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Intrinsic Gap Statesin Semiconductor Nanocrystals
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We demonstrate the existenceiaofrinsic gap states in bare and capped semiconductor nanocrystals
within multiband effective mass theory. These states originate from Shockley-like surface states which,
in small nanocrystals, extend over the entire crystal volume, facilitating their observation in absorption
as well as in photoluminescence. The conditions under which such intrinsic states might be observed
are discussed in light of the theory developed and analysis of the band parameters of direct gap
semiconductors.

PACS numbers: 73.20.Dx, 71.24.+q, 78.66.—w

The optical properties of nanosize semiconductor crysmonly the wave function and the normal component of the
tals have attracted much attention because of their potentigkobability current are required to be continuous (“con-
applications and their fundamental interest [1-3]. Theirventional” BCs) [7,8]. Zhu and Kroemer, however, using
optical properties usually arise from transitions betweera tight-binding approximation, showed that, generally, the
the quantum size levels of the conduction bands (CB) andonventional matching conditions at a planar heterointer-
valence bands (VB). We describe a new classsfnsic ~ face should be modified by inclusion of an interface delta-
nanocrystal (NC) states within the multiband effectivefunction potential, which under certain conditions can give
mass approximation whose energy is size dependent amide to interface states. Only for so-called “normal” het-
which lie between the bulk conduction and valence banderojunctions, where the interface transfer matrix element
edges—they arimtrinsic gap states (GS). By intrinsic we equals the geometric mean of the nearest-neighbor trans-
mean that these states are not associated with point d&er matrix elements associated with the two respective bulk
fects such as impurities, or with surface dangling bondssemiconductors, do the conventional BCs apply [9].
but rather occur in NCs with perfectly passivated surfaces In this paper we present a theoretical study of intrinsic
or interfaces as in Shockley’s model of surface states [4]gap states in bare and capped spherical NCs of zinc blende
These electronic states could play an important role irsemiconductors. Using the eight-band Pidgeon and Brown
the photoabsorption and photoluminescence (PL) of NCanodel (PB) [10] to describe the Hamiltonian of the bulk
Similar types of intrinsic gap states, i.e., whose energy dematerial, we demonstrate that the @sen of conventional
pends on the bulk properties of the semiconductors, havBCs leads to three distinct types of intrinsic GSs within
been experimentally observed in the energy spectra of ofihe effective mass approximation. The first two arise in
tical phonons [5] and excitons [6] in semiconductor NCsheterostructure NCs with abrupt changes in the energy
(so-called surface phonons and surface excitons). Eledand parameters across the interface, while the third may
tronic gap states of the type we describe have not yet beesxist in bare NCs of specific materials, e.g., InP or CdS.
observed experimentally; in this paper we analyze the con- The PB model simultaneously takes the coupling of the
ditions under which they might be found. conduction and valence bands into account exactly and

The conditions for the existence of an intrinsic GS arethe contribution of remote bands to the effective masses
intimately connected with the character of the surface (foof the electrons and holes in second-order perturbation
the case of bare NCs) or the heterointerface (for the cagbeory. This model successfully describes the complex
of capped NCs). In the effective mass approximationpand structure around thé point of the Brillouin zone
interfaces are characterized through boundary conditionsf semiconductors having cubic lattice symmetry. In the
(BCs). While the choice of BCs within effective mass limit of zero spin-orbit couplingA = 0, and assuming
theory is somewhat arbitrary, general BCs have been despherical symmetry, this Hamiltonian is represented in the
veloped for planar heterointerfaces [7], but more coTnBIoch function basigs), |X), |Y), |1Z) as
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Here, hoyo = —i0/0:y. ki, =k> =k}, P= whereaj = /(I = 61)/2, br =31 — 82, cf =1+
—2i(S|p.1Z)/h, E, = h*e,/2my is the energy gap, 36r, and 6 = 1/(2F + 1), the raising and lowering
Bi =y + 4y, and B, = y; — 2y are the contribution  operators A, = —Z + L, A7 = L + I and the rar
o ool et o e chve esoof e VO il Lolsien 3, 5 — 2 by =

' FY)Aps1, and A% = Ajx,A] . This egquation is valid
parameters y, = y{' — E,/3E,, y = y* — E,/6E,, crY)Ar=i ! 110 €

! .
where E, = h?P?/2m [10]. Theinverse of the electron for = 0. The second equation,

effective mass, m,, at the bottom of the conduction band [(y1 — 2y)Ap — s]R,f’l =0, (%)
can be expressed m; ! = mg (@ + E,/E,).

In this approach, each electron and hole state in spheri-  isvalidfor F = 1.
cal NCs is characterized by its parity and total angular Equations (3) and (4) were derived for a homogeneous

momentum F = J + L, where J is the Bloch band-edge  semiconductor. In heterostructures with abrupt heteroin-
angular momentum (O for the conduction band; 1 for the  terfaces, a general solution to Egs. (3) and (4) can be
valence bands) and L is the envelope angular momentum.  found in each homogeneous region separately and the
The corresponding wave functions can be expressed [11] total wave function determined by imposing appropriate
FJ BCs. In spherica NCs, the smplest form of the con-

Ver () = D R (M IF,F3,L), (2)  ventional BCs reduces to continuity of each component,

IL Rf 7 of the radial envelope wave function, Eq. (2), and

where |F,F:;J,L) are eigenstates of the total angular  continuity of the normal component of the velocity at the
momentum [11]. With the spherical PB Hamiltonian, we  heterginterface:

then obtain two sets (one for each parity) of second-order

differential equations for the radial functions R (r): - VVrp @)=a = 0 - V¥rp )=, (5
F.0 — F.1 A A

[e¢ — & — aAr]Ry" — ap PAp_ \Rp-y — where n = r/r and V = 1V H(k). The radia veloc-

GFPAEHR;L =(, ity operator may be represented in a basis of eigenstates

(3)  of total angular momentum, |F, F.;J, L), by using the fa-
—a; PAGR: + (Dj — )RE, — bpyAy2,Ri2t, =0,  miliar rules for angular momentum addition and integrat-
ing over angular variables. For the states corresponding

—af PAFR;" — bpyAf2 \Ri, + (Df — e)Rpdy = 0, | toEq. (3),

F.0 P Fl P F.l
—a8,Rr" + ar 3Rr-) — ag 5Rp4
(- VWrr(r) =2i| —ap SRE® + BFRE, — bryAraiREL | (6)

+P F0 + F.1 + pF.l
ar 5Rr™ + brpyAp—\Rp-1 + BrRrply

where By = (y1 — 2ciy)8, + 3¢i ¥(Apxi — Aps). |
Each component of this array is required to be continuous ' an attractive delta-function potential at the interface (see
a the heterointerface. For the other parity the equation  Ref. [9]) which arises from terms of d symmetry in the
for the normal component of the velocity is Hamiltonian, Eq. (1). In the present context, the strength
. X of the potential is proportional to vy’ — y° and inversely
w = [(71 - 2v) 9 _ 3 l}Rg’l. (7) proportional to the NC radius, leading to GSsiin finite size
2 or r NCs if ' > y°. This situation is exemplified by CdS
Together, Egs. (3), (4), (6), and (7) completely describe  NCs embedded in HgS (Fig. 1). This system constitutes
the electronic structure of quantum size levelsin spherical  an “antidot” since the band gap of the CdS core exceeds
NCs within the eight-band effective mass model. Wewill  that of the HgS matrix in which it is enbedded. The size
now show three cases where GSsexist assolutionsof these  dependence of the F = 1 level, calculated using the pa-
equations. We begin with the smplest case of thesingle-  rameters of Ref. [12], is shown for this system in Fig. 1.
component heavy-hole states in capped NCs, which are  The state starts from the top of the valence band of HgS for
described by Egs. (4) and (7). Analysisof theseequations  |arge CdS antidot core radii and enters the gap as the core
shows that GSs exist for sufficiently large discontinuity in  radius decreases. The wave functions decay evanescently
the parameter y across the interointerface at r = a: from the interface [see Fig. 1(b)], exhibiting a cusp which
C9.RE! 9.RE! i _ a0 is connected with the discontinuity of the radial deriva-
rKp rRp Y Y . L . .
Bi i —Bi — F1 =3-———. (8 tives, afeature whichisessential for the existence of GSs.
Rp™ lr=a” Rp™ lr=a* “ Analysis of Egs. (3) and (6) shows that GSs usually do
The right side of this equation, which represents a diss  not exist in capped NCs described by the conventional
continuity in the mass-weighted normal derivatives of the ~ BCs because the effective mass parameters for the con-
radial wave functions, can be interpreted as the effect of  stituent materials in standard heterojunctions are close to
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FIG. 1. Pure heavy-hole gap state in antidot CdS/HgS NCs:
(a) size dependence of the energy for the F = 1 state. Inset:
schematic of the band diagram (E, for HgS is taken to
be 200 meV following Ref. [13]); (b) size dependence of
the radial wave function in antidots with radii, a, of 5
and 10 nm.

jr+ik-a)jp—1(kpa) + %]’FJrl(kha)]’Ffl(kfa)

where kj = &/B), and k2 =~ e(e — &,)/P?. Equa
tion (9) describes the quantum size levels in the conduc-
tion band, when & > ¢,, and in the valence band, when
e < 0. However, they dso have solutions when the
energy 0 < & < g,. Inthiscase k2 and k; are negative,
corresponding to evanescently decaying wave functions.
It iseasy to find solutions for these equationsin the limit
of large radius a where |k_|a > 1, |kyla > 1. In this
case, using asymptotic expressions for the spherical Bessel
functions of imaginary argument, Eq. (9) becomes

_a [@et Bk
el VB Pl

This equation has solutions only if the contribution of
remote bands to the electron and hole effective masses
are both negative: « < 0, B, < 0. For large a, the GS
energy e, = Bieg/(B1 + a)isindependent of the angular
momentum F'.

InP is one material which satisfies this condition. The
size dependence of the resulting intrinsic GSs, calculated
for different angular momenta, F, is shown in Fig. 2(a)
together with the size dependence of the lowest hole and
electron levels. Calculations were done for InP NCs with
E, = 1424 eV, E, =206 eV, a = —1.2, y; = 041,
and y = —0.51 [14], and assuming A = 0. All GSs start
from the same energy ¢, at large radii and fan out into
the band gap with decreasing size according to their par-
ticular angular momenta. In Fig. 2(b) we show the size
dependence of the radial wave functions of the F = 1 GS
for NCs with radii 8, 4, and 2 nm, whose energy is ap-
proximately the same. In large NCs the GS is localized
near the surface while it becomes increasingly extended
over the entire internal volume of the NC with decreasing

(10)
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each other. However, for some heterojunction systemsthe
parameters «, 8 have opposite signs across the heterointer-
face. Asaresult, in these systems the radial derivatives
must have opposite signs across the heterointerface, conse-
quently leading to a cusp in the wave function and thus the
possibility of a second type of GS. However, these states
are highly localized near the heterointerface; thus these re-
sults are outside the range where the effective mass ap-
proximation can be applied. A quantitative treatment of
these states would require analysis within ab initio atom-
istic models.

A third type of GS, which emerges from the coupling
between the conduction and valence bands, can exist
in bare NCs within the effective mass model. In bare
NCs, the surface is conventionally described by an infinite
barrier. Description of these states proceeds from Eq. (3)
with the BC that all components of the radial wave function
vanish at the NC surface, r = a. Theresulting dispersion
relation which describes the size dependence of the energy
levels has the form [13]

+B,k% . . Fjri(ky
s SR jrk-a) [ jr-1(kpa) — 25250 (9)

NC radius. However, these radial wave functions decay
to zero near the surface within alength on the order of the
unit cell. This is because the wave functions contain ap-
preciable admixture of the complex “wing-band” compo-
nents with wave vector modulus ~P?/a 8, lying outside
the first Brillouin zone, and which consequently do not de-
scribe physical states as discussed in Ref. [15]. As shown
in Refs. [13,15], the contribution of these wing-band states
can be removed by taking the limit «, 8 — 0, which re-
sults in a modified boundary condition in which the wave
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FIG. 2. GSsinbare InP NCs. (a) Size dependence of the gap
states with various angular momenta (F = 0,...,5) and the
lowest quantum levels in the conduction (F = 0) and valence
(F = 1, parity # = *=1) bands. The band states as well as GSs
which are active in band-edge transitions are indicated by solid
lines while other GSs are shown with dotted lines. (b) Size
dependence of theradia F = 1 gap state wave functions: Ry,
Ry', and R, are indicated by dotted, dashed, and solid lines,
respectively, for three different size NCs.
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FIG. 3. The size dependence of the transition energy (a) and
average squared transition dipole (b) of the band edge and GS
transitions. In (b) the transition dipole is plotted in units of the
interband matrix element P2, = |(s| p.|z)|*>. The inset shows
a schematic of the optically alowed transitions. The bold
line describes the lowest energy band-to-band transition; the
plain solid line indicates the transition between the CB and the
F = 1 GS; the dashed and dotted lines correspond to transitions
between GSs and the VB as identified in the schematic.

function is not required to vanish at the NC surface [13].
Consequently, until a more rigorous procedure for han-
dling the NC surface is devel oped, the present description
of these states must be regarded cautioudly.

An important question therefore is:. How would such
states manifest themselves experimentally?  Figure 3
shows the size dependence of the energy (a) and os
cillator strengths (b) of the dipole allowed transitions
(AF = 0,*=1) between the lowest energy electron and
hole quantum size levels and gap states in InP NCs (see
inset). The bold line describes the band-to-band transi-
tion. Thethin solid line corresponds to the transition from
the F = 1 GSto the CB. The transition dipole element
of this transition is larger than that of the band-to-band
transition in small NCs, which would make this transition
active even in absorption measurements. The transitions
between the GSs and the hole levels (dashed and dotted
lines) are much weaker. As a result, it is possible that
the absorption band edge and PL in small NCs could be
determined by GS-CB quantum size level transitions.

Analysis of the band parameters shows that this type of
intrinsic GS may occur in bare InP or CASNCs. Bare CdS
NCs do show deep lines in their PL [16] which were in-
terpreted as deep impurity transitions to the CB. In InP,
the existence of a dipole-alowed transition between the
F =1 GS and the lowest 1S electron state may explain
the lack of success in describing the PL excitation (PLE)
spectra of this material using the standard scheme of tran-
sitions between the quantum size levels of the CB and VB

[19] (which successfully describesthe PLE spectraof CdSe
[17] and INAs[18]). However, even within the limitations
of the present model the GS transitions calculated lie in
the approximate range of the experimentally measured ab-
sorption edge transitions seen in bare INPNCs[19]. It may
aso explain the recent observation of upconverted PL in
this material [20].

In summary, we have shown the existence of intrinsic
GSs in semiconductor NCs within the effective mass
theory. These states do not usually occur in capped NCs
with similar material parameters across the heterointerface.
However, we found that even conventional BCs give us
GSs in two cases. in antidot-type CdS NCs embedded in
HgS and in bare NCs where the contribution of remote
bands to the conduction and valence band effective masses
is negative, as exemplified by InP and CdS NCs.

This material is based upon work supported by the U.S.
Army Research Office under Grant No. DAAH04-96-1-
0091 and by the Office of Naval Research.
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