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Hjalmarson-Frenkel core excitonic resonances at III-V semiconductor surfaces
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Surface Hjalmarson-Frenkel core excitonic resonances are predicted to exist well above
the conduction-band edges of the III-V semiconductors InSb, InAs, InP, A1Sb, A1As, and
Alp.

Transitions to unoccupied surface states in III-V
semiconductors have been observed with several
techniques. ' ' When the initial electronic state is a
core state (e.g., a Ga3d state in GaAs}, the final

state is often a Hjalmarson-Frenkel exciton, ' as was
first recognized by Lapeyre and Anderson. (The
Hjalmarson exciton of covalent semiconductors
differs from the ordinary central-cell Frenkel exci-
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FIG. 1. Predicted energies of intrinsic (In) and extrinsic Hjalmarson-Frenkel core excitons (below E, ) and excitonic res-
onances (above E, ) at the In site in InSb. The branches are labeled according to the symmetry of the electron's wave func-
tion: The dashed curves represent bulk excitons with the electronic state having A, (s-like) or Tq (p-like) symmetry. The
solid lines represent excitons at the relaxed (110) surface with the electronic state having positive or negative parity with
respect to the reflection plane perpendicular to the surface. E„and E, are the valence- and conduction-band edges. V, is
the s impurity potential (Ref. 28). To find the predicted energies for intrinsic Hjalmarson-Frenkel excitons (within the ap-
proximation of Ref. 29), drop a vertical line from the potential labeled In. Energies of extrinsic excitons are similarly given

by the potentials corresponding to the various impurity atoms.
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FIG. 2. Predicted energies of Hjalmarson-Frenkel core excitons at the Sb site in InSb.
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FIG. 3. Predicted energies of Hjalmarson-Frenkel core excitons at the In site in InAs.



HJALMARSON-FRENKEL CORE EXCITONIC RESONANCES AT. . . 959

Ge Al Hg

Si PbTICd Au

Po Sb Ga InMgAg

N S C As B Bi BeZnCu
SePTe Sn
-I lrl I i i,

t

As site in Inks

-40 -30 -20
l

-IQ 0 10

v, (ev)

FIG. 4. Predicted energies of Hjalmarson-Frenkel core excitons at the As site in InAs.

ton found in molecular and ionic crystals because its
electronic wave function has antibonding rather
than molecular or ionic character. ) In addition to
bound excitons, lying within the band gap of the
semiconductor, there can be excitonic resonances
having energies above the conduction-band edge. '

Such resonances are observed in the excitation of
In 4d core electrons at the (110) surface of InSb and
InAs (Refs. 1 and 2); i.e., in these materials surface
Hjalmarson-Frenkel core excitons on the cation site
are observed to lie above the conduction-band edge,
whereas they lie within the band gap in the GaX
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FIG. 5. Predicted energies of Hjalmarson-Frenkel core excitons at the In site in InP.
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FIG. 6. Predicted energies of H'aimja marson-Frenkel core excitons t th Pa e site in InP.

semiconductors, with X a group-V element. This ex-
perimental finding is in agreement with the theoreti-
cal study that we reported earlier. ' '' H

our t eory of bound and resonant surface
Hjalmarson-Frenkel core excitexei ons to treat reso-

er ie
nances above the conduction-band ed h' he ge at igo.er en-

gies than those previously considered.

the bulk 17
The present theor likey,

'
e t at of core excitons in

employs the "optical alchemy" or

ccZ l &'I ~ ~ ~

approximation, in which an excited atom of
e as ekingt e pe ect semiconductor is regarded as b

equivalent to an impurity atom. For example, if an
e ectron is excited from a 4d core state of a»n
atom in InAs, the small radius core hole is taken to

e equivalent to a proton, and the excited atom-
In*—is consequently approximated by a Sn impuri-

ty atom. The theory of core excitons then becomes
isomorphic to the theory of impurity states in the
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FI~IG. 7. Predicted energies of H alrnja rnarson-Frenkel core excitons t th A1a e site in A1Sb.
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FIG. 8. Predicted energies of Hjalmarson-Frenkel core excitons atn at the Sb site in AlSb.

b lk or at the surface. ' As discussed previous-U
22.ly, ' ' there are three inputs to our calculations

(i) the geometrical relaxation at the surface, which
~ 23 —26has been measured for several III-V s and

which is inferred for the others; (ii) the bulk elec-

tronic structure of the semiconductor, whic is
represented by the sp s* model of Vogl et al. , and
(iii) a table of atomic energies, which is used to
model the "impurity" potential associated with the
exciton, as in the bulk impurity theory of Hjalmar-
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FICx. 9. Predicted energies of Hjalmarson-Frenkel core excitons atat the Al site in AlAs.
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FICz. 10. Predicted energies of Hjalmarson-Frenkel core excitons at the As site in AlAs.

son et al.
No current theory provides a quantitative descrip-

tion of excitations in a solid at energies far above the
Feririi energy, and the present tight-binding model
provides only a crude description of these states.

For this reason, our results 1—5 eV above the
conduction-band edge E, should be regarded as only
qualitative; at higher energies the predictions are un-
reliable. Near and below E„ there are uncertainties
in the theory of several tenths of an eV.
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FIG. 11. Predicted energies of Hjalrnarson-Frenkel core excitons at the Al site in AlP.
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FIG. 12. Predicted energies of Hjalmarson-Frenkel coreel core excitons at the P site in A1P.

Our results for the cation and anion sites in the
InX and AlX semiconductors (with X a group- e e-
ment), shown in Figs. 1—12, exhibit many interest-
ing features. The energy E of the Frenkel core exci-
ton is plotted as a function of the s-electron "impur-

t 1 V so that the results apply to extrin-
wellsic excitons, associated with impurity atoms, as we

th trinsic excitons associated wit t e ost
rli r' ' theatom on a given site. As described ear ier, e

energy levels are obtained from the secular equation

detI [G(E)]-'—V, I =0,
where G(E) is the surface Green's function an
is t e change in the Hamiltonian associated with the
"impurity" representing the exciton.

In considering the results of Figs. 1—12, it is con-
t t divide the materials into three groups:

the narrow-gap semiconductors InSb and n s,
d the A1X semi-larger-gap semiconductor InP, and t e

conductors (with X a group-V element), of which
( 1A d A1P) have indirect gaps and the t ir

(A1Sb) has a gap that is direct in our mo e, u is
very near to being indirect. One can see that the
various branc es ob h f excitonic resonances persist we
a ove e cob the conduction-band edge E, in In b an
I A somewhat above E, in InP, and on y s ig y
above E, (for a number of the branches) in A1sb

A As, and A1P. The reason for this is that a reso-
ds to be broadened and eventually lost as it

enters an energy region where the density o s a e
high (for continuum states having the same symme-
try as t e exci on.h 't ). There is only a rather gra ua
increase in eth density of states associated wit t e
direct minimum (occurring at the origin o e
bulk Brillouin zone), in contrast to t e

'
yt e relatively

sudden and large increase associated wit t e in-
direct minimum (occurring near t e p

'
oint X on the

Brillouin-zone boundary). For reference, ethe direct
ave the follow-and indirect minima, respective y, ave e o

0.23 and 1.71 eV (InSb), 0.43 anding va ues ': . an
1.988 V (InAs) 1.41 and 2.44 eV (InP), 1.88 and22 e 11 s,

eV (A1Sb), 3.04 and 2.30 eV (A1As), and 3.60 and
2.50 V (A1P).

On the cation site in InP, InAs, and In b, t e
lk T ( -like) branch of excitonic resonances is

pre ice od' ted to persist to higher energies t an
in the otherA i (s-like) branch. The reverse is true in e

This is due to the fact that the directmateria s. is is ue
conduction-band minimum (at point I ) is s- i e, an
the indirect conduction-band minimum a po
is p-like.

In some cases a raa branch of resonances vanis es as
the energy is increased (or becomees so broad that t e
resonances are no longer weell defined) and then
reappears at still higher energies. This occurs or
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the "dangling-bond" branch associated with the In
site in InAs and for several branches on the two sites
in A1Sb. Perhaps the most interesting conclusion il-
lustrated by Figs. 1—12 is that, in many III-V semi-
conductors, it should be possible to observe excitonic
resonances having energies well above the
conduction-band edge.
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