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Band structure of highly mismatched semiconductor alloys: Coherent potential approximation
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The many-impurity Anderson model is applied to compound semiconductor alloys in which metallic anion
atoms are partially substituted by highly electronegative atoms at low concentrations. The interaction between
the localized states derived from the electronegative atoms and the Bloch states of the semiconductor matrix is
treated in a single-site coherent-potential approximation. The solution for the Green’s function provides dis-
persion relations and broadenings for the conduction-band states. The calculations validate the dispersion
relations previously obtained from the two-level band anticrossing model. The restructured dispersion relations
and optical absorption coefficient are calculated and compared with experimental results of (BgAsdloys.
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Over the past several decades, the physics of randomlpcalized A; states of the substitutional N atoms and the
disordered crystals has been studied extensively. An espextended states of the host semiconductor matrix. The inter-
cially intense effort has been directed towards the underaction between these two types of states has been treated in
standing of the electronic structure of random semiconductothe simplest possible manner that does not account for the
alloys. One of the simplest treatments of such alloys is baseéxpected severe level broadening effects. These effects pro-
on the virtual crystal approximatiof/CA), which is appli-  foundly affect the line shape of the observed optical transi-
cable to perfectly random alloys In this approximation, the tions and they entirely dictate energy dissipative processes
electronic properties of the alloys are given by the linearsuch as free-carrier transport.
interpolation between the properties of the end-point materi- To address these issues and to put the BAC model on a
als. Most of the experimental studies of semiconductor alloyfirmer theoretical base, we have studied the HMA's based on
systems have been restricted to the cases where there ahe many-impurity Anderson model that has been widely
only small differences between properties of the end-pointised to treat the interaction between impurity states and band
semiconductor materials. Such well-matched alloys can betates. The original Anderson model has been proposed to
easily synthesized and their properties are close to the VCH8escribe a single impurity atom of a transition metal or a
predictions. Recent progress in the epitaxial growth techrare-earth element in a nonmagnetic métarhe electron
niques has led to successful synthesis of semiconductor adystem is separated into a delocalized part of the matrix
loys composed of materials with distinctly different proper- metal, which is described in terms of the band theory, and a
ties. The properties of these highly mismatched alloydocalized level of thedl shell electrons of the transition-metal
(HMA's) drastically deviate from the linear predictions of the impurity atom. A dynamical mixing term is introduced into
VCA. The most prominent class of HMAs comprises the the Hamiltonian of the system to describe the hybridization
M-V ;_,-N, alloys, in which electronegative nitrogen substi- between the band states and the localized impurity states. A
tutes group V anions in standard group -V compounds.many-impurity Anderson model has also been developed to
One of the striking effects of nitrogen incorporation into describe the electronic properties of semiconductor crystals
[11-V semiconductors is a dramatic reduction in the funda-with low concentrations of deep-level transition-metal
mental band gap. A band-gap reduction of more than 18@mpurities’**® In this paper, we use the many-impurity
meV has been observed in GaAgN, alloys with only 1%  Anderson model to evaluate the interaction between the ran-
N.2 Similar effects were observed in GaRN,,* domly distributed localized states and the extended states in
InP;_ N, ,° GaSlgAsl_x_yNX,6 and InSh_,N, (Ref. 7 al- HMAs. We solve this problem within the single-site
loys. coherent-potential approximatig@PA). The calculations re-

The energy-band structure of HMA's has been explainegroduce the BAC model results for the restructuring of the
in terms of the band anticrossitBAC) model®® The model  conduction band. The imaginary part of the Green’s function
accurately describes the composition and pressure dependeaiso yields information on the electronic level broadening
cies of the fundamental band gaps of HMAs. Furthermore, itthat is used to determine the broadening of the optical tran-
predicted several effects such as a N-induced enhancemesitions and to calculate the free-electron mobility.
of the electron effective ma¥sand an improvement in the It has been predicted by Hjalmarsenal. that incorpora-
donor activation efficiendy in In,Ga,_yAs; 4N, alloys, tion of isoelectronic impurities into semiconductors gives
and the change in the nature of the fundamental band gagise to highly localized level¥ The energy of these levels
from indirect to direct in GaP_,N, .*? All these predictions depends on the electronegativity of the substitutional impu-
have now been confirmed experimentally. rity. In the case of highly electronegative impurities substi-

In the BAC model, the restructuring of the conduction tuting metallic anions in compound semiconductors, the en-
band is a result of an anticrossing interaction between highlgrgy levels are located close to the conduction-band &ige.
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For example, substitutional nitrogen as an isoelectronic im- 22
purity in GaAs generates aA;-symmetry localized level [
resonant with the conduction band of GaAs-ab.23 eV
above the conduction-band edge. This resonant level has
been observed in optical experiments when the level is
moved into the GaAs band gap by applying hydrostatic
pressur’ or alloying with GaP3

We describe the electronic structure of HMAg.g.,
GaAs _,N,) by considering an interaction between the local-
ized and extended states within the many-impurity Anderson
model. The total Hamiltonian of the system is the sum of
three termg1°

20 |
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+H.c), (1) FIG. 1. Conduction-band restructuring according to &y.for

where the first term is the Hamiltonian of the electrons in the®2A%gsdNo.cos: The broadening of the dispersion curves of the
band states with energy dispersiBf, and the second term newly formed subbands illustrates the energy uncertainties defined
corresponds to the energy of the eléctron localized orjttne in Eq. (7). All the energies are referenced to the top of the valence
) . . . . . band of GaAs.

impurity site with energyE?. The third term describes the

change in the single-electron energy due to the dynamical EC—E(K) VX

mixing between the band states and the localized states. Fol- _ 4)
lowing Anderson’s scheme, the hybridization strength is VX Ed+il'y—E(k) '
characterized by the paramedy defined by the following

equation where I'y=mBV?po(EY) is the broadening oY in the

single-impurity Anderson modeV/ is the value ofv,; aver-
_S gkt [ g . aged ovek andj, andpg is the unperturbed density of states
Vig= = € a*(r=DHue(Neqa(r=dr, (20 (pOS) of EC. In this approximation, the effective contribu-
tion of the DOS is represented by the value evaluatef®at
wherea(r—j) and ¢4(r—j) are the Wannier functions be- and multiplied by a prefactgs. If I'y=0, Eq.(4) is reduced
longing to the band and the localized wave function of theto the BAC model with two restructured dispersions for the
impurity on thejth site, respectivelyHy(r) is the single- upper and lower conduction subbands,
electron energy described in the Hartree-Fock
approximation’> 1o o 4 s
For the single-impurity case, the Hamiltonian described in E.(k)=S{(E+ED= VEE—EN?+4Vix}.  (5)
Eqg. (1) can be solved analytically and the exact solution has
been obtained by various methddsThe dynamical term |f the broadeningl"y is nonzero but small, so thatVa/x
presents a profound effect on the electronic structure of the- gv?p(EY) and |[EL— Ed|>wBV2p0(Ed), we obtain an
systemt? In general, we shall consider finite but dilute con- approximate analytical solution for E¢g),
centrations of impurities, €x<<1. The impurities are as-
sumed to be distributed randomly in space, so that we can |E.(k)—Eg|
carry out a configurational averaging, neglecting correlations  E.(k)=E_.(k)+il'y = g
between positions of the impurities. In this case, the single- |E+(K) — B +[E- (k) —E"]
site CPA is adequate for the many-impurity systerf The =E. (k) +il'+(k) (6)
CPA treatment leads to the result that®?°after the con- - B
figurational averaging, the average Green’s function partiallyvhere the real parE .. (k) is defined in Eq(5). The imagi-
restores the space translational invariance,langsumes its nary part of the dispersion relations defines the
well-defined properties as a good quantum number. In mohybridization-induced uncertainty of the energy. We note that
mentum space, the diagonal Green’s function in CPA can bghe imaginary part in Eq6) is proportional to the admixture

written ag*19:20 of the localized states to the restructured wave functions in
) L the two-state-like-perturbation picture described by @,
VX B
G (E)=|E—E:— - . 3
«(B) CECE—iapVipg(E, - D I (k) =(¢d E=(K))[2T. @

The dispersion relations are determined by the poles ofs an example, Fig. 1 shows the dispersion relations given
G« (E), and the solutions are given by an equivalent two-by Eq. (5) for GaAs) g9\ gg5 n€ar the Brillouin-zone center.
state-like eigenvalue problem, The broadening of the dispersion relations is given by the

233210-2



BRIEF REPORTS PHYSICAL REVIEW B 65 233210

0.03 A L S S B L B A B AL B 40— 77— -
i x=0 ] a5 F 15,0682 56A%0.66No 01 ]

= 0025 [ : ]

© r total ]

g r 1 < 3.0 Eo| e heavy hole E

T 002 - 2 £ | ---- light hole ]

= [ 7\ | © 25 | — — splitoff -

% X ) E o experimental ]

— 0015 T 20f =

= i P PR

5 oo | 2 A s
N’ L r e ‘ ]
Q. r 1.0 - , =2
0.005 - : §/. T T T
3 F o/, = 1
; 0N i ;
0 b ] S A 4 ]
e 00 P==—"% - - ="\ e

1 1.2 14 16 1.8 2 22 1 12 14 16 18 2 29

E (eV) E (eV)

FIG. 2. Density of states of GaAs,N, alloys for a range of FIG. 3. Calculated optical absorption coefficient in comparison
values ofx as compared with the unperturbed DOS. The two blackwith room-temperature experimental data for freestanding
dots on each curve indicate the energy positions ol&heandE INg 04Ga 9PSo oo 01. The oscillations below the absorption edge
subband edges. are due to Fabry-Perot interference.

imaginary part of Eq(6). In the calculation, the hybridiza- 0 E., and the one starting at1.5 eV due to the onset of
tion parametelV=2.7 eV is taken to be an experimentally the transition from the split-off valence band k.. The
determined constaft. more rapid rise of the experimental data at the absorption

The restructured density of states can be calculated froffd9€ near 1.2 eVis most likely due to the continuum exciton
the imaginary part of the Green's function and is given byabsorptlon effect, Whlch is not congldered in the calculation.
the expression In the Green’s-function calculation, thedependence of

V) is assumed to be weak on the momentum scale we are
1 1 interested in. In Eq(2), the parameteV,; is averaged over
p(E)==Im2 Gy(E)= —f po(ES)IM[ Gy (E) JdES. the impurity sites and itk space. It can be assumed that the
™ k ™ Hartree-Fock energy varies slowly in space and can be re-
(8) placed by a constant. Due to the localized character of both
a(r) andgq(r), the overlap integral in Eq2) is essentially

I . zero whena(r) and ¢y(r) are located on two sites far apart
that is in proportion tox. The calculated perturbed DOS for ¢.0 aach other. In an attempt to model thelependence of

GaAs N, with several small values ofis shownin Fig. 2.y e replace the integral in Eq2) by an exponentially
Note that the anticrossing interaction leads to a dramatic rédecaying function, ~exp(~I/lg), and obtain V=V, /(1

distribution of the electronic states in the conduction band+|§k2)2_ There is experimental evidence indicating that the

The most striking feature of the_DOS curves is t_he clearlyyajues ofV, at theL point in GaAs_,N, (Ref. 22 and theX
seen gap betwedn, andE_, which evolves with increas- point in GaR_,N, (Ref. 23 are about 3—4 times smaller
ing N content. than theV, at thel” point. This ratio corresponds to a wave-
In order to illustrate the effect of the state broadening orfunction decay length of the order of the lattice constant.
the optical properties, we consider the spectral dependencghis result indicates that the off-zone-center conduction-
of the interband absorption in J&a, _yAs; N, alloys. The  band minima are affected by the anticrossing interaction only
optical absorption coefficient due to the transitions from thewhen their energies are close to the localized level. This is
valence bands to the restructured conduction bands can kensistent with recent measurements of the optical properties
written in the form of the joint DOS summed over the con-of In,Ga,_,As; _N, alloys, which have shown that alloying
tributions from the heavy-hole, the light-hole, and the spin-with N has only very small effects on the high-energy tran-
orbital split-off valence bands. Assuming parabolic forms forsitions at largek vectors?*
the dispersions of the valence bands near the Brillouin-zone In summary, we have applied the many-impurity Ander-
center, we have calculated the optical absorption foson model to the electronic structure of highly mismatched
INg.04G8 9ASo.oNo.01 for which experimental results are semiconductor alloys. The band restructuring and energy
availables* The comparison between the calculation and thebroadening effects are investigated within the coherent-
experimental data is shown in Fig. 3. In the calculation, thepotential approximation. The dispersion relations calculated
only parameter that has been adjusted is the prefgteed  using the coherent-potential approximation reproduce the re-
to scale the energy broadening. The best fitting with the exsults of the two-level band anticrossing motiéfhe band
perimental data is obtained witf=0.22. The calculation restructuring leads to a strongly perturbed DOS for the con-
clearly reproduces the two bumps on the absorption curvejuction band. We show that the conduction band restructur-
i.e., the one starting at-1.8 eV due to the onset of the ing and the energy broadening have to be included to explain
transitions from the heavy-hole and light-hole valence bandshe spectral dependence of the absorption coefficient of

The integration converges rapidly witE; in a small range
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