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Electron-Hole Excitations in Semiconductors and Insulators
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We present a nevab initio approach to calculate the interaction between electrons and holes in
periodic crystals and to evaluate the resulting coupled electron-hole excitations. This involves a novel
interpolation scheme in reciprocal space in solving the Bethe-Salpeter equation for the two-particle
Green’s function. We apply this approach to the calculation of the entire optical absorption spectrum,
as well as of the energies and wave functions of bound exciton states in GaAs and LiF. Very good
agreement with experiment is observed. [S0031-9007(98)07068-9]

PACS numbers: 71.35.Cc, 78.20.Bh

The interaction of the excited electrons and holes playshe technique to bulk crystals by introducing a novel
a central role in the optical properties of condensed mattanterpolation scheme irk space for the electron-hole
[1-3]. For many materials and systems, the behaviointeraction. Using different methods, several studies
of the isolated excited electrons and holes is well unon excitonic effects have already been performed for
derstood, and very reliablab initio methods have been bulk insulators and semiconductors. Albredttal. [8]
developed to calculate these quasiparticle states [4]. Howealculated the lowest-energy exciton inQi, as well as
ever, when optical properties are computed from suchhe optical spectrum of Si. Benediet al. [9] presented
quasiparticle band structures, one encounters some sya-different approach that allows for the calculation of
tematic shortcomings. On the one hand, the overall shapbe optical absorption spectrum, but the method does
of the absorption spectrum of a semiconductor is not cornot focus on individual excitations. In this paper, we
rectly described by free electron-hole transitions. The calpresent an approach that allows one to calculate the
culations typically underestimate the absorption strengtlentire excitation spectrum of a periodic system, as well
at low energies and overestimate it at high energies (seas to analyze the properties of individual excitations (e.g.,
e.g., the dashed curve in Fig. 1 for the case of GaAs)discrete bound levels) that contribute to the spectrum.

On the other hand, bound exciton states are completely A natural basis for describing optical excitation pro-
missing from the spectra. Both shortcomings have longesses is given by free quasielectron-quasihole pairs
been identified to originate from the missing electron-|y ck) := &Ik;;j’kww), wherea, andl?iHQ are quasi-
hole Interaction, but attempts to overcome these fallureﬁole and quasielectron creation Operatorsen'd the mo-

have been limited to relatively simple situations, such asnentum of the absorbed photoit) is the ground state of
the effective-mass approximation to bound excitons or the

empirical tight-binding approach of Hanke and Sham [2]
to the continuous spectrum. The theoretical study of op-
tical excitations in electronic systems so far is thus limi-
ted and incomplete. The goal of our present work is to N GaAs
develop a unifiedab initio approach that can handle all N
aspects of quasiparticle self-energy, electron-hole interac- 20 |~ A i N
tion, and optical excitations on equal footing. In particu- AN
lar, such anab initio method would be most useful for w RAYAFAN
predicting the optical properties of new materials or ma- SANEFEMAN
terials under novel conditions, such as in reduced dimen- 10 o L\
sions, confined geometries, or under pressure. o RGN

In this paper, we go beyond the free-quasiparticle 0 AN
picture and study electron-hole excitations including their -»‘T) ‘ ‘ | S==
interaction. To this end, we solve the Bethe-Salpeter 0
equation (BSE) for the two-particle Green's function 0 2 4 6 8 10
of electron-hole pairs. The BSE is expressed in terms Energy [eV]
of the wave functions and energies that are obtained _ _ _
from anab initio quasiparticle calculation within th&w FIG. 1. Calculated optical absorption spectrum of GaAs with

. ion for th | If 6.71. | (solid lines) and without (dashed lines) electron-hole interac-
approximation for the electron self-energy [6,7]. In &jjon “ysing three valence bands, six conduction bands,k500

recent paper, we have applied this general approaghints to the Brillouin zone (BZ), and an artificial broadening
to small semiconductor clusters [6]. Here we extendof 0.15 eV. The dots denote experimental data [5].
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the system. Because of the electron-hole interaction, th& and G’. For smallq, the “head”(G = G’ = 0) and
pair configurations are coupled, and the resulting excita*wings” (G = 0 or G’ = 0) of W behave ad/ey(q)q>

tions|S) are given by [10] and 1/q, respectively, whereas all other components of
hole elec ¢ ot ot We.e(q) (the “body”) remain finite. Correspondingly, the
1) =D > > ASaikblxsqlo). (1)  matrix elements ok“ can be written as
k v c
1ol ! b I ol !
The electron-hole amplitudes) ., and the corresponding (vek|Kv'c'k'y = Bvckw C;‘ 4 —uckvick
excitation energie§)s are determined by the BSE [3]: €o(q)q q
QP QP N + Cyck,v/c'k’ (5)
_ S ! .,/ S B .
(eck+Q ~ €k )AYk T+ /Zkfwlee [v ¢ KDAY e with q = k/ — k. a, b, andc vary weakly with respect
B v s to k andk’. We calculates, b, andc for a coarse grid
= QsAyex s () {k} of points in the Brillouin zone. Based dik,k’), a

whereK¢" is the electron-hole interaction. The energiesmatrix element ofa (or b, c) at (k,k’) on the fine grid
and the optical transition matrix elements of the excitarequired for the BSE is then approximately given by
tions S finally determine the imaginary paet(w) of the o 3 3
macroscopic dielectric function, i.e., the optical absorp-  ayekwerr = . doKdiK dUK dSagek pei  (6)
tion spectrum. vev'e

Because of the two-particle nature of the problem, thewith
computational effort of solving the BSE is enormous. - o
Combinations of several occupied and unoccupied bands ark = f P (e TR () dx . (7)
at several hundred wave vectors, i.e., up I{¢¢ ba- . "~
sis functions, have to be taken into account in Egs. (1fhe pointsk andk’ should be chosen close loandk’.
and (2). The determination of the)® matrix elements The integralsd,x 5k account for the change of the wave
(vek|K,ulv'c'k’) of the electron-hole interaction forms functions when going fronk to k.
the bottleneck of such calculations. A key component of In the following, as illustrations, we discuss electron-
our present approach is a radical reduction of this comhole excitations in GaAs and LiF. Figure 1 shows the op-
putational demand by more than 2 orders of magnitudetical spectrum of GaAs, calculated with (solid lines) and
We achieve this by calculating the interaction explicitly without (dashed lines) electron-hole interaction. The spec-
for only a few wave vectors and interpolating in between trum resulting from the free-quasiparticle transitions shows
which requires a new method of very careful handling ofsystematic deviations from experiment. At low energies
the wave functions and phases of the one-particle states(2—5 eV) the absorption strength is much lower than in

Within the usual approximations [3,7], the electron-holeexperiment while it is too high for energies above 5 eV.
interactionK " consists of a direct, screened interactionWhen we include the electron-hole interaction, the peaks
termK? and an exchange terg*. If we neglect dynamic at 3 and at 5 eV are strongly enhanced; in addition, the

screening effects [11], the direct term is given by peak structure at 5 eV is effectively shifted to lower en-
ergies. The spectrum including the interaction is in much
(vek|K4 'Ky = ] dx dx’gbj,kw(x)zpcgk/m(x) better agreement with the measured data. The same type
of improvement has been observed by Beneelicl. [9].
X W, v ) (g (x),  (3) The modifications of the spectrum do not result from

where W is the statically screened Coulomb interaction.2 N€gative shift of the transition energies, as one might
The variablex = (r, o) comprises position and spin. To nalvely expect frqm the attractive nature of the interac-
develop a numerical evaluation of Eq. (3), it is mosttion. In fact, we fm_o! that the joint density of states of the
convenient to writéV as electron-hole transitions remains nearly unchanged by the
~1 interaction (except for the formation of bound excitons;
W(r,r') = Z e 1@tG)r €c.6/ (1) el @tGHr see below). The changes in the optical spectrum origi-
«GC la + Gllq + G| nate mainly from thecoupling of the electron-hole con-
(4) figurations in the excited-state wave function, which leads
wheree ! is the static inverse dielectric matrix. Only the to a constructive coherent superposition of the oscillator
q = k’ — k terms in Eq. (4) contribute to Eq. (3). strengths for transitions at lower energies and to a destruc-
Solving the BSE requires the knowledge &f' and tive superposition at energies above 5 eV. Such modifica-
K* on a very fine grid{k} in the Brillouin zone. The tions of the spectrum occur also in other semi-conductors
matrix elements ofK? depend very sensitively on the [2,8,9,12].
reciprocal distancg, in particular, whery is small. An Figure 1 does not exhibit bound exciton states be-
interpolation scheme fokK? itself would thus be very cause of the limited resolutiof~0.15 eV) arising from
unstable. An interpolation scheme can, nevertheless, ke finite set of 500k points in the BZ used. To de-
obtained in the following way. From Egs. (3) and (4), scribe the discrete exciton states, we have to increase the
the matrix elements ok are given by double sums over k-point grid density tol0® k points in the Brillouin zone.
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TABLE I. Calculated binding energies of excitons in GaAs the higher transitions, which are more extended in real
(cf. Fig. 2), compared with data from optical absorption [13] space, do not form accurately a hydrogenlike series in our

and from two-photon absorption [14] measurements. spectrum. This problem may be overcome with a denser
This work [meV] Exp. [mev]  k-point grid or a nonuniform grid near the band minimum.
Ey, 4.0 4. In the upper panel of Fig. 2 we display the corresponding
Ey, 0.9 1.0% dipole oscillator strengths of the exciton states. Because
Ey, 0.2-0.7 ~0.1P of the selection rules, only the transversstates have a
nonvanishing dipole matrix element and are observable in
“Reference [13]. optical experiments [15]. The ratig,/I,, of the strengths

b
Reference [14]. of the 2s and thels exciton is 0.1, which is close to

Fortunately, the use of about 1000 of thésgoints near the ideal ratio ofi /8 for hydrogenlike envelope functions.

the position of the band extrema allows already for a con- Of course, all these structures and effects are well known
b . ady for GaAs. A simple effective-mass approach with ad-

verged representation of the, 2s, and2p excitons. The . .

exciton spectrum is given in Table | and in Fig. 2. Thejustable parameters can reproduce the experimental fea-

lower panel displays the exciton levels and their degenert—ures' The novelty here is that the present approach yields

acy from ourab initio calculation. The first two peaks at g‘ne dsv?/gveer?j:éiisovr;llstho?‘l{[hingaisds:grfctiu())%stﬁg tglig';%is;?en
—4.0 and —2.5 meV belowE, are given by thes exci-

tons. The states at4.0 meV are composed of mixed (due Interaction. Qur sgheme can t_hus dwectjy be applied to sit-

. o . . . oo uations in which simple empirical techniques do not hold.
to spin-orbit interaction) triplet and singlet excitonic states. Now we discuss a much different svstem. LiE. Com-
The splitting of 1.5 meV between these states and the next y ! '

one, which can be identified as a longitudinal exciton, i Sf::)end et:) aﬁgﬁﬁé ;[:zfreesleggg;—h%% dli?it:z;?gz(s)nofltshemc[)ﬁri]—
caused by the exchange part of the electron-hole interac- ger, P g P

tion [15]. The2s excitons at—0.9 and —0.7 meV form ¢al absorption spectrum (shown in F?g. 3) are much more
asimilar.multiplet Betweer—r07.and—0 2' meV we ob- pronounced. In fact, the spectrum is completely altered

serve the2p excitons. The splitting among these statesfrom the noninteracting case. Again, the spectrum includ-

and the energy difference to tae level are caused by the ing the interaction is in much better agreement with ex-

anisotropy of the valence bands [16]. Our calculated bindg eggﬁﬂrt]‘ ig?ferzgzhﬁfnnc%ugﬁvovlge;trzrne ; n g:)iﬁglgmatlg?
ing energies agree well with available experimental data? 9y 9

(see Table I). Because of the finkepoint sampling used excit_ons_ at 1.2'8 ev (transvers_e e_xcitons)._ In _addition, a
’ " longitudinal singlet exciton, which is not visible in the op-

tical spectrum, is found at 13.3 eV.

S _ rr 1T T Our approach further allows us to explicitly calculate
a0 n | % the real-space electron-hole amplitude
S _:) 1S GaAS hole elec
5 % - . xs(ry,r.) = Z Z ZAicklﬁk(l’h)lﬂc,HQ(l‘e) (8)
N k v ¢
. Qo 7 of each excitation.r;, (r,.) refers to the coordinates of the
— - .
= o | i hole (electron). As an example, we discuss the lowest
o — 2s
@) | o l I [T
5 | °P I ]
3 4= 1s 2s L ]
a0 3 RN } 0 L ]
) w
a0 | , 5 - —
T BT B - .
—4 —2 0 2 i . I
E-E__ [meV] Y A A N LTI 2 A S
gap . S <
FIG. 2. Calculated exciton spectrum of GaAs relative to the 0 ‘
fundamental gap energy, showing the oscillator strength (upper 10 15 <0 <5
panel) and the degeneracy (lower panel) of the exciton states. Energy [eV]

Two valence bands, one conduction band, and 10(#ints
(k| < 0.015 a.u) near theI' point were used. The band FIG. 3. Same as Fig. 1, but for LiF. A broadening of 0.25 eV
structure includes spin-orbit interaction. is included. The experimental data are from Ref. [17].
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quasiholes inab initio electronic structure and optical
properties calculations for periodic systems. By using
an interpolation scheme in reciprocal space, the matrix
elements of the interaction are obtained with very modest
computational effort. We have discussed the results of
applications to GaAs and LiF. Very good agreement with
experiment is obtained—both for the entire absorption
spectrum and for the low-energy absorption threshold
due to discrete bound excitons. Furthermore, we have
presented the details of the two-particle wave function of
the lowest exciton in LiF in real space.
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