV) decrease of the surface to volume ratio with increasing size

for any approximately spherical particle.

l_:IG. 1. A; 3 core-level photoemigsiop spectra recorded at The As componentS, is shifted by 0.22 eV to lower
various energies for nanocrystals#43 A in diameter. The sum of  inetic energy/higher binding energy with respect to the vol-
the Voigt functions reproduces the exp_erlmental data that are ShOWlfjme componeny. In clean surface studies such a shift has
as dots. Component is due to atoms in the volume of the nano- oa ggsociated with excess or bulklike As at the surface and
crystals and5,; ands; are surface core-level shifts. is similar although smaller in magnitude to surface core-level

shifts (SCLS'9 found for As trimers on the (111)
spectra recorded using photon energies below 200 eV. AbovB-(2X 2)I1I-V surfaces'®?! ComponentS, therefore might
this energy the resolution was allowed to decrease slighthype identified with a similar As-As bond derived surface
which allowed us to ensure a high count rate in recording thetructure present on the collection of low index planes and
data. This resolution decrease had a negligible effect on oysossibly at the line defects between them, which make up the
fitting accuracy. nanocrystal surface. An Asd3SCLS of similar broadening

Core-level spectra were fitted to the minimum number ofrelative to the volume componektand shifted to 0.10 eV
(spin-orbit spli} Voigt functions using a simplex optimiza- lower kinetic energy is observed in the initial stages of oxi-
tion routine after polynomial background subtraction. Spin-dation of a GaA&110) surface’® We include this possibility
orbit splitting values of 0.85 eV and 0.69 eV, respectively,here as the samples have been exposed to aiformin.
were used for all components in the In and As spectra evehut we cannot exclude As-As chemical bond already men-
when surface broadening was so large that this splitting wasoned. This oxidation dose is not extreme due to the ligand
unresolved. Values for the Lorentzian broadening of 0.15%rotection as judged from optical absorption data. On the
and 0.17 for In and As spectra, respectively, were also held110 surface the As 8 SCLS induced by oxidation is due to
fixed for all components during fitting but the branching ratiosurface As that prior to oxidation has ts&p® bonding or-
varied between 0.64 and 0.83 across the photon energyital configuration. The relevant SCLS is to thigher ki-
range, as expectéd!’ The fixed parameters used here are innetic energy side of the volume peak. These atoms are back
agreement with earlier photoemission studies on varioubonded to three cations in the layer below and have a filled
InAs (Refs. 18,19 or GaAs(Ref. 20,2) surfaces. Gaussian lone pair oriented normal to the surface. We assume here that

hv=176.4eV

Intensity (arb. units)

42 43 44 45 a6 47 48 49 50 51
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hv=118.3 eV As 3d hv = 483.3 eV

d=60£9A A 7 In_As Nanocrystal o In 4d
A £ Diameter =43 +3 A
hv =578.0 eV
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hv =483.3 eV
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FIG. 2. As 3 core-level spectra recorded at two photon ener-
gies for three different nanocrystal sizes. Intensity variations in the 65 66 67 68 69 70 71 72 73
Voigt components are found for changes in both photon energy anc

nanocrystal size. Kinetic Energy (eV)

if such a(110-like surface state exists in nanocrystals in  FIG. 3. In 4d core-level spectra recorded at photon energies also
solution it is removed by oxidation during the sample used to collect the As@data of Fig. 1.
transfer.

ComponentS, in these spectra is here associated withS1 andS,. The Gaussian broadening for these components
those surface As atoms bonded to the passivating organ@ye 0.65, 1.9¢0.10, and 1.6&0.10 eV, respectively, for
ligands TOP. The magnitude of this SCLS s large with somedata recorded at 89.0 eV. The photon energy dependence
uncertainty at 1.40.3 eV implying that a significant confirms, as for As @ above, that the lower kinetic energy
amount of charge is transferred from the surface As atom t§omponents originate from In atoms at the nanocrystal sur-
the P atom at the end of the ligand chain to which it isface. The extreme broadening of the SCLS’s is as pro-
bonded. Such an As atom may itself be back bonded to tweounced as for the Asd3core-level spectra but the magni-
or three In or possibly As atoms or a mixture of both. Manytudes of the shifts are larges; is at 0.44 eV to lower kinetic
bonding possibilities are certain to exist on a multifacetedenergy relative to the volume componéhands, is shifted
surface and this will in turn lead to a large broadening of thedy 2.4-0.1 eV.
surface core-level components as is observed here. This is ComponentS; is reminiscent(although with a slightly
discussed below for all core-level spectra in relation to surdarger shift in energy of-0.15 eV relative to componei)
face roughening in general. of the In 4d SCLS found for the INA$110) clean surfacé®

Photoelectron spectra of the Ind4core level for the It is also similar to a component in the Ga 3pectra of the
sample with nanocrystals of diameter43 A are shownin GaAs(100 (4% 2)-c(8%2) surfac€’ which was due to Ga
Fig. 3. In their decomposition into Voigt components thesedimers where both atoms were back bonded to two As atoms
are qualitatively similar to the As @& spectra described in the layer below. More recent work has shown that subsur-
above. We have fitted three components: a volume compdace group Il dimers are energetically more favorable on the
nentV where the spin-orbit splitting of 0.85 eV is again well group Il rich surface$®** but for comparison with nano-
resolved and two much broader surface components labeladtystal surfaces it is the hybridization of the surface atom
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bonding orbitals, which we wish to establish here. These The surface core-level shiftsS{) that we associate with
systems have similar local bonding, i.e., a plasyat hybrid- ~ As-P and In-P chemical bonds are large, 4343 eV and
ization for the bonding orbitafs and are each bonded to 2.4+0.1 eV, respectively. We can be certain from the size of
three surface atoms. A similar SCLS in Gd 8pectra from these shifts that they are not caused solely by charge transfer
the GaAs(311A was associated with surface deféftout ~ from the surface atoms to the TOP molecules. Such large
we favor the similarity with thé110) surface core-level shift core-level shifts give strong evidence for quite severe distor-
as this crystal face has the lowest surface energy and is pro§on of the crystal at the surface. To effectively lose valence
ably predominant among the crystal planes that make up th_%harge such that the core electrons have such increased bind-
nanocrystal surfack. We include also the likelihood of oxi- INg energy, the As and In atoms bonded to TOP should have
dation contributing to this component as we suggested fopeverely distorted bond lengths and bond angles in compari-

the As 3 core levels above: componeBt is similarly broad ~ SON 1o those of the volume atoms. Any oxidation may also
and shifted only to a slightly higher energy than the surfaceéffect the exact size of these energy shifts but we may at
oxidized component of GaA10).22 Prior to oxidation the least be sure that the binding of TOP to both In and As
surface Ga had thep? hybridization already described lend- C2Uses significant distortion in the chemical bonding at the

ing further weight to our description of the surface despiteSurface. We note also that this distortion may also be differ-
the effects of oxidation. We identify compone® in Fig. 3 ent for nanocrystals forming a thin film as opposed to those

with In-P bonds at the nanocrystal/TOP interface. in solution. o
We have therefore a description of the chemical bonds It should be noted that some degree of strain is expected

present at the InAs nanocrystal surface. To summarize, TOP the ligand-surface bonds in nanocrystals. This has been

ligands are bonded to both In and As surface atoms, surfaddVen as an explanation for thermally induced luminescence
In atoms exist withsp? hybridization and for As there is a quenching in CdSe nanocrystals where heating generates sur-

surface environment but our results cannot distinguish befac€ charge traps in the ligand-surface bottdsis the strain

tween As-As bonds and As-O bonds formeds3p® “lone in these bonds which make this process possible and we here

pair” surface As. As-As surface bonding was suggested b have evidence that for InAs nanocrystals a} si_milar stfmin
Baninet al.to account for size disparity when TEM and STs [erred from the large values of 8, SCLS'S in chemical
data were compar&ibut the Ass?p? surface state is favor- bonds exists at the surface. A related point is the discovery
able as it essentially receives the valence charge that is nefl@t zinc-blende nanocrystals have a dipole moment that
scales with the particle siZ€ The magnitude of this effect is

essarily surplus to the lisp? surface staté® This is the .
y P r strongly effected by the degree of surface reconstruttion

“electron counting” interpretation of stable I11-V surfacds @nd this is extreme for INAs nanocrystals as implied by the
and we believe it should apply here. In general, we hav€’ ;
PRl g size of the SCLS’s described above. These two phenomena

(110 plane is present on a significant part of the nanocrysta! @ dipole moment and thermally induced luminescence

surface quenching are explained by surface charging effects that

We have emphasized the extreme broadening of the sufould be made possible by the existence of an unusually

face core-level shifts. This is not exclusively due to inhomo-Strained surface crystal structure. These findings are consis-
geneous pinning of the Fermi level by defects at different€nt with what we have described here, that is, a large degree

surface sites. Such a process would broaden all core-lerIf 'surface strain in nanocrystals. Such stra'mlwe be!|eve IS
idenced by the extent of bond-length variation which we

components to the same degree but the volume core-levél i )
component is relatively sharp in all spectra. The pinning ef Propose to explain the broadening of the surface core-level

fect doesexist to the extent that the volume component isshifts. Surface structure and its relationship to charging of

broadenedby ~0.3 eV) relative to that found for clean the nanocrystal surface is an interesting study as it points

surface studies with similar experimental resolution. But th tqward a general description of the electronic properties of a
T{;lghly complex surface.

further broadening of the surface components is due main

to surface roughness. A similar effect was observed for the V. SUMMARY
interaction of S with the GaAs(114) surfacé® where sur- '
face shifted peaks for both Gad3and As 3 spectra had We have shown that core-level photoemission spectros-

Gaussian broadening two to three times larger than those abpy is useful in describing the nature of 11l-V nanocrystal
the bulk derived photopeaks despite the fact that scanningurfaces. TOP is bonded to surface In as would be expected
tunnel microscope images of the same surface revealed sorbat also to surface As atoms. We also see that there is a large
degree of crystalline order. The relative surface broadeningegree of structural disorder at the surface. In spite of this we
in photoemission for that system is of the same magnitude asan give a general description of which chemical bonds are
that observed here. We conclude that although there are @esent and show that the surface atoms exhibit bonding or-
large number of defects at the nanocrystal surface the forrhital rehybridization that is typical for all reconstructed semi-
of the chemical bonds present is qualitatively described. conductor surfaces.

245308-4



EVIDENCE FOR SURFACE RECONSTRUCTION ON IsA . .

*Corresponding author:  Electronic  address:
@mail.desy.de

IH. Weller, Angew. Chem. Int. Ed. EngB2, 41 (1993.

2A.P. Alivisatos, Scienc@71, 933(1996.

3L. Brus, in Nanotechnologyedited by G.L. Timp(AIP Press,
New York, 1999.

4P. Moriarty, Rep. Prog. Phy$4, 297 (2001).

5V. L. Colvin, M.C. Schlamp, and A.P. Alivisatos, Natufeon-
don) 370, 354(1994).

V. 1. Klimov, A.A. Mikhailovsky, Su Wu, A. Malko, J.A. Holling-
sworth, C.A. Leatherdale, H.-J. Eisler, and M.G. Bawendi, Sci-
ence290, 314(2000.

M. Bruchez, Jr., M. Moronne, P. Gin, S. Weiss, and A.P. Alivisa-
tos, Science81, 2013(1998.

8A.A. Guzelian, J.E.B. Katari, A.V. Kadavanich, U. Banin, K. Ha-

mad, E. Juban, A.P. Alivisatos, R.H. Wolters, C.C. Arnold, and J.

R. Heath, J. Phys. Cheri00, 7212(1996.
9Y.-W. Cao and U. Banin, Angew. Chem. Int. Ed. Eng8, 3692
(1999.

PHYSICAL REVIEW B 65 245308

mcginley’M.T. Sieger, T. Miller, and T.-C. Chiang, Phys. Rev. Let6,

2043(1995.

!8J.N. Andersen and U.O. Karlsson, Phys. ReviB 3844(1990.

19C.B.M. Andersson, U.OKarlsson, M. C. Hkansson, L.O. Ols-
son, L. llver, J. Kanski, and P.-O. Nilsson, Surf. S8#7, 199
(1996.

20G. Le Lay, D. Mao, A. Kahn, Y. Hwu, and G. Margaritondo, Phys.
Rev. B43, 14 301(199)).

213.M.C. Thornton, P. Weightman, D.A. Woolf, and C.J. Dun-
scombe, Phys. Rev. Bl, 14 459(1995.

22T, Miller and T.-C. Chiang, Phys. Rev. B9, 7034 (1984.

235 -H. Lee, W. Moritz, and M. Scheffler, Phys. Rev. L&, 3890
(2000.

C. Kumpf, D. Smilgies, E. Landemark, M. Nielsen, R.
Feidenhans’l, O. Bunk, J.H. Zeysing, Y. Su, R.L. Johnson, L.
Cao, J. Zegenhagen, B.O. Fimland, L.D. Marks, and D. Ellis,
Phys. Rev. B64, 075 307(2001).

25G.P. Srivistava, Rep. Prog. Phyg0, 561 (1997).

26p_ Moriarty, Y.-R. Ma, A.W. Dunn, P.H. Beton, M. Henini, C.

McGinley, E. McLoughlin, A.A. Cafolla, G. Hughes, S.

24

19K.S. Hamad, R. Roth, J. Rockenberger, T. van Buuren, and A.P. Downes, D. Teehan, and B. Murphy, Phys. Re\6® 15 397

Alivisatos, Phys. Rev. Let83, 3474(1999.

M. Tomaselli, J.L. Yarger, M. Bruchez, Jr., R.H. Havlin, D. de-
Graw, A. Pines, and A.P. Alivisatos, J. Phys. Chdrh0, 8861
(1999.

12y_.W. Cao and U. Banin, J. Am. Chem. Sod22 9692
(2000.

13y, winkler, D. Eich, Z.H. Chen, R. Fink, S.K. Kulkarni, and E.
Umbach, Chem. Phys. Let806, 95 (1999.

14y. Winkler, D. Eich, Z.H. Chen, R. Fink, S.K. Kulkarni, and E.
Umbach, Phys. Status Solidi /3 253(1999.

SA.A. Guzelian, U. Banin, A.V. Kadavanich, X. Peng, and A.P.
Alivisatos, Appl. Phys. Lett69, 1432(1996.

16G. Magaritondo, J.E. Rowe and S.B. Christman, Phys. Rei®,B
2850(1979.

(1997.

27y. Banin, Y. Cao, D. Katz, and O. Millo, Natur@ondon 400,
542(1999.

28C.B. Duke, Chem. Re6, 1237(1996.

29\.D. Pashley, Phys. Rev. B0, 10 481(1989; H.H. Farrell, J.P.
Harbison, and L.D. Peterson, J. Vac. Sci. Technol5,B1482
(1987).

30B. Murphy, P. Moriarty, L. Roberts, A.A. Cafolla, G. Hughes, L.
Koenders, and P. Bailey, Surf. S&17, 73 (1994).

31B.C. Hess, I.G. Ohrimenko, R.C. Davis, B.C. Stevens, Q.A.
Schulze, K.C. Wright, C.D. Bass, C.D. Evans, and S.L. Sum-
mers, Phys. Rev. Let86, 3132(2002).

32M. Shim and P. Guyot-Sionnest, J. Chem. PHyld, 6955(1999.

33E. Rabani, J. Chem. Phys15, 1493(2001).

245308-5



