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We introduce a simple semiempirical anharmonic Kirkwood—Keating potential to model
AB,_,C-type semiconductors. The potential consists of the Morse strain energy and Coulomb
interaction terms. The optical constants of pure compon&RsandBC, were employed to fit the
potential parameters such as bond-stretching and -bending force constants, dimensionless
anharmonicity parameter, and charges. We applied the potential to finite temperature
molecular-dynamics simulations on &g, _,As for which there is no lattice mismatch. The results
were compared with experimental data and those of harmonic Kirkwood—Keating model and of
equation-of-motion molecular-dynamics technique. Since the Morse strain potential effectively
describes finite temperature damping, we have been able to numerically reproduce experimentally
obtained optical properties such as dielectric functions and reflectance. This potential model can be
readily generalized for strained alloys. ZD05 American Institute of Physics
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I. INTRODUCTION relation of the zinc-blende crystal no longer appears. Instead,
we observe a complex mixture of pure system perturbed
Understanding optical properties of group IlI-V pseudo-modes. Extensive experimental work has been devoted to
binary random alloys is of major interest to research aimed atiescribe vibrational states in this class of materials. The fre-
employing these materials, for instance, for the quantum casguencies of the longitudindl-O) and transvers€fO) opti-
cade lasefQCL). QCL is in great demand for many laser- cal modes of AlGa,_,As mixed crystals have been studied
based application areas such as terabit optical datdy llegems and Pearsbfrom the Kramers—Kronig analysis
communicationg, ultraprecision metrolog§, spectroscopy,  of infrared reflectance spectra followed by Raman spectros-
and medical imaging.This monolithic, mid-infrared super- copy study on the long-wavelength vibrational behavidf.
continuum semiconductor laser is inherently compact andusserand and Saprigmeasured the LO and TO mode be-
provides high output power. Also, it is a unipolar lasdrat  haviors with varying Al concentrations and thoroughly ana-
is based on electron transitions within semiconductor quanlyzed the line-shape asymmetry of these modes in terms of
tum well nanostructures’ The emission structure of the defect and anharmonicity. Optical properties of@d_,As
QCL can be varied from a Sing|e quantum well to a Comp|exf0r Al concentrations have also been obtained USing Optical
chirped superlattice consisting of semiconductor layers oféflection technique.
general formulaAB,_,C. Therefore, theoretical studies can ~ In order to predict the optical properties of an alloy of
greatly benefit the development and applications of QCL bygrbitrary composition, a theoretical or computational method
designing a quantum well structure so that it can produce 42 also been used. The straightforward mean-field approxi-
desired and customized radiation profile. mation shl%s been shown to fail in producing correct
AB,..C random alloys typically adopt a zinc-blende s_pectral.' Alternatively, the coherent-potentlal approxima-
crystal structure, with two sublatticéAC and BC). Due to  tion (CPA) model developed by Bonnevifitas well as com-

the random substitution of a fraction of thetype ions byB putational methods such &b initio calculations has been

,16,18 H
in one of the sublattices, the simple four-branch dispersior'jn,o_re successfuf Bar_om et al. have presented_aab i
initio model based on which they determined the dispersion

of phonon branches in thin AlAs and GaAs films. Recently,
dAuthor to whom correspondence should be addressed. Electronic maibranicio et al. have performed molecular-dynami¢siD)
esim@yonsei.ac.kr )

bCurrent address: Department of Physics, Arizona State University, TempsSimulations using an interaCtiO_n potential and investigated
AZ 85287-1504 structural, mechanical properties on,@s_,As alloys:
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However, these techniques are either computationally ex-  V,...;= Vsgaint Veouloms ()
tremely demanding or difficult to generalize and apply to
other alloys. We will discuss each term in details in Secs. Il A and Il B.

The main features of an experimental phonon spectrum
are reproduced within the simple Kirkwood—Keating
(valence-force model?># This is a low-order expansion of . .
the strain energy, with respect to atomic shifts relative to théa" Anharmonic strain energy
perfect-crystal lattice sites, fitted to the elastic constants. It is known that the elastic constants of zinc-blende
However, there are considerable deviations in certain regionstructure crystals in equilibrium are well described by
of the Brillouin zone. The major deviations occur at the Kirkwood—Keating's two-parameter mod&?! There have
zone-centekI") optical-phonon frequencyro, which often  been many modifications to this harmonic model to improve
tends to be overestimatdde., too large phonon force con- the calculated dispersion curves by including further interac-
stany. The Kirkwood—Keating model gives a poor descrip-tion terms. We introduce the anharmonic interaction by re-
tion on the flattening of the transverse-acoustic-phonormlacing the harmonic bond restoring interaction term in
branch near the zone bounddy). original Kirkwood—Keating model with the Morse potential
It has been shown that the inclusion of further interac-using dimensionless anharmonicity paramegter
tion terms can improve the calculated dispers"‘i%ﬁf’.A Six-
parameter model satisfactorily has described the phonon fre-
quencies of all four diamondlike crystél‘é.The general
valence-force-field model has one two-body foreeand
Ehree distinct three-body forces, y, and «. The last two FETPRN lBiikriQriOk<M . l>2. o
erms describe the correlation of angle distortion with the Mific 3
length change of one leg, and the correlation between the
length changes of two neighboring bo”‘?'s- . .. The strain energy is taken to depend on the vectawhich
In this paper we propose a very simple semiempiricaly,nects nearest-neighbor lattice siteand j. Index i runs
model potential modified from the Kirkwood—Keating poten-

a1 which h ical fth over all atoms and andk run over the four nearest neigh-
tial, which reproduces the optical spectra of the@d, ,As bors of atomi in tetrahedral structurer;; is the distance

random alloy that is taken here as an example material. Thgoyeen atoms and|, while r{ is the equilibrium distance.
potential contains as few parameters as possible in order 1 this expression, Coy =1l /ryry is the scalar product

facilitate the parameter fitting procedure and generalizatio_rE)etWeen the two vectors connecting atowith its neighbors

to other alloys. The potential consists of terms that are d|] and k. The fraction 1/3 inside the second bracket is the

r_e<_:t|y related to a_tomic interactions._ Moreover, the paramete,ribytion from equilibrium tetrahedral angle 109° that
fitting proced.ure Is based on experimental P'ata of pure CoMm;yeq co0$109 =-1/3. In zinc-blende structure, the relation-
ponents, which are usually knpwn. We aim for a genera hip between the equilibrium nearest-neighbor distarfce
model that can be used to predict optical properties of aIon%lnd the lattice constardy is ay=4r%/ 3. For simplicity

of arb.|trary compos_mon. The 'Q.Gai‘ AS alloy is a special atomic indices of potential parameters will be omitted from
case in the collection of possible pseudobinary alloys, befhis point forward such that we use 8 andy instead ofa;,

cause of the; le'r:ost lge(gg;al Izttlce constants of thﬁ pur??ijk, andy;;. Both parametera and 8 have the dimension of
components: S an s. As a consequence, there i35 constantN/m).

virtually no length mismatch between the sublattices, which The first term in Eq(2) represents the two-body central

leaves only mass disorder. Th's S|mp||f!es the analysis, anflorce interaction between nearest neighbors, i.e., the covalent
the method will be equally valid for a wider range of mate- |, 4 patween Ga—As or Al-As. while the second term de-

rials. , . . _ scribes the angular interaction between atoand its two
_ This paper is orggnlzed as follows: In Secs. Il_and I, We aarest neighborg and k. The parameters and 3 essen-
introduce the potential and discuss how the various ParaMyally describe the bond-stretching and bond-bending restor-

eter; clanl beththed to de;ﬁ)Aerlr?ental data of pli/rve componentﬁw forces. They are fitted to reproduce the elastic constants
particu arly 'S an S for a test case. We present re;, phonon frequencies to those obtained experimentally.
sults of dielectric and reflectance spectra of@4,_,As of

varying compositionx followed by concluding remarks in
Sec. IV. The reflectance spectra are extremely sensitive to the _ _
position and shape of the peaks in the dielectric-respons®@. Coulomb interaction

function and are therefore a good evaluation tool for our  The ponds between group I1I-V elements can have sig-
model. nificant polarity. The effective force constantsand 3 ac-
count only for the short-range part of the electrostatic forces,
whereas the long-range electrostatic forces that arise for po-
II. MODEL larized bonds are neglected in the Kirkwood—Keating model.
We add to Eq.(2) a term for the long-range electrostatic
The total potential energy of the system is divided intointeractions, i.e., Coulomb interaction, between electrically
the strain and Coulomb energy, charged ions,

Vstrain: 2 Qi 5 Z{e—z()(ij/fﬁ)(fij—fﬁ) _ 2e—)(ij/l’ﬂ(rij—l’ﬁ)
@iz 20xi!Tip)

(i,j#i,k#1,]) 8
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1 . 300
Veoulomb™ K i ql_f]l' (3)

08 (i j#i)y [ij
where g, is the permittivity of vacuum.., is the high-
frequency dielectric constant, awgis the charge of ion. 200

The effect of long-range interactions on the strain energy
of group IlI-V compounds is expected to be small, but the
long-range forces are essential for correct description of the
phonon dispersion. They are, for instance, responsible for the 100 |
splitting of the LO- and TO-phonon frequencies at the
Brillouin-zone center. The LO displacement produces mac-
roscopic ionic polarization. A corresponding macroscopic
electric field produces an additional restoring force, giving
rise to a LO frequency shift.

The Ewald summation methdtis used to avoid anoma-
lies from a Coulomb interaction cutoff radius. We use a ve-FIG. 1. Phonon-dispersion curve for pure G&¥a0) with experimental data
locity Verlet time integration scheme with a time step of 2 fs. (symbols reproduced from Bilz and Kres&ef. 3). The solid lines are
All simulations are performed at constant volume. The MDobtamed from molt_eculr_:lr-dynamlcs simulations at room temperature. X cor-

, responds to the Brillouin-zone boundary, whildo zone center. The calcu-
runs are kept at constant temperature by a Nosé extendeged To-phonon frequencies agree well with the experiment for the entire
system thermostat. Periodic boundary conditions are imzone, since we fit th@ angular parameter to the relationship Eg).
posed for all simulations. Since the atoms in the group IlI-V
alloy are polar, we intentionally use an uneven-surface rect-
angular sample to avoid the macroscopic electrostatic field
a bulk sample. The usual periodic boundary is applied an
the interaction cutoff distance at 8.5 A is used for simulation

efficiency. The total number of atoms is 480 with 60 unit ho 2 1 4 16
cells. wozéwTo*'ngo: @ a’+3/3 ) (4)

wherep is the reduced mass. The superschifridicates that
lll. OPTICAL PROPERTIES OF Al ,Ga;_,As the phonon frequency was obtained using the harmonic ap-

Th tential ters in Eq®) and(3) d d proximation. The pa.rametcﬁmainily controls the downshift
e potential parameters in Eqg) and (3) depend on of the TO band within the Brillouin zone,

the type of atoms in a random alloy of interest. As an ex-
ample we take an AGa,_,As system, which has the advan- Awrg = w1o(I") — wro(X). (5)
tage that there is almost no length mismatch between AIA?}/

o(k)

0 . . . .
0.00 0.20 0.40 0.60 0.80 1.00
r k X

onic approximation of the potential E®). For a Coulom-
ic system,wy can be calculated from the LO- and TO-
honon frequencie&w o and wro) given by’

and GaAs sublattices. The potential parameters of the pur Oe f%L.Jf?d’ by emplrlcal r_:_ﬁthods,b? I|n'ezr depgndfgci: of ?he
GaAs and AlAs are very similar in many empirical model shift on parameteg. This enables independent determi-

: nation of 3. Hence, we first fit the angular interaction param-
potentials’®?’ We therefore expect that the parameters for ) . ,
AlAs and mixed alloys will be close to pure GaAs. The eter B to reproduce the width of the GaAs TO dispersion

model can be generalized for more complex systems wittfurve: wh|le using approximate values far.and 9. The
lattice strain. phonon-dispersion spect.rum can_be Qetermmed in th(_e usual

Experimental data of the pure systems GaAs and AIAsYV?)g |7:cl>\I/Ga3,lAs, a best fit of 15-cthshift was found using
which are well available from literatufé? are used to fit 22/ N/m.

the potential parameters. These data include the dispersio"q thWE?n V\;eilnr;[rro ?utcier:omﬁtC\,r\],ﬂrgrei,hthﬁ(gohannd ;:Ohti)f{;l n?S
relation of phonon frequencies, refractive index, extinction € dispersion refation spiit, where the phonon Shifts 1o

a higher frequency and that of TO is shifted lower. This

coefficient, dielectric spectrum, and reflectance. Both ana]—_ - .

. : - L O-TO Coulomb splitting has been studied for many
I I | f h . .
ytical expressions and empirical fitting methods are used ystems93The difference between the LO and TO frequen-

The empirical methods amount to testing a trial parameter sét

. L _ cles is related to the plasma frequenay, which, for pure
with the equation-of-motion molecular dynanﬁ%ﬁEQM crystals, can be computed from the Lyddane—Sachs—Teller

MD) or standard MD at room temperature and adjusting the 7~ 33

parameters until they produce fair agreement with experi-re'atlo

mental results. The potential parameterand 3 are fitted to 2 2 , 1 qiz

match the GaAs optical-phonon bands, using two analytical “p~ “L0~ ®10~ Fosx : E. (6)

and one empirical relations between these parameters and the

phonon frequencies. The anharmonicity parameters fit-  whereV is the volume of the system amd is the mass of

ted to the reflectance spectrum. ion i. The parameters and g are computed from Eqs4)
We will first consider parameters for the GaAs side andand (6) and previously determineg,®**> w =270 cn1?,

later discuss AlAs side in this section. The optical-phononwro=295 cm?, and =279 cmi*. We found that «

frequency at the zone center, i.&k=0, wy, of a non- =115 N/m andy=2.27%. Simulations with this set of param-

Coulombic zinc-blende structure, can be derived from a hareters resulted in the dispersion relation shown in Fig. 1. The

Downloaded 10 Sep 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



174702-4 Sim et al. J. Chem. Phys. 122, 174702 (2005)

dispersion relations are in reasonable agreement with experi- 1.0

ment despite the simplicity of the model. The vibration dis-

persion spectrum of this zinc-blende crystal structure con-

tains six branches, three optical and three acoustic branches.

Both the optical and the acoustic branches consist of two

transverse and one longitudinal modes. The optical branches ~ 0.8

are pairwise degenerate. The Coulomb splitting of the optical

modes is clearly visible. The longitudinal branches deviate 04}

from the experimental data near the zone boundary. We ex-

pect that this deviation will have only a small effect on most

of the optical spectra that mainly couple to the TO modes. 0.2

The data taken from the dispersion curves a¥g,(0)

=270 Cm_l, wLo(O):2943 Crﬁl, and wTo(O)_wTo(l) 0.0 N L L

=16.1 cm’. These are in agreement with experiment and 200 250 300 350 400

with our analytical calculations. ® (cm™)

G aA'\Slel?(et%let(r:]'; n?;r;hsg)r:(?t?&ﬂ:yT?]aér?g‘l(aet?:a:?cgltrse(ja_ :Sn::r:ﬁ)n qI_ZIG. 2. Reflectance c_Jf GaAs using various simulation methgds._ The solid
: ine represents experimental result from Ref. 35, the dotted line is obtained

the complex dielectric function(w), which we need to cal- from equation-of-motion molecular-dynamics simulation, and the dashed

culate first. The dielectric function is obtained from the cur-and long-dashed lines are from room-temperature molecular-dynamics

; ; simulations. Harmonic Kirkwood—Keating model has been used for the
rent autocorrelation functio(CACF), computed from a MD dashed line while anharmonic Kirkwood—Keating model has been used for

run. The imaginary part of the dielectric function is com- the long-dashed line. The equation-of-motion technique repre$ertcon-

— exp.
+ EQM-MD
===~ H. Kirkwood
=== A. Kirkwood | ]

puted with a Gaussian screening function as follows: dition. The anharmonic Morse potential gives a better fit to the experimental
data than the harmonic bond-stretch potential by including physical damping
272 (T effects.
g"(k,w) = ——f dtcog wt)exd - o(t/T)?]
Vo),

is less than that observed in experiment. Although the angu-
><<E QiVi(t)z QjVj(O)>r (7)  lar terms introduce anharmonicity to a certain extent, the
: ] Kirkwood—-Keating model needs an additional damping fac-
tor to mimic a real system. This is the reason we added
%rﬁharmonicity by introducing the Morse potential in the
strain energy. The parametgrcontrols the degree of anhar-
monicity. Using ay of 1.36, the maximum reflectance of
GaAs is reduced to the experimental value of 90%, as shown
in Fig. 2. In principle, thewg can depend ory. We therefore
recalculated this frequency after adjusting. For

wherev; is the velocity vector of amth atom. The angular
brackets denote the usual ensemble averaging. The Gauss
damping factorr was set to 3.0. The real pa#(k,w), can

be obtained by using corresponding sine transform, o
through Kramers—Kronig transformation ef(k,w). Then
the reflectanceR(w), is computed frome(w) through

1-ve(w) 2 AlL,Ga _As, the effect was negligible, but for other com-
R(w) = m : (8)  pounds one may need to rewrite the expression of phonon

frequency such thay is included.

The reflectance is a function of the LO and TO frequencies ~ FOr AkGaAs, the ionic charges are constant over the
and, as we found, is also highly sensitive to the peak widthsCOmPposition range, but the high-frequency dielectric constant
These peak widths, or second moments of the dielectric re2= var_lese. Its value is estimated from the Clausius—Mossotti
sponse, are related to the decay of the CACF. A fast deca?quat")ﬁ

causes a broad peakfiw). This CACF decay, or the damp- e—g, Am

ing in the TO modes, is mainly due to anharmonicity effects,
since the anharmonic terms enhance the coupling to other
modes and the dispersion of phonon energy. The reflectansghereNaas (Ngaad IS the number density of AIXA&aAS.
maximum is therefore a good measure of the degree of anfFhe polarizabilitiesy are determined from experimental re-
harmonicity in the system and a proper quantity for fittingsult of e, for the pure systemse.(GaAs=10.88 and

the value ofy. This damping effect of anharmonicity on the &..(AlAs)=8.16.

reflectance is clearly seen in Fig. 2. EQM-MD technique  The parameters for the AlAs are kept identical to the
gives theT=0 K limit, where the higher-order terms in the GaAs except for a somewhat larger bond-stretch parameter
potential are negligible and the system is essentially hare. This is done to shift the AlAs dispersion to larger wave
monic. This produces a region of 100% reflectance: the Resttumbers and get a better overlap for the reflectance data. The
strahlen band between the LO and TO frequencies. At finit@ptimized set of parameters is listed in Table I. The ionic
temperature, if anharmonic effects are included, this 100%harges appear rather Iarggjue to the relative dielectric con-
reflection band is reduced by damping and coupling to othestant in the form offf=q/\s., that is used in the Coulomb
modes. The Kirkwood—Keating potential is weakly anhar-term in Eq.(3). Correcting for the high-frequency dielectric
monic due to the angular terms and the MD simulation atonstants yields charges qf=-0.69 andqS'=-0.79 for

300 K produces a 97% reflectance maximum. This dampinghe pure systems.

e+2e, 3V(NAIA5 Naias T NoaasTIcaad » (9
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TABLE I. Potential parameters for &ba, ,As.

ro(A) a(N/m) B(N/m) X qiMace)]
GaAs 2.47 115 5.7 1.36 0.62.27]
AlAs 2.47 119 5.7 1.36 0.7f2.27]

Finally, we discuss the optical properties of &k _,As  means that both the AlAs- and GaAs-like peaks shift to
with varying Al composition. It has been known that ll-V longer wavelengths as its mole fraction decred&eBhe
semiconductor alloys show a two-mode behaVlcexhibit-  peak width is the largest, as expected, when an alloy is an
ing two sets of phonon mode where the phonon frequenciegqual mixture of GaAs and AlAs and becomes narrow as one
are close to those of pure components. Figure 3 shows thg,mponent dominates. Note also that the peaks are asymmet-
dielectric function of AlGa,_,As calculated from MD runs o aq Al composition fraction increases, GaAs-like peaks
at 300 K with several values of Al composition. Clearly the become asymmetric: short-wavelength side on the right be-

dielectric function displays the two-mode behavior, which . .
. . ; comes broader than long-wavelength side on the left. This

agrees well with experimental observatfinAs the mole behavior is al b din AlAs-lik ks wh th
fraction of Al increases, starting with pure GaAs, the dielec- ehavior IS also _0 S?“’e n s-like peg S where ihe
lower-frequency side is broader than the higher-frequency

tric function develops a peak near the pure AlAs péadre- _ i ,
after, AlAs-like peak The peak positions and widthsec- side. The integral ok”(w) spectrum can be related to the

ond moment of &"(w) as functions of the Al mole fraction Plasma frequency through the sum rifle,
are plotted in Fig. @p). The GaAs-like peak shifts to longer

wavelength(redshift by approximately 20 ¢ty as Al com- 400
position increases, while the AlAs-like one shifts to shorter (a)
wavelength (blueshift by approximately 10 cry). This R S -
350 b 1 L L
100 v v T
£ 300
50 s
w O0f
200 - . . .
-50 0.0 0.2 0.4 0.6 0.8 1.0
X
-100 - - .
200 250 300 350 400
® (cm)
150
(b)
100 | 7
"
50 - -
FIG. 4. (a) Peak positions and second momentsetffw) of Al,Ga,_,As
pseudobinary alloy for various Al compositions Note that the error bar

400 represents full width at half maximuitiFWHM) of each peak. The results
are from room-temperature molecular-dynamics runs using the potential pa-
rameters shown in Table I. The two-mode behavior is clearly seen through-

FIG. 3. (a) Real and(b) imaginary parts of dielectric functior’ of out all composition rangegb) Weights of the Ga- and Al-type peaks of

Al,Ga _,As pseudobinary alloy for various Al compositions Notice the &"(w) as a function of Al fractiorx. The sum of the two weights increases

two-mode behavior of the dielectric function which agrees with experimen-following a)g (solid line), calculated from Eq(10), thus satisfying the sum

tal observation in Ref. 38. rule. It should be noted that the almost linear behaviomSst coincidental.
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1.op i " ] anharmonicity is essential for a correct reflectance spectrum
0.5F k x=0.54 ] at finite temperature. The dimensionless anharmonicity pa-
0.0 3 rameter introduced into the harmonic Kirkwood—Keating
1.0 model provided effective damping to mimic a real system at
0.5 finite temperature.
0.0 The model can easily be extended to other systems of
10 semiconductor alloys by taking into account the composi-
tional dependence on parameters such as the lattice con-
x 0.5 X . X :
stants, dielectric constants, and charges. While lattice-
2:3 matched layers can be used for long wavelength quantum
well lasers, strain balancing has been shown to be a viable
03 technique to realize short-wavelength QCLs. Highly strain-
t1).g balanced heterostructure quantum wells, such @&an,As,

) x=0.0 1 can provide short-wavelength lasers with high conduction-
0.5 ] band offset and minimal leakage current. Intensive studies on
0.0 . In,Ga,_,As using the anharmonic Kirkwood—Keating poten-

200 300 1 400 tial introduced in this article are currently under progress.
o (cm™)

FIG. 5. Reflectance of AGa _,As compared with experimental results. The ACKNOWLEDGMENT
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