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InP quantum dots: Electronic structure, surface effects, and the redshifted emission
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We present pseudopotential plane-wave electronic-structure calculations on InP quantum dots in an effort to
understand quantum confinement and surface effects and to identify the origin of the long-lived and redshifted
luminescence. We find that) unlike the case in small GaAs dots, the lowest unoccupied state of InP dots is
the I';.-derived direct state rather than tig.-derived indirect state andi) unlike the prediction ok-p
models, the highest occupied state in InP dots hassatyipe envelope function rather than (dipole-
forbidden 1pf envelope function. Thus explanatiofisand(ii) to the long-lived redshifted emission in terms
of an orbitally forbidden character can be excluded. Furtherntiirefully passivated InP dots have no surface
states in the gap. Howevdiy) removal of the anion-site passivation leadstP dangling bon¢(DB) state just
above the valence band, which will act as a trap for photogenerated holes. Sin{Narhgmoval of the
cation-site passivation leads to an In dangling-bond state below the conduction band. While the energy of the
In DB state depends only weakly on quantum size, its radiative lifetime increases with quantum size. The
calculated~300-meV redshift and the 18 times longer radiative lifetime relative to the dot-interior transition
for the 26-A dot with an In DB are in good agreement with the observations of full-luminescence experiments
for unetched InP dots. Yetyi) this type of redshift due to surface defect is inconsistent with that measured in
selectiveexcitation for HF-etched InP dotérii) The latter type of“resonant”) redshift is compatible with the
calculatedscreenedsinglet-triplet splitting in InP dots, suggesting that the slow emitting state seen in selective
excitation could be a triplet statES0163-18207)04428-7

. INTRODUCTION (i) the larger the size of the dot, the smalfer’ the redshift
As. These observations regarding the slow, redshifted
One of the interesting features of the spectroscopy ofmission can be cast phenomenologically in terms of a sche-
quantum dots is the almost universal occurrence of a redshifpatic energy-level diagram shown in Fig. 2, whége indi-
of the emission relative to the absorption. This was seen igates the ground statelectrons are not removed from va-
quantum dots of Sir® CdSe’°InP % 17and InGaAsRefs. lence statgs while the two excited electron-hole states
18 and 19 and exists irrespectively of the preparation meth-|Ers) and|Egp,) denote, respectively, the fast, high-energy
ods of the dots, whether it is based on colloidal chemistfy allowedstate and the slow, redshiftédrbiddenstate. Given
or on strain-induced dot formatidfi!® One obvious reason the almost universal existence of a slow, redshifted emission
for the redshift is the existence of a residual size distributiorin different semiconductor quantum dots, with a reduced red-
even in the best prepared dot samples: The larger dots in ghift as the dot becomes larger, many studies have aimed at
sample have lower band-edge enerdiesrizontal lines in identifying the origin and nature of the excited states
Fig. 1(a)], so if one excites a sample with sufficiently-high- |Esow) @nd|Essp. Four models have been suggested to ex-
energy photons above the band edge of the smallestadot plain the nature of the stat&gq,,)-
“global excitation” experiment; see Fig.(d)], the emission () Intrinsic, spin-forbidden stateln this hypothesis, the
will be redshifted because it results from the deexcitation ofelectron-hole exchange interactibt?®2! normally negli-
band edges aéll the dots in the sample. The correspondinggible in bulk semiconductors~1 meV) * is assumed to be
size-dependent “nonresonant Stokes shift}, s the dif-  sufficiently enhanced in small quantum structures so as to
ference between the lowest-energy peak in the absorptiosignificantly split the electron-hole state into a lower energy,
spectra and the emission pe@gee Fig. 1c)], is large spin-forbiddencomponentEg,) (€.9., triplet or quintuplet
[~100 meV in CdSe(Ref. 13 and ~200 meV for InP  and a higher-energyspin-allowedcomponent|Es) (€.9.,
(Refs. 16 and 1j7. It is possible, however, to eliminate much singled. The observed emission versus absorption redshift is
of the effect of size distribution by exciting selectively only then the exchange splittifgand the long lifetime of the
the largest dots in a sample, using sufficiently-low-energyemission from|Eg,,) to the singlet|g) is attributed to the
photons. Such a “selective excitation” experimefglso  spin-forbidden character ¢y, With respect to the ground
called “fluorescence line narrowingtFLN); see Fig. 1d)]  state|g). This model has been applied to explain the “red
gives the “resonant Stokes shif s, the energy difference emission” in porous Si by Calcotet al® It explains the
between the excitation line and the FLN emission peak;~10-meV redshift and the crossover from a long lifetime at
which reflects an intrinsic redshift of a given dot. Interest-low temperaturgemission from Eg,,)) to a short lifetime at
ingly, (i) this type of redshift is usually accompanied by anhigh temperature(where |E,) becomes also thermally
emission having a rather long lifetinfe.g.,~ 1 usec at 10 K populated. Martin et al?® calculated exchange splittings in
for CdSe(Ref. 10 and 0.5usec at 10 K for InARef. 19]  Si dots assuming a bulklike screened interaction and found
relative to that of conventional allowed bulk transition andthe splitting to be much smaller than the obsenieg,;
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FIG. 1. Schematic diagram illustrating how the basic spectroscopic information in quantum dots is obtained via absorption and emission

experiments(a) The excited energy levels of the dots present in a given sample form groups: the lowest-energfEggaueomprises

states that are largely forbidden to the ground sgteand emit slowly, while the higher-energy grolf.s) are normal allowed states. In

each group there are many states corresponding to dots with different sizes: the larger the dot, the lower its energy level ifba group.

Photoluminescence excitatidRLE) spectroscopy excites the sample continuously and monitors the emission intensity at a fixed detection

energyEe, which is normally taken as the lowest emission energy. The PLE spectrum thus reflects the absorption spectra of the optically

allowed states(c) The “global excitation spectroscopy” excites the sample at an energy above the absorptiqsablsizes present in

the sample are excitg@dnd the emission is monitored at all energies. The corresponding “nonresonant Stokeaghift.is the shift of

the emission peak with respect to the lowest absorption peak,.sreflects, among others, the inhomogeneous broadening. In “selective

excitation spectroscopylalso called “fluorescence line narrowindFLN)], one excites selectively the larger dots in the sample by placing

the excitation energy at the low-ener@grge-cluster side of the first PLE peak; the emission is thus narrowed considerably, often showing

also phonon side bands. The corresponding “resonant Stokes @hiftis the difference between the excitation energy and the peak of the

narrow emissionA 4 reflects mostly an intrinsic redshift of a given dot size.

— Eqow €Nergy splitting in selectively excited photolumines- nomenological exchange integrals and numerous parameters,
cence(PL). However, Takagahatacriticized the work of ~ shows that the lowest exciton state is spin forbidd&tark
Martin et al,?® showing that a more accurate description ofexciton” |Egp,)), While only higher-energy statég,) are
dielectric screening, using the screening constant3, pro-  allowed (“bright exciton”). Using a number of parameters,
duces an exchange splitting in agreement with experiment. Ahis model explained the observed resonant redshift as the
recent calculatioff of exchange splitting from accuratei-  splitting betweerEg,, and the lowesEg,g, while the non-
croscopicwave functions casts doubt, however, on previousresonant redshift is explained as the splitting between the
estimate¥?% of the exchange splittings based on envelope<center of gravity ofall dipole-allowed states arf,,. Re-
function calculations. A model including exchange splitting cent magnenc -field experiments were consistent with this
was also used recently by Efres al® to explain the spec- model®® A recent calculation by Richaret al?® showed,
troscopic results on CdSe dots. In this approach, the fouhowever, that the inclusion of six rather than four valence
highest(1sd-like) hole stategi.e., neglecting split-off band bands in thek-p Hamiltonian can produce in CdSe a sym-
of a spherical dot are allowed to couple with the two lowestmetry forbidden pf (rather than $d) hole stateeven with-
(1s-like) electron states to produce eight electron-hole exciout an exchange interactiofThus the|Eg,) to |g) transi-
tonic states. Ak-p calculation in this subspace, using phe- tion could bespatially forbidden, not spin forbidden.
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(), with diameterD <40 A and by Richarat al?® also for CdS
fast dots but aD <25 A (Fig. 3 in Ref. 25 and for InP dots at all
sizes(Fig. 5 in Ref. 25. Regrettably, in simplifiedk- p mod-
els, the order of the hole states is very sensitive to(th-
7y tingen parameters of the models and the level ordering can
.. lEsIow > easily be altered by rather small changes in _the empirical
N parameters. In cases where the envelope function of the hole
is 1pf-like, the |Egow)—|g) transition will be both red
shifted and slow.

(iv) Extrinsic surface statesSince the surface-to-volume
ratio increases rapidly as the dot size decreases, many
author$~1%14have sought an explanation to carrier dynam-
ics in dots in terms of trapping bgurface stategEgqy)-
However, a large surface-to-volume ratio implies important
surface effects only if the band-edge wave-functions “feel”

FIG. 2. Schematic illustration of the slow, redshifted PL from the surface, i.e., have a significant amplitude at the surface.
state|Eq,) relative to the fast PL from statgE(l)). The solid  In fact, pseudopotential calculations on passivated Si’tlots
arrow is used for the absorption and the dash arrow for the photoand wire$® show that the wave functions of band-edge states
luminescence. The broken solid arrow indicates the forbidden tranhave very little amplitude at the surface, just as the tradi-
sition. tional infinite barrier particle-in-a-box models have always

assumed. Howevesurface defect§ or self-trapped surface

(i) Intrinsic, orbitally forbidden conduction stateThe  excitons? could lead to surface states in the fundamental gap
lowest-energy electron-hole stdtg,,) could be dipole for-  (see below The evidence for thexistenceof surface defect
bidden to the ground state) if the single-particle electron states in dots is reasonably strong, but the evidence for their
component oflE,) is spatially forbiddenwith respect to  roles in carrier dynamicsis not conclusive. For example,
|g) due to the difference dBloch wave functionfor these  evidences for thexistenceof surface states include the de-
two states. For example, if the one-electron valence-bangkction of dangling bonds in porous Si via electron paramag-
maximum (VBM) is aT';5 -like state, but the one-electron netic resonanée®>*and the observation of a unique chemi-
conduction-band minimuniCBM) is an Xy.-like state, the cal shift in CdS(Ref. 34 and CdSe(Ref. 39 dots via
zero-phonon single-particlE;5,— X, transition dipole will  nuclear magnetic resonance. Recently, x-ray photoemission
be zero. Of course, multiband intervalley mixing due to theexperiments on colloidal CdSe ddtdetermined that the
finite size of dot can relax this strict condition somewhat,majority of the Se atoms at the dot surface are uncapped in
leading to a finite transition probabilitfong radiative life-  the as-prepared samples and that the Cd atoms are only par-
time). In general, anX,.-like CBM in a dot can occur as tially capped to the ligands because of the steric hindrance of
follows: In zinc-blende semiconductors, the effective masshe bulky ligands. Regarding the evidence for tiode of
of I' electrons is lighter than that of electrons, so as the surface states in carrier dynamics, we note that surface states
nanocrystallite becomes smaller, the conduction banBl at have been implicated in explaining the slowly emitting state
moves upward(due to kinetic-energy confinemenat a in porous SF=% including the deep IR emission at1 eV
greater rate than the conduction bancaiThus, if the bulk  with its ~130-meV redshift as well as the yellow-green
Xic state is not too much higher than thg. state, one emission at~1.8—-2.0 eV having a 1Qusec to 1 msec
expects to find anX,.-like CBM for a sufficiently small lifetime.® Similarly, the long radiative lifetimg¢~1 usec at
guantum dot. This direct-to-indirect crossover was recentlyl0 K (Refs. 7—10, 14, and 1band the small quantum yield
predicted to occur for free-standing and for AlAs-embeddecbf the emissiofY in 11-VI quantum dots have been explained
GaAs dots, wires, and filnfS. This effect of thel'— X CBM via surface traps. The emission at 850 (hw¥6 eV) in as-
crossover as size decreases is not expected to occur grown colloidal InP dots has also been attributed to a surface
“strongly direct” materials where th&; state is far higher state® since this state disappears upon HF etching. Bawendi
thanl";. in bulk (e.g., ZnS, ZnSe, and CdSén cases where and co-workers have recently revised their earlier viéw°
the crossover does occur, there is a natural explanation of thagtributing instead the slow, redshifted emission in CdSe to
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slow-emitting low-energyEy,,) State as being,-like. intrinsic spin-forbidden transition$*2 [i.e., mechanism(i)
(iii) Intrinsic, orbitally forbidden valence stateAnother  abovd rather than to extrinsic surface states.
scenario for orbitally forbidden transitions is where #re While the existing theoretical work$2%:227:38-4% the

velope functionsf the electron and hole states have differentspectra of isolated quantum dots were useful to understand
spatial symmetries. In spherical dots of zinc-blende materialthe possible reasons for the redshift, these investigations
experiencing an infinite potential barrier, the lowest electrorhave some limitations.

state has a 4 envelope-function symmetry, while according  (a) Most theoretical approaches assume a surfacéless

to a six-band model of Richaret al? the highest hole state infinite barrie) model, so surface states are excluded from
can be either the symmetry-allowedd or the symmetry- any discussion at the outset. Surfaceless model includes all
forbidden Ipf. For sufficiently small dots, thefdf state is effective-mass-based approachshe k-p theory325:39:40
the highest hole state, so the dipole transition element beand truncated crystafs.

tween this pf VBM and the I CBM is zero. This was (b) The tradition in the field seems to have been to select
predicted by Grigoryaret al?’ to be the case for CdS dots one out of at least four possible explanatiptis—(iv) above
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for the identity of the slow, redshifted emission in particular -
dots and model it in detail without comparing it to alternative 3V D v (r—Ry—7) (=&, (D)
explanations. For example, Efres al1® examined for CdSe Rn T
the effect(i) of an intrinsic, spin-forbidden state; Richard wherev (r—R,—7,) is the screened, nonlocal pseudopo-
et al® examined for a few semiconductor dots the efféitt  tential of the atom of type located at siter, in cell R, and
of an intrinsic, orbitally forbidden valence state, while ¢ is the single-particléorbital) energy. The atomic types
Grigoryanet al?” examined it for CdS; Garilenko, Vogl, and include the dot atoméin and P as well as the passivating,
Koch*? examined for Si the effediv) of surface states and hydrogenlike atoms attached to the surface atoms. Note that
Tsipef? offered a “universal explanation” that is indepen- EQ. (1) includes an atomistiénot continuum description of
dent of any feature of the electronic structure of the dots. the dot electronic structure and thus effective-mas& @

(c) Most theoretical approaches employ the parameterdpproximations are avoided.
that either lack independent verificati¢e.g., the scaled ex- ~ The screened nonlocal atomic pseudopotenfialg are
change splitting in Ref. 230r have a significant range of obtained*“*in a two-step procesgirst, we invert the self-
numerical uncertaintye.g., thek-p parameters in Ref. 25 consistently calculatefvia the local-density approximation

In many cases, unfortunately, the conclusions appear to H&-DA)] screenedcrystalline potential of a number of InP
sensitive to the parameter choices. structures (zinc-blende, rocksalt, angB-Sn to find the

In this work, we study the possible origins of the Iowest,“SpheriCal LDA" potential that reproduces LDA energies

. . . . . 'and wave functions extremely wellhen we make small
slow-emitting electronic states in InP quantum dots mCIUdmgadjustments to this potential so as to fit the bulk band struc-

the possibilities of surface effect and excitonic exchange "\ e experimentally measured bulk interband-
spl|tt.|r?g. We use a computational gpproach th"’.‘t includes a ansition energies, while preserving a large99%) over-
explicit dot surface. The electronic structure is calculate ap of the wave functions with the original LDA values.
both for the fully passivated surface as well as for dot surrpege semiempirical pseudopotentials thus combine LDA-
faces in which a cation surface dangling bond or an aniory 5jity wave functiongunlike the conventional “empirical
surface dangling bond is creatgd. We flnd the following.  pseudopotential method*8 with experimentally consis-

(@) The CBM of an InP dot iswot derived from theX;;  tent excitation energies, effective masses, and deformation
state even for small dots, so mode) can be excluded for potentials(unlike the LDA). These pseudopotentials are de-
InP. posited in a FTP sifé and are available for use. Further

(b) The symmetry of the envelope function of the VBM is details of the method to generate these pseudopotentials are
1sc-like (unlike what currentk-p model€® predic), so  provided in Ref. 45. Note that, since in our semiempirical
model (i) can be excluded also. pseudopotential methoa&EPM calculation the average po-

(c) Regarding the surface state modlelechanism(iv)], tential[i.e., theG=0 term of the Fourier transform,(G) of
we find thatpassivated dots have no surface states in thghe potential in Eq(1)] is explicitly included, all the energy
gap In fact, we predict that over a wide range of different levels obtained are “absolute” values in the sense that they
passivation species the band-edge states of the dots will Beave the same referen@ee., the vacuum potentialWe will

unchanged. thus plot individual energy levele.g., the VBM and CBM
(d) However, the selective elimination of passivating at-Versus dot size. _
oms producesurface defect statem near-conduction sur-  1he wave functionsj; are expanded in a set of plane

face defect level for an In dangling bond and a near-valencé&/@ves

surface defect level foa P dangling bond. Only the cation

dangling bond can be i_mplicated in observed redshifts. The t//i(r)=2 A(G)eC T, )

energy of the In dangling-bond surface defect has a weak G

dependence on size, but this state hybridizes with the intrin- ) ) .

sic band edges. Furthermore, the dipole matrix element Cou_fyhere.G.a_tre the reciprocal Iattlc.e vectors. Each dot is placed

pling it to the VBM decreases rapidly with the dot size. Thein @ fictitious “supercell” consisting of 6.4 A of vacuum

surface defect state could explain the rather low quanturgurrounding the dot. The supercells are repeated periodically

yield and the 1.46-eV emission pédkhat is eliminated SO that Eq(1) can _be solved using band-structure techniques.

upon etching. However, the calculated redshift versus excil he plane waves in E¢2) span both the dot and the vacuum

tation energy due to the surface defect is too large to explaifegion around it, so that the dot wave functions are not re-

the resonant redshift measured for the HF-etched InPdots.duired to vanish exactly at the surface, but can decay
(e) The exchange splitting was calculated using atomisticmoothly into the vacuum region. The kinetic-energy cutoff

wave functions. Its magnitude and scaling with the dot size&f plane-wave bas_es f(_)r_ the dot is the same as what us_ed to

are consistent with the observed resonant redéhiften the  9enerate the semiempirical pseudopotentials. The matrix el-

screening of exchange is considered. Thus mechafijsis ~ €ments ol ,(r) within the basig2) are calculated via accu-
an open possibility. rate numerical Fourier transforms.

We consider four InP dots with different sizes:
(InP)197, (INP)sg, (INP);45, and (INP};g7. The dots have
cubic shape_with the faces oriented along zinc-blende
InP (110, (110), and (001) directions. The dot-interior

The electronic structure of the dot was obtained by solv-atomic positions are taken to be bulklike. The surface atomic
ing the single-particle equation positions, including those of the passivating atoms, are

Il. METHOD OF CALCULATION
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TABLE I. Experimental and theoretical excitonic band gaps for 3.0 ; ; ; ,
InP dots of different sizes. The Coulomb corrections included in the
calculated excitonic gaps are given separately. -
Passivated InP dots
Calculated 25+
Dot diameter Measured  Calculated Coulomb S
R gap(eV)? gap(eV) correction(eV) %
13.83 2.95 -0.30 % 2.0 |
18.57 2.52 —-0.22 'c
20 253 2
26 2.38 i
26.01 212 -0.16 1.5 - 7
30 210 o Exptl.
35 204 s Calc.
38 1.96 1.0 . | , ,
40 1.87 10 20 30 40 50 60
42.87 1.78 —0.09 Effective dot diameter (36\)
44 1.89
50 1.77 FIG. 3. Calculated excitonic gaps for InP quantum dots with
54 1.68 different sizes. The experimentally measured val(Rsf. 16 are
also included in this figure for comparison. See Table | for numeri-
8Reference 16. cal values.

obtainedS by fitting the surface density states of tHat, compared with the absorption and photoluminescence data

chemically passivated InP surfac@sithout reconstruction ~ that were obtained for well-passivated dtftave have cor-
to the photoluminescence dédfaAssuming the same atomic rected the calculated smgle-partlcle band gap by the electron-
density as in the bulk, the effective dot diameters are givefio!e Coulomb energy using the formula of Ref. 53. It can be
by*® d=(a/2)NY3, wherea is the lattice constant of bulk InP seen frqm Fig. 3 that t_he agrgement between the theoretical
(5.83 A) andN is number of atoms in the dots. This gives the calculations and experiments is good.
effective sizes of 13.83, 18.57, 26.01, and 42.87 A for the Figure 4 shc_)ws.the wave-function squarésveraged
above four dots. The numbers of plane-wave basis function@/ong the{001] direction of the near-edge states of the fully
used in calculation are 31287, 52519, 102 733, andPassivated (InRy), dot (effective diameted = 26.01 A). we
315 969, respectively. see that these states can be characterized as ‘“dot-interior
Such ’huge Hamiltonian matrices cannot be solved by orstates” in that their wave functions are distributed mostly in
dinary diagonalization methods. We use instead the ito|gthe interior of the dot rather than at the surfaces. This agrees
spectrum methoc®® in which Hy= ey [i.e., Eq.(1)] is re-  With previous results on Si dof€,wires, and films® Thus
placed by H— €)%= (e— €,.)2¢ and e, is an arbitrary there are no surface states in the band gap of fully passi-
energy “pointer.” Since the lowest eigenvalue of the foldedyateFj InP dotsIn fact,_ the band-edge states remain dot-
spectrum is now the one closestdg; in the latter equation, mterlo_r-llke over a c0n3|d_erable range of passivating pse_udo-
we can obtain selectively the near-edge eigensolutions b otenngls. Th_u_s we predl_ct th"’.lt the band-edge states W'". be
placing the pointer near the VBM or CBM. We thus avoid ather insensitive to the identity of the passivating species
the computations needed to fintl the eigensolutions, so the (ur?_lehss theyhar(te) e>:jtrecrj’nely eleclzérgnegatlvz,be.gr.], oXygen, in
effort involved in the present solution scales linearly with the'Vhich case the band edges could be pinned by the passivant

number of atoms. Further details of the method and the use. The top portion of Table Il shows the squared dipole ma-

of the coniugate-gradient approach to solve the pertinerf elements calcula_ted for optical trgnsitions between the
equations érg give?n in Ref. 5p£> P VBM and the CBM in two fully passivated InP dots. We

Our method avoids the restricted variational flexibility of gf”wel n_ortr)n?;ilzeg theh values to Ithe VBMth CfBM tranT\iltion
tlght-blndlng approaChé§351 Unlike the kp based Ipole INDUlIK 1N with an equaent number of atoms. Note

methods:32539400ur approach includes a physical surface,that the radiative lifetime is inversely proportional to this

permits coupling of a large number of host crystal bands, anaquared matrix element: The larger the dipole element, the

circumvents the effective-mass parabolic band approxim "more allowed” the transition and the shorter its radiative
tion. This method has been applied previously to Si ifetime. We see that the near-edge transitions in passivated

nanostructure® to CdSe dot&? and to dots, wires, and InP dots are str.ongly.allgwed. Examination of the CBM
films of GaAs2® wave functions via projection onto bulk wave functions fur-
ther shows that the dot CBM is mostly derived from the
direct I';. band-edge state, not from the indiret{. state,
[ll. RESULTS AND DISCUSSIONS which is the case in small GaAs défsWe can thuexclude
(see the Introductiormechanisiii) (intrinsic, orbitally for-
bidden conduction stateand mechanisntiii) (intrinsic, or-
Table | and Fig. 3 show our calculated excitonic bandbitally forbidden valence stat®?)) as being inappropriate to
gaps of thdully passivatednP dots as a function of dot size, InP. The reason why a direct’(.) to indirect (X;;) cross-

A. Electronic structures of fully passivated dots
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FIG. 4. Contour plots of the wave-function squares of the CBM lowest conduction stgteCBM+1 (the next lowest conduction
statg, VBM (the double-degenerate highest valence stated VBM-1(the next highest valence stat#f a fully passivatedInP),,, dot with
size d=26.01 A. The plotted wave-function squares are averaged along00® direction. Theframe in each plot denotes the dot
boundary where the outermost surface In or P atoms are located. Note that none of these states are surfacelike.

over does not occur in InP dots is the existence of a large _ e
X1c— T3¢ energy difference iulk InP (0.85 eV in InP com- TABLE II. Momentum matrix element squardi|p|f)[* be-
pared with 0.48 eV in bulk GaAsThe reason that the VBM tWeen the initial statgi) and the final statéf). The calculated
of the InP dot in our calculation is not the dipole-forbidden Yalues are normalized to the dirdcts, —I'y transition probability
1pf state predicted by Richawt al?® is probably related to in bulk InP.

the simplified assumptions made in the latter calculation:
perfect spherical symmetry, an infinite potential barrier, norelative dipole matrix
surface, and a limited range of interband coupling. elements D=13.83 A D=26.01 A

Dot diameter

Full i
B. Exchange splitting in fully passivated dots ully passivated dot

M2(VBM to CBM)/MZ, 0.4001 0.5263
The electron-hole correlation in small quantum dot iSpots with an In DB

negligible> The exchange splitting between excitonic sin-  Mm2(vBM to In DB)/MZ,, 0.0832 0.0272
glet and triplet states can be calculated in the framework of y2nvBMm to CBM)/MZ,, 0.3387 0.4995

the definition of the exact exchartge Dots with a P DB
M2(P DB to CBM/M} 0.0282 0.0143

* * bulk
(re) i (1) n(re) re(rp)
E oxcr= 282J Ve (re)Yn (M) ¥n(re) Yelrn Jdrn, (3 M2(VBM to CBM)/MZ 0.2422 0.4537
8(|re_rh|)|re_rh|
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o FIG. 6. Energy levels for different In dangling-bond defec#s:
FIG. 5. Calculated resonant redshift in InP quantum dots versug neutral P vacancy in bulk InP, giving rise to four In dangling

the excitonic gaps, showin@) the redshifts due to the surface-state pongs;: (b) a single In dangling bond in bulk) a single In dan-
mechanism(including a single In dangling bond and interacting gling bond at the 9-ML InPL10) film; and (d) a single In dangling
dangling bondsand (b) the redshift due to exchange splittings cal- phond at the surface of thee=18.57 A dot.

culated with the distance-dependent Thomas-Fermi dielectric

screening constant. The lines in this figure are a guide for eyes. negligible. Thus, contrary to previous assumptions, our cal-

) culation supports the view that exchange interactions in dots
where . and ¢, are, respectively, the electron and hole 3re not short ranged.

single-particle wave functions and are obtained from our di-
rect pseudopotential calculation of Edl). Here the
distance-dependent Thomas-Fermi dielectric funcfiois
used to describe the screening of the exchange interaction,

C. Electronic structure of dots
with model surface dangling bond

ie., Given that fully passivated dots have no surface states, we
now remove deliberately passivating atom so as to expose
qR surface dangling bonds. The calculation described in what
0d) = , I<R i ion. i
e(r)= £(0d) SINMq(R—1)]+qr 4) follows is a mpdel calculation, in that we do not know the
£(0d), r>R actual, potentially complex structure of the real surface of a

colloidal dot. Generally, such a surface could include many
whereq?=4(3m2ng) Y3 m (n, is the average density of the interacting dangling bonds, “weak” surfacg bonds, partially
valence electrons at the equilibrium volumend R is the reconstructeq surfgce patches, and various surface-ligand
screening length determined by bonding configurations. Our approach is to first model the
surface of thefully passivateddots f}ﬁ:(ﬁer the experimental
. _ results of flat, passivated InP surfacg$n which reconstruc-
sinf(qR)/qR=¢(0d). 5) tion is removed via chemisorptiprand then create an iso-
Note that for large, the functione(r) approaches the value lated .In dangling bondDB) and s.eparately an isolated P.
£(0d). The static éielectric constae(0d) in the quantum dangling bond to study their generic effects on the electronic
dot 7is different from the bulk val®é and,depends on the dot structure of the qL_Jantum dot. Such isolated c_Janinng bonds
sized. We use fore(0,d) the modified Penn mod&l:%8i.e., represent, most likely, a stronger perturbation than what

_ 2 , L ; would be expected to occur in a real surface, having inter-
g}s%géstrlc;g&ll'm[l'm(12'094ﬂ) 1 (the sized is in units acting and partially rebonded dangling bonds.

Our calculated exchange splittings for cubic dots with ef- We position the In and P dangling bonds near the center

fective diameters of 13.81, 18.57, and 26.01 A are 52.9, 24 1Of the dot surface formed on ttig10) plane. Dangling bonds
] ' o %t other sites were also studied. Due to the highly localized

and 10.4 meV, respectively. We also calculate the eXChangnature of the danaling-bond wave functions. we found onl
splittings for some spherical dots and obtain the exchange ging ’ y

values of 37.9, 22.0, and 8.8 meV for dot sizes 16.02, 23.68 /9"t difference(less than 0.15 ein the energy levels,
and 34.79 A, respectively. This shows that the exchanggependlng on the precise position of the dangling bond.
splittings in dots are substantially enhanced compared with
the bulk (~1 meV). The calculated exchange splittings for
different dot sizes are plotted in Fig. 5 as a function of the Figure 6 shows the relative energy position of an In
excitonic gap. The relationship is seen to be nearly linear. dangling-bond state in a small dad# 18.38 A), clarifying
The fact that screening the exchange d1y) [Eq. (4)]  how this state evolves from the bulk vacancy states. Creation
affects significantly the numerical value of the exchangeof a neutral P vacancy\/tfl) in bulk InP produces four In
shows that at large-values the exchange interactions are notdangling bonds, giving rise to a doubly occupied singly de-

1. The indium dangling bond at the dot surface
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FIG. 7. Planar-averaged wave-function squares of the In DB
surface state, the CBM, and the VBM states for theP);;, dot FIG. 8. Variations of the In DB surface state, the CBM, and the
with an In dangling bond. The positions of the atomic layer anngVBM states with the dot size for InP dots with an In dangling bond.
the plotted(110) direction are indicated by the empty diamond sym- The arrow indicates the dot size where the lowest unoccupied state
bols at the horizontal axis. Note the localization nature of the In DBChanges from surfacelike to dot-interior-like.
state and the dot-interior nature of the CBM and VBM. . ) . )
from surfacelike(ln DB) to bulklike (CBM) at a critical size

generate, state near the VBM and a singly occupied triply (the value of this criticalisize may change_ slightly depending
degeneraté, state above the CBNFig. 6a].5°-% The in- on the location of dangling bond, but tegistenceof cross-
teraction between these four dangling bonds spreads theftd 1S reasonably certain

energies: The energy difference betweendhatate and the th V\t/)e héivedseerl[t?at '(;‘ the 'Iud”y pa?jsivater(]tl dﬁter:: : I.'(; A)t't f
isolated DB energy is three times the difference betwegn € band-edge states do not dépend much on the identity o

state and the isolated DB enerfifyTo create asingle iso- the passivating atom. In a similar way, the energy and wave

lated DB, we then passivate three of the four bulk DB’s. ThefunCtion of the surface defect levét.g., In DB do not de-

a, andt, levels of the bulk vacancy then give rise to a singlepend much on the identity of the passivating atom, since the

bulk In DB state near the CBNEig. 6b)1. As we bring this surface defect is amtrinsic defect, r_nad_e up of In and P
DB from the interior of the thl\yrlétg-d?r(n()aLsionéﬂD) bu?k to orbitals, not from those of the passivating atoms. We thus

the surface of a 2D filnjFig. 6(c)], the DB state partiall expect that, as long as there are some dangling bonds in a
tracks the film’s CBM, v%ic% rge)gin energy due tg quani/umet’ the dangling-bond spectrum will be largely unchanged

) . : as one alters théncomplete passivation.
confinement. Similarly, as one progresses from a 2D film t0 Table 1l shows the dipole transition moments between the

a 0D dot, the CBM rises further and with it the In dangling- valence-band maximum and the two lowest unoccupied

bond level. We thus see from the study of Fig. 6 that the In ; . ;
dangling-bond state in an InP dot is generically similar to th states in InP dots with In DB's. We see that the VBM to In

analogous dangling-bond state in the bt not to the “DB transition has a 4-18 times lower oscillator strength

bulk vacancy, which consists of four, strongly interactingggﬁ ? Icmger r?d'zt'\ée I(;fettlmfhgn the ganﬁ't'ozféiﬂm tth?
dangling bonds However, as we will see below, the relative 0 the extended, dot-interior conduction state.

" : . . Furthermore, the probability of the VBM to In DB transition
energy position(and thus the interaction and wave-function ’ . - ) .
mixing) of the CBM and the DB state in quantum dots can?eﬁ:eaéeB?wV\gth th_(i Increasing dothrllze, tvr\]/hllle that ?r: th(;a \t/?r':/l
be changed as the dot size is altered. o the ransition increases. 1hus the farger the aot, the

Figure 7 depicts the planar-averaged wave-functiorlonger the radiative lifetime of the VBM to In DB transition.

squares of the near-edge states for the 26.01-A dot with an | The presence of In_danglmg bond in a quantum .dOt shifts
dangling bond. It shows that both the VBM and the CBM are({j:)et d(\)lchciieBMtr:f rg:)?t'v\%[& thdeongngg aéugnpajs'\rﬁiﬁ
delocalized in the interior of dot, while the In DB state is <6 5meV). Th hifts of the CBM’ 9 .
strongly localized at the surface site where an In DB is cre-(\ -5 meV). These shifts of the S are given |n.t €
ated. _second_column (_)f Table Il and are seen to decrease with the
Figure 8 shows as a function of dot size the orbital ener ncreasing dot size.
gies of the In dangling-bond state, the extended CBM state,
and the VBM state. It can be seen that, unlike the dot-interior
state CBM and the VBM, the surface-localized In DB state Figure 9 shows how the phosphorus dangling-bond state
changes very little(less than 20 me)V as the dot size in an InP dotfFig. %(d)] develops from the bulk In vacancy
changes. The In DB state is the lowest unoccupied level foWY. An In vacancy creates a singly degenerate and doubly
dots with diameter up to 57 A, at which point the dot- occupieda, state deep inside the valence band and a triply
interior, extended conduction CBM state becomes the lowesiccupied triply degenerate state ateygy +0.39 eV [Fig.
unoccupied state. Thus the lowest unoccupied state chang8&)].5°> When three of the four P DB’s are passivated, the

2. The phosphorus dangling bond at the dot surface
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TABLE llI. Upward shift of the CBM(VBM) of ideally passi- T 7 T T T 1
vated dots due to the introduction of () dangling bond. All 4.0
energies in this table are in units of meV.

P-DB InP dot with

Dot diameter CBM shift VBM shift 2.0 P dangling bond
R) (for In DB) (for P DB)

13.83 28.9 249.5 =

18.57 17.3 74.5 N_E

26.01 121 20.3 >
[[o]
e

a, andt, levels give rise to a single DB state just above the

VBM [Fig. 9b)]. This level is nearly constant in energy at -4.0 TANIRY

the InR110 film [Fig. 9c)] and at the surface of d¢Fig. , , , CBMx5 .

9(d)], except that the VBM energies are lowered due to 0 10 20 30 40 50 60 70

guantum confinement. Analyses of the P DB defect-level position x (a.u.)

wave functions show that they are more localized than the In

DB wave functions. Additionally, unlike thep-hybrid na- FIG. 10. Planar-averaged wave-function squares of the P DB

ture of In DB wave functions, the P DB wave functions aresurface state, the CBM, and the VBM states for theP);;, dot

pure p-like. Figure 10 shows the planar-averaged waveWwith a P danglir_lg bond. The positions of a_tomic Iaye_r are indicated

function squares of the near-edge states of an ¢haRiot by the empty diamond symbols at the horizontal axis.

with P DB. The P DB state is highly localized at the dot

surface, while the VBM and CBM states are extended in thdhat this is a weak transition with a long radiative lifetime,

interior of the dot. while the extended-to-extended VBM to CBM transition is
Figure 11 shows the energy dependences of the P pguch str_ong_er and has a shorter radiative Ii_fetime. The P DB

state, the VBM state, and the CBM state on the dot sizeState, being just above the valence béseb Fig. 11, can act

Owing to the extreme localization of its wave function, the@S @ trap to photogenerated holes from the valence band.

energy of the P DB state is almost independent of the dof hus, if P DB’s exist, they will trap holes and lead to long

size. However, as Table Il shows, the preserta & dan- hole I|fet|m'es.'|r.1 practice, owing to the chemical reactivity

gling bond shifts the dot VBM upward relative to the VBM of a P DBsite, it is likely to have but a small concentratith.

of the fully passivated dofby as much as 250 meV for

(InP)107], while the dot CBM does not change much. Table D. Discussion of surface dangling bonds and exchange effects

[ll also shows that the shift of the dot VBM due to the P

dangling bond is much larger than the shift of the dot CBM

due to the In dangling bond, especially for small dots.
Table 1l shows the dipole matrix elements of the

localized-to-extended P DB to CBM transition, indicating

We have seen that our theory excludes two possible
mechanisms for the red-shifted, slow emissions in InP dots,
namely, |Egos) Cannot be due tdii) an intrinsic, orbitally
forbidden conduction state ¢iii ) an intrinsic, orbitally for-
bidden valence state. Also, the near-valence-band P DB sur-
face state is not a likely candidate to explain a near-

(a) (b) (c) (d) conduction-band shift observed experimentally. We are left
‘35 T T T T T T T T
. "3.0 T T T T T
or cev 1 I InP dots with | |
Sa5f ——r N | cBM P dangling bonds|
- a0t .
[0}
350} 1 J LBUKCBM ]
B 0
5_5_5 TV Defect levels | E 50k |
0.39 .., v PR R LR — 2
60 ————— S N R 064 é B P-DB |
K 5 ——n »
S VBM N 6.0 bt
6.5 1 LS i L \ 1 1 . Bulk VBM
VBM
Butk Bulk Film Dot | |
v P-DB P-DB P-DB
) ) _70 1 1 1 1 |
FIG. 9. Energy levels for different P dangling-bond defe¢s: 10 20 30 40 50 60 70
neutral In vacancy in bulk InP, giving rise to four P dangling bonds; Effective size (,&)
(b) a single P dangling bond in the bulkg) a single P dangling
bond at the InPL10) film with 9 ML thickness; andd) a single P FIG. 11. Variations of the P DB surface state, the CBM, and the

dangling bond at the surface of the=18.57 A dot. CBM states with the dot size for InP dots tvia P dangling bond.
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with two possibilities, i.e., the In surface dangling-bond stateThis is not a compelling argument since the surface

and the exchange splitting mechanism. dangling-bond state and the dot-interior conduction state are
electronically coupled so their spectral properties could very
1. Global excitation experiments and the In DB state well resemble each other.

Our theoretical results on the In DB surface defect can be _ o ) _ _
compared with experimental global excitation 2. Selective excitation experiments and the singlet-triplet states
measurement® in which different chemical etchants and  While the 350-meV redshift observed ghobal excitation
passivants(tri-n-octylphosphine oxide(TOPO and HH  experiment® prior to etching can be tentatively explained
were used to etch and passivate the InP quantum dots. TWsy the surface-defect mechanism, as we will see below, the
types of global PL peaks were observed: a short lifetimeedshift seen irselective excitatiofiFig. 1(d)] for HF-etched
(5—-50 nsec aff =300 K) peak, which does not change its and passivated InP ddfscannot. Before comparing theory
energy for different surface passivants, suggesting that #nd experiment, however, we need to analyze the experimen-
originates from an intrinsic, dot-interior state; and a long-tal FLN datd’ to extract from it the quantity that is compa-
lifetime (500 nsec al =300 K) PL peak, which dramatically rable with theory. Conventional samples include dots of
reduces its intensity when the dot is passivated by HF, sugnany sizedd}, with a typical size distributict
gesting that it could originate from a dot surface state. Both
types of PL peaks are red shifted relative to the absorption
peak. P(d.(d))=

The redshift of the intrinsic, short-lifetime global PL peak
is quite large’®” being 180 meV for an average size of 30 with the average siz&d). The standard deviationy can be
A. As shown schematically in Fig.(d), this nonresonant deduced from transmission electron microscdifeM).'
redshift arises because one excitesre than onénhomoge- Because of the existence of a size distribution of dots, each
neously broadened electronic stdteg., E{L) and E{Z) as  emitting at its own characteristic energy, the measured emis-
compared to a single inhomogeneously broadened state #ion line shape represents an ensemble average, denoted here
selective excitatiofiFig. 1(d)]. aslp (&,&excit:(d)), Whereee,; is the excitation energy. It

The redshift of the long-lifetime PL peak could be due t0js of interest to extract from the measurgq(e, & eycit,(d))
surface defect for three reasora). The peak is removed by yersuse,,; the underlying single-dot redshift for two rea-
HF surface etching.(b) The long-lifetime PL peak is sons: (i) Theory calculates single-dot quantities, not the en-
I'T‘Ieasureﬂ5 ~350 meV below the dot-interior related PL semble average, ar(d) part of the observed ensemble red-
peak for the dot withd~30 A. Our calculation shows that shift is due to the size distribution effect, not an intrinsic
for dot sizes less than 57 A, the In DB state is below thegffect, and it is necessary to separate these contributions.

dot-interior CBM state(Fig. 8). For thed=26 A dot, the In To extract the single-dot redshift from the measured FLN,
DB surface state is predicted to lie 300 meV below the dotwe simulate the ensemble emission intensity as

interior CBM state, in good agreement with the experimental

e—(d—<d>)2/2(r§’ (6)

2moy

value.(c) The measured rattb of the lifetime of the surface- — .
related PL peak to that of the dot-interior peak is 10—100 for PL(S’SEXCit’<d>)_d>d§(;4 - (e excits ) p(e,d)P(d,{d)).
d~30 A. Our calculation(Table Il) for the nearest size eree 7)

=26 A shows that the lifetime ratio of the VBM to In DB ) ) ) .

transition to the VBM to CBM transition is 18. Our calcula- H€re @(gex:it,d) is the single-dot absorption coefficient at

tion also shows that this lifetime ratio increases with increastN® eNerg¥eexcir andlp(e,d) is the single-dot emission in-

ing dot size. tensity. We assume t.hat. each dot absorbs gt the energy
The results of Fig. 8 and Table Il then suggest that the Ifexci™ Eg(d) Of its excitonic band gap and emits Bf(d)

DB state is a possible origin of the low-energy, slowly emit- ~2(d), whereA(d) is the single-dot redshift that we wish

ting state|Eqo,) (Fig. 2) observedf in global excitatior] Fig. to determine. The single-dot emission intensity is taken as

1(c)] prior to HF etching of the dot. The strong absorption

will occur from the VBM to the CBM, following an inter- lp(e,d)= 1

system crossing to the In DB state, which is the slowly emit- \/ZO-PL

ting state for dots smaller than 57 A. The surface-state- . e . o

induced redshift will vanish for dots larger than 57 A, wherev‘{here opL IS the intrinsic broadening of the emission of a

the lowest unoccupied state becomes the dot-interior CB ingle d_Ot' Interacting in the ensgmble with all other dots.

state. The redshifEcgy—E pg is plotted in Fig. 5 with | "€ €xcitonic gap of a single dot is

respect to the excitonic gagwhich is close toEcgy A

—Eygw), showing a nearly linear dependerfée. Eg(d)=Eg4()+ =, (9)
Bawendi and co-worket$found that the red-shifted FLN d

emission spectrum of CdSe dots closely resembles the akyhere Eg() is the bulk band gagl.45 eV for InP atT

sorption spectruntas measured by pump-probe experiment 10 K). For passivated InP dot&y(d) of Fig. 3 can be well

Since in a surface state model the absorption and emissiafescribed byA=55.2527 anch=1.3611(E, andd are in

will presumably commence from spatiallfifferent elec-  uynits of eV and A, respectively The single-dot redshift is
tronic stateg*corelike” and “surfacelike”), the spectral re- taken in the form

semblance of absorption and emission suggested to them that
some intrinsic states are involved rather than surface states. A(d)=B/d™, (10

e {o—[Eg(d) - A} 21205, %)
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whereB andm are to be determined by fitting the measure- 70 . T . . . .
ments. The sum ovet in Eq. (7) is limited to those values & oerimental
satisfying E4(d) <& excit- 60 "ge”";e“;‘ r’:,f -

We fitted the data of Miciet all” for (d)=32 A, using < deduced redshit
oq=2.5 A (the average of the TEM measured values of Ref. 2 50 - 1
16) and op =2 meV and takinga(e,d) to be a constant =
over the small range of excitation energies involved. Denot- < 40 - .
ing the energy of the peak of the ensemble emission g Calculated
Ipi(e,eexcit(d)) @S epeall€excit.(d)), we define the en- 5 30 exchange spiting (screened ) 1
semble redshift as &

o 20 |
A((‘f'excitv<d>)E‘Sexcit_8peab(sexcitv<d>)- (11 @ 10

Here only the main conclusions about the single-dot red-
shift are discussed, while the detail of the simulation results 0 : : : ' : '
will be given in Ref. 17. In the simulation, the best fit occurs 01520 25 ) 30 3% 40 45
at ~ Dotsize (A)

A 1(d)=9500ﬂl'96 (meV) (12) FIG. 12. Single-dot redshifté (d) from the simulation[Eq.
exp .

(12)] and the calculated screened exchange splittiiegg (3)] for

While the fit is sensitive to the assumedg, value, the range  different dot sizes.
of op. can be narrowed down significantly by requiring that

the simulated half-width ofp,(e,&excit,(d)) match experi-  tia) parriers, the neglect of the dot surface, the restriction of
ment. This is satisfied atp =2-4 meV. _ _ the interband coupling to only the VBM and CBM derived
We find that the single-dot redshiffe,p(exci) IS CONSid-  states, the use of effective-mass-based approaches, and the
erably smaller than the ensemble redshift .,.) and has a phenomenological modeling of the exchange interactions.
different slope. Furthermore, even if we assume in &).  Our main findings are as follows.
that A(d)=0, we still find thatA#0. Thus a part of the (i) The calculated excitonic gap versus dot size of [a
observed ensemble redshift comes only from the existence afell as CdSe(Ref. 52] is in good accord with measure-
a size distribution, not from an intrinsic effect. ments; the scaling of the InP excitonic gap with size is
Our results show that the magnitude of the observedl 1% The scaling of the single-particle band gap with size
single-dot redshiftA (&) is far smaller than the values is*> d~**% the simple effective-mass theory predicts?.
predicted for the In DB surface defect. For example, at the (i) A fully passivated dot has no surface states, even
excitation energy of 2.0 eYtorresponding to a dot size 36 A down to small dot sizegthe same is true f8F Si). This
in experimenk, the observed\ (g4, is 8 meV[Eq. (12)],  situation remains for a broad range of passivating at@rs
while the calculated single DB redshift is 180 méMg. 5).  cept, perhaps, oxygen
We have also calculated the surface-state-induced redshift (i) The lowest unoccupied state of a fully passivated InP
for dots withtwo nearest-neighbor dangling bon@ash line  dot evolves mostly from thd’;. state of the bulk crystal
in Fig. 5 and find that the interaction between these DB’sband down to small dot sizes. This is unlike the case in GaAs
does not change much the slope of the redshift versus gagots, where at small dot sizes the lowest unoccupied state is
curve® Thus simple In dangling bonds are insufficient to predicted® to become the indireck-like band-edge state.
explain the resonant redshiftlt is possible that more com- (iv) The highest occupied state of the fully passivated dot
plicated surface chemistrfincluding oxygen atomscould has a kd envelope-function symmetry despite the small
explain the observed resonant redshift, but we can excludepin-orbit interaction. This is unlike the case in CdS dots,
simple dangling bonds as an explanation for the resonansaid>?’to have a pf envelope-function symmetry. The dif-
redshift. ference in predictions arises, most likely, from the simplified
Figure 12 depicts the single-dot redshiff,(d) deduced assumptions made in the p calculations of Refs. 25 and
from fitting the measured FLN data in comparison with the27.
calculated screened exchange splittii§ec. Il B). Figure (v) Removal of a cation-passivating atom results in an In
12 shows that the screened exchange splittings agree quiteingling-bond state that lies in the gap, below the intrinsic
well with experiment. It suggests that the observesbnant  dot conduction band for dot size smaller than 50—60 A. For
redshift could originate from the excitonic exchange split-larger sizes, the intrinsic conduction state is the lowest un-
ting. It will be interesting to measure the lifetime versus sizeoccupied state. The In dangling-bond state is surface local-
since in the excitonic exchange model one expects but &ed, but does not depend much on the identity of the passi-
weak dependence of lifetime on size, while the surface stateating atoms surrounding the dangling bond since this state

tions used previousl{??>3%4%e g., the use of infinite poten-

model suggests longer lifetimes for larger d6fable ). is made from In orbitals, not from those of the passivant.
Thus the fact that spectroscopic properties do not change
IV. SUMMARY much as the passivation is altered does not imply the absence

of surface effects. The energy of the In DB state changes
We have performed aatomisticelectronic-structure cal- little with the dot size, but the dipole matrix element between
culation on InP quantum dots, avoiding simple approxima-this state and the dot VBNthus the radiative emission rate
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decreases as the dot becomes larger. The In DB state is réingle-dot redshift £20 meV). It is not impossible that
Iated, most Ilkely, to the redshifted emission observed at 1.4@]0[@ Comp|ex surface Chemistry COU'd, however, exp|ain
eV of the unetched InP dots and is responsible for the lowhis shift.

quantum emission efficiency. Such surface defect states are (jx) The calculated single-triplet exchange splittings for a

predicted to showarge redshifts (-500 meV) with a size-
dependentlong) radiative lifetime.

screenedexchange interaction agree well with the observed
resonant single-dot redshift. This type of redshift is predicted

(vi) Removal of an anion-passivating atom results in a R e small €20 meV) and the redshifted emission has but

dangling-bond state that lies above the intrinsic dot valenc

@ weak size dependence of itsng) radiative lifetime.
band for all dot sizes and has a very weak dipolar coupling to  1ha effect OFf) vibronic co(upli%)g

leading possibly to a

the conduction band. This state is strongly localized andpange in the equilibrium geometry of the electronically ex-

would act as an effectivéifetime shortening trap for pho-
togenerated holes. This state interacts strongly with the d
intrinsic VBM, shifting it to higher energietby up to 250
meV) relative to fully passivated dots.

(vii) An analysis of thesample-averagerksonant redshift

A(eqyci) Observed in selective excitation experiments reveals

that it is considerably larger than the inferrgidgle-dotred-
shift A(eexciy) from which size-distribution effects have been
deconvoluted.

cited dot(and thus to a Frank-Condon-type redshiftas not

Qonsidered here.
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