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Near-band-gap reflectance anisotropy in ordered Ggglng sP
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We present a theory that models the reflectance difference spectrum of bulk, spontaneously ordered
Gaslng sP. Near the band ga, this spectrum exhibits a sharp, negative featurEaand a broad positive
feature that peaks ne&,+Ag. The zero crossing between these two peaks occursEgai . For the
sample studied in this paper, the spin-orbit splittingand the crystal-field splittindc are 120 and 25 meV,
respectively. Two previous calculations, which assume constant transition-matrix elements, were able to pro-
duce a negative peak Bt), but not the positive feature. In this paper, the reflectance difference spectrum near
the band gap is calculated using an 8-bang model and an explicit treatment of the momentumkor
dependence of the transition-matrix elements. The new calculation produces both the negativeEgesaidat
the positive feature that peaks n&y+ A . The positive feature is attributed to the strdndependence of the
matrix element anisotropy. A strong coupling, enhanced by ordering, between three valence bands is essential.
A problem associated with the analytical expression for the dielectric funetiged in previous calculations
is discussed.S0163-18207)07224-X]

I. INTRODUCTION I1I-V alloy generally exhibits both surface- and bulk-induced
spectral features and, at times, it is difficult to separate the
Spontaneous ordering in I1l-V materials has been studiedwo effects:>*® Recently, however, we have developed a
extensively in recent years. For Gin,sP the most fre- technique for effectively quenching the surface-induced fea-
quently observed form of ordering consists of alternatingtures in ordered Galno P.2° (In short, this is accomplished
planes of Ggs, ,2lNgs-,2P and Gas-,0lNgs. 2P in the by annealing the Galny P in H, at a temperature of about
[111] direction wheren is the order parameter. This form of 400 °C to achieve a group-Ill terminated surface and then
ordering is often referred to as CuPt-like. Associated withexposing this surface to\or air at room temperatupe.
the ordering are two major electronic featuréb: the band A typical bulk RD spectrum of (partially) ordered
gap E, is reduced, in some cases by more than 100 meV G& gnysP is shown in Fig. 1. The important ordering-related
(Refs. 2 and Bat thel point, the valence-band maximum, RDS features ar¢l) a sharp, negative feature Bp, (2) a
fourfold degenerate in disordered G, P, is splif with broad, positive feature that peaksE{+ Ag, and(3) a zero
an energy differenceAc. Theoretically, the ordering- crossing between the two peaks that occurs iigar Ac .
induced shift of the band gapAE,, and the valence-band The sample of Fig. 1 was grown by metalorganic chemical
splitting® Ac, are to first order, quadratic functions gf  vapor deposition using PH trimethylgallium, and trimeth-
This implies that for samples with weak orderifig<1), ylindium in a H, carrier gas. The input P tdn+Ga) ratio
detection of ordering in Galn,sP by traditional optical during growth was 60, and the growth temperature and rate
techniques is difficult. This is consistent with previous ex-were 670 °C and 5.5um/h, respectively. The layer was
perimental work using photoluminescen@d),*"®photolu-  grown on a(001) GaAs substrate misoriented 6° toward
minescence  excitation (PLE),”"*® and modulated (111B. Details of the growth setup are described
reflectancE1*to measure\E, andA ¢ . Recently, however, elsewheré? The sample was specularly smooth and closely
reflectance difference spectroscq®DS) has been shown to lattice matched fa/a< 10"3) to the underlying GaAs sub-
be a more sensitive technique for detecting the presence sfrate. It contained a single CuPt-like ordering variant and
ordering in I1l-V alloys and can easily be adaptediricsitu ~ the background doping density was below!l.@m™2

measurements during and after growth’ n-type. These properties avoid complications introduced by
strain effect$? electro-optic effects associated with heavy
Il. BACKGROUND doping, and anisotropic surface roughness effects associated

with two-variant ordered Galng sP.1%%%23
RDS measures the anisotropy of optical reflectance. In The observed optical anisotropy neag has been inves-

this study we let tigated theoretically using 4-batt®and 6-banéf Luttinger
models, where ordering related terms were added to the
(R170— R110 Hamiltonian by treating the effect of ordering in the same
AR/R= (RyTo+ Ri10/2 (@) way that one would treat the effect of uniaxial strain. Both

_ strain and/or ordering reduce the crystal symmetry and split
where R;79 and Ry1g are the reflectances alori@10] and  the valence-band maximum. The 4- and 6-band models yield
[110], respectively. Originally, RDS was used to study theexpressions foAR/R in terms of the band energiés (i.e.,
anisotropic surface reconstruction of IlI-V materials with E,, Eq+Ac, andEy+Ag) that characterize the effects of
isotropic bulk propertie$® The RD spectrum of an ordered ordering in the material. These expressions are of the form
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FIG. 1. Experimental RD spectrum of ordered,@agysP. The | fﬁ’%&&%@
theory developed in this paper is only valid for photon energies in o« A@ i
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wherec, is a constant and;=M; — —M: is the mo- T = T
' ,(110) 1,(110) (© k-ldependent 8-band model

mentum matrix element anisotropy for thth transition at
energyE;. (In this paper, we use the convention that the
Jx=0 if x<0.) For the 6-band model,=—(a;+a,) and

a, anda, are functions ofs. For the 4-band model, it was r
assumed thatp<<1l, and, as a consequenca;=0 and 0.00
ap=—a,. The line shapes predicted by E®) (solid line)

for the 4- and 6-band models are plotted in Fig&) zand

2(b), respectively. The 4-band modet® neglects the
ordering-induced coupling between the crystal-field and the - .

spin-orbit slit-off bands while the 6-band motfeincludes T N
this coupling in the calculation of the matrix elements and 1.6 20 24
energy levels. Although both models produce a negative Photon Energy (eV)

peak atEy, neither is a good fit to the experimental line

shape and neither reproduces the positive featur&nat

+As. One problem with both models is that the functional £, 2. RD spectrunopen circlé and model calculation@hick

form of Eq. (2) (related to the form ok;) is only accurate |ines): (a) 4-band mode(Ref. 15, (b) 6-band mode(Ref. 24, and

for photon energies near the critical point and for weakly(c) 8-bandk-p model(this study. By varyingc,, the intensities of

ordered alloys. The more accurate function fofsee the the RDS line shapes ife), (b), and(c) are adjusted to fit the ex-

Appendiy is perimental intensity aE,. The dashed line going through the data
points is a guide to the eye. Although the resolutiorEgtis +25

AR Co meV, spectra measured with higher resolution produce essentially
R == ?Z ai(Z\/Ei_ VEi+E— JVEi—E) ) the same line shape as that represented by the dashed line. The thin
solid lines in(a) and(b) are line shapes calculated using the correct

shown as thin lines in Figs(& and 2b). The fits, using Eq. ¢ line shape for the 4- and 6-band models.

(3), are somewhat better for photon energies less Elout

are still lacking for energies greater thBg. We show inthe  matrix elements are strongly anisotropic over a large region

following that the problem with both modefand with Eq.  of k space. They also found that ordering plays a significant

(3)] is the assumption that the matrix element anisotrapy role in the coupling between the three valence subbands.

=Mi2(1§))—Mﬁ(llo) is independent ok. More recently, Zhang and Mascarenffasave shown that

' thek dependence of the matrix elements significantly affects

the polarization of the excitonic states in ordered IlI-V al-

loys. Consequently, the usual assumption that the transition
In this paper, a new RDS calculation using an eight-bandnatrix element anisotropy is independentkois suspect. A

k-p model is presented. The dependence of the transition treatment of the RDS problem using tkedependence of

matrix elements is treated explicitly. This idea was stimu-matrix element anisotropy and the correct functional form

lated by the work of O'Reilly and Mene’?. They calculated for &, is discussed below. We show that this model is a

the valence subband dispersion in strained quantum wells @huch better fit to the RD spectrum of ordered,@g, sP

ordered GgsingsP and showed that the optical transition aroundE,. More importantly, we show that the effect of the

lll. THEORY
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order-induced coupling between thieree valence bands at where the dielectric functior = (e'1°+&19/2=¢,+ie,,
k#0 cannot be neglected.

From the standard Fresnel equation for normal incidenc
reflectance,R=|(\e —1)/(\e +1)|2, we first express Eq.
(1) in a more general form,

and Ag;= (e °—¢9, j=1 or 2.[Only linear terms in
‘Zsl and Ae, are retained in the differentiation leading to
Eqg. (4).] In order to include th& dependence of the matrix
elements, we use the following integral expressions for

AR/R=f(eq1,85)Ae1+0(e1,85)Aes, (4) Ae, andAg,:?"?
|
A I OR
Asl_z (Asl)i_zi: ;(Ei)(s/z)jo [(1+02— (1% dx, (5a)
Co  [ma()VX[8(1+x—£)+8(1+x+7)]
ser=3 (30013 g, (1072 >
Co
=2 Eympla- VG- 1-a- 6= V=41l (5b)
| !
|
where the anisotropic parametea,s(x)=M?(lﬁ)—Mﬁ(lm) Although thek-p method for calculatingE;(k) and M?
have the same meaning as described abgve(iw/E;),  becomes less accurate for large valuek,df is nevertheless

and szﬁzkrzn/ZMEi . Here, we ignore the detailed shape of reasonably accurate for calculating\/liz. This is illustrated
the Brillouin zone by replacing it with a sphere of radius in Fig. 3, where, for photon energies far from the band edge,
kK. We letx,, be an arbitrarily large number and we setAMi2 approaches zero, as expected, since the ordering
a;(x>0.4)=4a;(x=0.4). mainly perturbs the band structure in an energy range com-
The k dependence ofy=AM? is calculated using an parable to the crystal-field splitting. Similarly, this model
eight-bandk -p model?®?° For each transition, the result is should be more accurate for calculatidg; thane;. It is
calculated fok up to 1/5 Brillouin zone and averaged over  worth mentioning that this approach reduces to the expected
parallel and perpendicular to the ordering direction. The dentimits: at k=0, thea,’s are equal to those calculated in the
sity of states reduced masses for the three valence subbangl$and model, and if we leg;(x) =a;(x=0), Eq.(3) is ob-
have been found to be very simffiand are assumed to be tained from Egs(4) and(5a). Also, if we replaceAM? with
equal to = (uf w)) " for all three transitions. The result, as M? in Egs. (5a) and (5b), we then obtain the correct one-

a function ofx=72k?/2uE; , is shown in Fig. 3. Itis clearly electron expressions far, ands,, respectively.
seen in Fig. 3 that the transition matrix elements anisotropies
ag, a1, anda_z for_ the three subb_and_s are strong functions of IV. DISCUSSION
k. The coupling is mostly ordering induced because the top
of the valence band, in the spherical approximation, does not Several other important assumptions are made in this new
couple with two other valence bands in the zinc-blende strucealculation. (1) In principle, ¢ is a tensor for uniaxial
ture whenk+0.2° Gaslng sP. Here, the ordering effect has been treated as a
perturbation ofg;. (2) We assume the functional forms of
T | T €, ande, are not sensitive to the ordering-induced coupling
04l Crystak-Field Split Off Band | between the valence bands. This has been observed by Phil-
v Spin-Orbit Split Off Band lips et all” and this assumption is also made in the 4- and
I 6-band models3) Equationg5a) and(5b) are in the frame-
0.0 o S work of the parabolic approximation and ignore any
.- nonparabolicity® in the valence bands &t=0. (4) We have
4= .- Top-Most Valence Band — ignored the contributions of the higher conduction and va-
-, . lence bands, which may contribute to the RD intensity for
o8l _ E>Ey+Ag. (5) We have also ignored the influence of ex-
' | ! | citonic effects on the line shape®
0.0 0.1 02 0.3 04 The line shape predicted by this wofsolid line) is plot-
x ted along with the experimental spectrum in Figc)2Com-
pared to the line shapes from the 4- and 6-band md&es.
FIG. 3. AM2 vs x=(#2k%/2uE,) for transitions between the 2(@ and 2b)], the line shape calculated in this paper not
valence bands and the conduction band. Because of ordering, tily fits better the data belo,, but also reproduces a
three valence-band states are mixtures of the original unperturbg@ortion of the positive feature &+ Ag. Figure 3 shows the
heavy-hole, light-hole, and spin-orbit states. The labels used hem@egative peak aE, is mainly due to the anisotropy of the
should not be taken literally and are used for reference only. topmost or heavy-hole-like valence band. The contributions

AM? (arb. units)
[
|
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. . . , . . : study of the optical properties of semiconductors has also
|_ 4band model = been pointed out by Tangu) This may be the cause for the
relatively large amount of scatter in the data used to con-
struct the plot ofAR/R|g, versusAE, by Luo et al!®%

0.00

'
! broadening parameter
t

2
5 02 - - (We conjecture that the wide range of growth conditions re-
§ r \ 10 meV 1 quired to yield a variety of samples with widely different
g i 5 meV ] band gaps also leads to samples with widely different broad-
0.04 Og :Z‘\’/ _ ening parametersFinally we wom_JId IiI§e to point out that
T (with incorrect &) — 0 meV . aIthc_)ug_h the theory presented in th|_s paper does at least
. ! s | ; ! . qualitatively reproduce both the negative pealEgtand the
17 1.8 19

positive peak atEg+Ag, there is still a shoulder on the
Photon Energy (eV) high-energy side of the latter that remains unexplained. It
may be related to the foldeld band. Work is continuing in

an effort to explain quantitatively the origin of this spectral
FIG. 4. Results ofAe; vs energy using the functional form of fegtyre.

Kato et al. (Ref. 32 for a series of different line broadening param-

eters,I'y.
V. CONCLUSION

from the other two bands are positive B§. The positive In conclusion, we have presented a model using an 8-band
RDS feature aEy+ Ag is due mainly to the spin-orbit split- k-.p theory that yields an RDS line shape né&y compa-
off band modulated by strong, ordering-induced coupling berable to that which is observed experimentally. The success
tween the valence bands flor=0. This also suggests that the of this models depends critically on the explicit treatment of
cause of the poorer fit in the 6-band model relative to thishe k dependence of the transition-matrix elements. In par-
model is due to(1) neglecting the off zone centék#0) ticular, thestrength and the line shapef the spin orbit fea-
coupling and(2) the use of an incorrect expression for theture are primarily determined by the ordering-induced
g, line shape. It is worth mentioning that the contribution to k-dependent anisotropy of the transition-matrix element. We
the RDS intensity for all three models fros is negligible  have also pointed out that, to test an RDS model, a line-
for E<XEy+As. shape comparison to the experimental data is more meaning-
In a previous work, Luet al**3!showed experimentally ful than a single point measurement or calculation of inten-
that the RD peak intensity &, AR/R|EO, varied linearly  sity at some critical point. A discussion related to the
with VAE, whereAE(x 5?) is the ordering-induced band- incorrect functional form ot; used in previous calculations
gap shift. The 4-band modéh the limit of 7<1) yields this IS given in the Appendix.
result explicitly. The 6-band model yields a superlinear rela-
tionship betweemR/RlEO and AE, (or n) due to “inten- ACKNOWLEDGMENTS
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tional dependence fdmite » because of the incorreetline
shape and th& dependence oﬁMiZ. If the correct line
shape is used, the 6-band model, for a givenverestimates
the RDS intensity atE, compared to the current 8-band  As noted earlier, the functional form cf; (and Ae,)
model. Furthermore, at least theoretically, the peak intensityised in both the 4- and 6-band models is incorrect due to an
is also affected by line broadening effects. This is shown inincorrect Kramers-Kronig transformation. The fundamental

Fig. 4. Here, we simulate line broadening effects by using ghysical requirements for boty, ande, are®
more general and accurate expression for the dielectric

APPENDIX

function3? which explicitly includes a line broadening pa- e1(E)=e,(—E) (even function, (A1)
rameterl"y:
e5(E)=—g,(—E) (odd function. (A2)
(8)i=80+MZCoE; M2y 22— V1+xi—V1—xi), (6) The correct functional forms afe; andAe, that satisfy

Egs.(Al) and(A2), and Kramers-KronigKK) relations can
be obtained from Eqg5a) and (5b) by ignoring thek de-
where x;=(E+il'o)/E;. Since the AR/R line shape is pendence of; ;2728
dominated by theAe; term we only plotAe;. Using a
modified form of the 4-band modélith ay= —acg), Fig. 4 (ajco/E?)VE—E;, E=FE;,
shows that the intensity df e, decreases by a factor of 2 by
varying the broadening parameter from 0 to 10 meV. Avaiue ~ [A€2(BE)]i= 0, ~R<E<E,
of 59 meV was used by Katet al*? for fitting ellipsometry —(ac/E?)—E—E;, E<-E;,
data of Ggslng sP. (The importance of line broadening in the (A3)
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[Aeq(E)]=eo+(aiCo/E2)(2VE;, — VE;+ E—VE,—E). tion of Eq.(A2), it has no effect on the physical correctness
(A4)  of Ae,. However, it has a significant effect on the KK trans-
formation of Ae, to Ae;. Consequently, Eq.2) (which is
Only the E>0 part of Eq.(A4) was used by the 4- and proportional toAe,) violates the requirement described in
6-band models. Although this omission violates the condiEg. (Al).
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