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Degree of ordering in Alyglng sP by Raman scattering
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The effects of spontaneous CuPt-like long-range ordering on the lattice dynamicgzbf AP alloys was
studied by Raman-scattering experiments. The studied samples with various degree of oyaezieggrown
by metal-organic chemical vapor deposition at different conditions. Raman-scattering experiments were taken
in Z(X,X)Z andZ(Y,Y)Z scattering configurations. We observed thaZ{iY,Y)Z configuration, the rati®
of the intensity of AlP-like LO phonon mode and the intensity of InP-like LO mode is quite different from that
measured irf(X,X)Z scattering geometry, and it increases with increasing the degree of ordering. Because the
anisotropy of the photoluminescen@®l) spectra is very difficult to detect in AlinP alloys due to the nature of
indirect band gap, the conventional determination of the order parameter from PL spectra thus cannot be
applied. We thus introduce a parameter related to the Rtio denote the degree of ordering ingAlng sP
alloys. This parameter is very easy to obtain and sensitive to the degree of ordering. Our result therefore
suggests that the polarized Raman scattering is a very powerful and nondestructive measurement to determine
the degree of ordering in semiconductor alloys.

DOI: 10.1103/PhysRevB.66.073203 PACS nuntber78.30.Fs, 81.10.Aj

Most of 111/V semiconductors have the zinc-blende crystalcoupling, the valence-band maximum state of the random
structure, which consists of two fcc sublattices that are mualloy is I'gy and the conduction-band I&¢ . In the ordered

tually shifted ¢,%,%)L, whereL is the lattice constant. One alloy, the states near the valence-band maximumiarg,

fcc sublattice is occupied by the Ill-group element atoms and™l!) | andT'{?). And the conduction-band minimum is now

the other sublattice by the V-group element atoms. An unexy T : -
) . . . The band-gap reductidmlenoted byAE is then

pected feature in 1lI/V semiconductors is the spontaneous 6c gap d YAE(7)] —

long-range ordering. This is because the atomic arrangemefiffined as the energy difference between the transltign

in alloy semiconductors on each sublattice was believed to- a5y and transition T'ec—Igy, AEy(7)=Eq(7)

be random, although deviation from the random distribution,~ E¢(0), whereas the two valence-band splittir{genoted

such as short-range ordering, was thought to exist. Spont&y AEj5(7) andAE;5(7)] can be defined as the difference

neous CuPt-like long-range ordering of (J(Illg);—xVa  between the valence-band levdlg, andI';5,, AEjx(7)

semiconductor alloys has been widely observed in mang (T, . )—E(TW) —E(T,

lII/V systems on(001) substrate$.The ordered phase con- Eullaa)~Eoll'ev), and AEw(7) =Eallss)

?;ﬁts) OIIII )alternate ar(]:gtlon il )m ono(lm/e)r planesgap and the splitting of the valence-band states increase con-
Alxt ygl23 o BIL X /2 . AJx— w2\ B)3=x ka2 tinyously. Besides the splitting of the valence-band maxi-

stacked along th¢111] (or equivalent directions,“ where A i —

0=75=1 is the long-range-order parameter. The volume offum atk=0 the polarization dependencies of thigc

the primitive unit cell of perfectly CuPt ordered —I'ey and I'eqc—I's5, transitions are another important

(1N a)o=(Il1g)o VA alloy for ordering along thé111} direc-  properties which allow for the direct observation of both

tion is twice that of the primitive unit cell of the original gaps using polarization dependent o_ptical_spectrosﬁé‘ﬁi’/.

zinc-blende structurk.Necessarily, the new Brillouin zone Denoting the intensity of transitiod’ ,c—T'yy as 1(I'yc

becomes half of the original fcc Brillouin zone. This ordered_ryv), and defininga=1(Cgc—T45)/1(Tsc—ev), Su-

structure has a trigonal symmetry with point-gro@,,  Huai Wei and Alex Zunger have shown tidtr the partially
while the random alloy of (IM)OS(“I B)O.SVA has the cubic CUPE ordered GQSInOSP System5a<1 for |inear|y po]ar-
zinc-blende structure with point-grodp, symmetry. The ef- . ed light with p0|érizétiore||[1TO] and o>1 for el[110]

fects of this symmetry change on the electronic structure o owever, in some circumstances, such as the AllnP élloys

. 2 0
ETL“A%OhS(:”bBRO'E\f{fA ?avc;: tt)ﬁer:/ elx:]ensL\)/ er% Stulgt'iéndl' -;geb N tudied here, the effects of anisotropy on the absorption and
ga?ps regu?:tigne ects are the valence-band sp ga aNGimission spectra of the band-edge transition are not easy to

—Eg(ﬂﬁ)). Increasingz, both the depression of the band

. . . etermine due to the indirect nature. This fact increases the
In the absence of spin-orbit coupling, the valence-ban

maximum of the disordered allov h mmetr§ and ifficulty in the conventional methods for the detection of the
tha ud ?. te; 30 iered a ﬁ% S5 Syt Ie tha order parameter by photoluminescer{gd) technique. The
€ conduction-band minimum hasc symmetry. in the or- anisotropic effects, which result from symmetric reduction,

dered alloy, thd;sy state splits intd’3y andI';y while the  jnspire us to suspect that the polarized Raman spectra of
lowest conduction state IS, . In the presence of spin-orbit ordered alloys may differ from that of disordered alloys. In
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TABLE 1. Al 5lng sP sample used in this work. The growth temperaflyevas varied to obtain different

degree of ordering. The values of thg(7), AE5(7), andAE 5(7) are listedmeasured by using polarized

PZR spectroscopy NID stands for no intentional doping.

Doping Eg(n) AE A7) AE4(7)
Sample no. T4(°C) concentration (eV) (eV) (eV)
1 740 NID 2.538-0.003 0.0310.006 0.166:0.006
2 750 NID 2.511+0.003 0.0410.006 0.184-0.006
3 790 NID 2.493-0.003 0.0480.006 0.19%0.006
4 750 5%x 10 (Mg) 2.599+0.005 =0 0.130+0.010
5 750 1x 108 (Te) 2.595+0.005 =0 0.133+0.010

this paper, we try to correlate thigr these differencds) values of[Asf(1)—Agi0)], A1), andAEy(1) must be
with the degree of ordering in partially orderedoAlngsP.  obtained with the help of theoretical calculation. Wei, Laks,
Our results show that the newly defined parameter related tand Zunget® have calculated the ordering-induced change
polarized Raman spectra is very easy to obtain and sensitiye\_(1)—A(0)], A1), and AE4(1), for ordered
to the degree of ordering. We therefore point out that polar{|i| ,), (111 5) sV alloys using the first-principles, corrected
ized Raman scattering provides an excellent tool for the detocal density approximatiofLDA) as implemented by the
termination of ordering in semiconductor alloys. self-consistent linearized augmented plane wavAPW)

Our Alyglng sP epitaxial layerg~0.75 um) were grown  method®"*¥® Furthermore, the values df7) andA (7)
by metalorganic chemical vapor depositigflOCVD) on  are not obtained directly from experimdim fact, the quan-
(001 Si-doped GaAs substrates after a GaAs buffer layefities which are accessible experimentally aEeg(7),
(~0.5 um). Triethylaluminum, triethylgallium, and trimeth- Eg(0), AE,5(7), andAE,4(7)], we thus must find the re-
ylindium were used as the column-Ill metal-alkyl sources.|ation betweenA{#) [and A«(7)] and the experimental
Phosphine and arsine were the column-V sources. The V/li§uantities. Fortunately, this relation has been established. Us-
ratio, i.e., the molar ratio of the column-V sour¢ehos- ing the quasicubic model the valence-band splittings at the

phing to the column-lil sourcesmetal-alkyls in the reac-  top of the valence band for CuPt ordering are givefry®
tant gas, was fixed at 200. The growth temperatlig (vas

varied in the range of 740-—790°C. Lattice mismatch be-

tween the epitaxial layer and the substrate was determined b E12(7) = [Aso( 7 +A(n)]

a double-crystal x-ray diffractometer. The samples used in

this paper were virtually lattice matchdthttice mismatch

was within=0.1%). We choose the two cleavage direction of

the samples aX=[110] and Y=[110], and the growth

direction asZ=[001]. In order to(i) determine the order

parametern and (ii) emphasize the advantage of using ourand

newly defined order parameter, we detail the process to esti-

mate the order parametey before we utilize the Raman

scattering to study the ordering in &dlng sP systems. AE
It is found that physical propertie(x, %) [e.g., the band

gap E4(7), the crystal field splittingA(#), and the spin-

orbit splitting A, 7)] of a partially ordered sample with

(11 ,) compositionx can be described by ®)

P(x,7)=P(x,0)+7*[P(0.5,) ~P(0.50)]. @ Thus, in general, once we experimentally obtain the values
In our casex=0.5, we can obtain the following equations of Eg(7), Eg(0), AEx(7), andAE3(7), we can estimate
(for simplicity, “x=0.5" is omitted the degree of order parameter using E§s.(6), (3), and(4).
) But Alyslng 5P is an indirect band-gap semiconductor. It is
Asd 1)~ Asd 0)=[Asd 1)~ Asd 0)] 77, (@ difficult to measure its direct band- -gap transitiofigc
A(m)=A(1) 77,

3) —F45\, and[gc— gy by conventional and nondestructive
AEy(7)=AE4(1) 72, 4

1 8 1/2
— 5| [Asd M+ A= ZAd DAL D) |

©)

1
n)= E[Aso( 7)+Ac(n)]

1 8 1/2
+§ [Agd 7)+Ag( 77)]2_ §Aso( 7) A7)

techniques, such as PL measurements. Several methods have
been proposed to measure these transition signals. As for our
R samples, the polarized piezoreflectafiP&€R) spectroscopy
where A ((n)=T3y—I';y is the ordering-induced crystal- has been used to measure the valuesEg{#), Eg(0),

field splitting in the absence of spin-orbit coupling, AE (%), and AE;5(7).%° The resultant values are list in
AEy(7)=Eg(n)—E4(0), and AE4(1)=E4(1)—E4(0). Table I. Eventually, we are in a position to calculate the order
Since perfectly ordered sampleg+ 1) are unavailable, the parameter; by using the experimental daf&g(7), E4(0),
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TABLE Il. The values ofAg( %), Ai(#n), and » are listed for 0.65 T Y v Y r T Y
samples 1-3A4(#7) and A4(#n) were calculated by Eq$5) and 0.60: . ]
(6), and v(Eg) and n(A) were estimated by Eq$3) and (4), . :
respectively. 0.35 ] ]

0.50 .

Sample no.  Ac(7) Asd(7) 7(Eg) 7(Ac) S 0451 . ]

1 0.054 0.143 0.48 0.47 0.40- i

2 0.076 0.149 0.57 0.56 0.354 ]

3 0.095 0.148 0.63 0.63 0_30_' ]

] - ]

0.254 4

and A4(#7)] and theoretically calculated resulfa\¢(1) 048 052 056  0.60 0.64
—Af0), A(1), andAE4(1)]. Table Il lists the final re- Degree of ordering (7)

sults estimated from Eq$3) and(4).

As we can see that it is complicated and difficult to esti- FIG. 2. The relation between the order paramefend @/b).
mate the order parametey since (i) the direct-gap transi-
tions, e.g..lgc—T45 andgc—Tgy, are not easily mea- and the AlP-like LO mode, respectively:?!It is well known
sured by usual nondestructive measureme¢otsventional that the AIP mode shows a strong dependence of frequency
PL setup, for examp)eand (i) the theoretical calculation on the alloy concentratidA®*3and the measured frequency of
unavoidably include some errors. In this paper, we will in-460 cm ! is consistent with the nominal concentrationxof
troduce a different parameter to denote the degree of order=0.5. The peak located at293 cm ! originates from the
ing in Alg sing sP by polarized Raman scattering. The Raman-GaAs substrate since AllnP, which is an indirect transition
scattering measurements were performed at roonmaterial, has a low absorption coefficient for the incident
temperature in the backscattering geometry(@®1) growth  light. The not well-resolved peak around 312 chis attrib-
plane of the samples. The 532.5-nm line of a solid-state lasasted to InP-like TO phonon mod&’ The most difference
with an intensity of~90 mW, focused with a microscope between the spectrum measuredziX,X)Z configuration

0_?j?_(3tive toa Sq%t S_ize_(;}f“ztifzh{:m’ Wasl ”_Seddal‘)S the elx-_ and that inZ(Y,Y)Z configuration is that the intensity of the
criation source. the Incident ight was polarized by a polarl-p p e | o phonon mode measured E(Y,Y)Z configu-

zor either ann@(=[1T0] or alongY =[110]. The scattered L = .
: : ; : ration is stronger than that measuredzi(X,X)Z configura-
light (polarized by an analyzewas dispersed by a triple Jion (we have normalized the intensity of InP-like LO pho-

monochromator and detected with a liquid-nitrogen-coole : . ; :
high sensitivity charge-coupled devi¢€ECD) detector. The hon modg. Defln(_a_the Intensity _Of the_ AlP-like LO phohon
spectral resolution was less then 0.5¢m mode measured i (X,X)Z configuration ad, and the dif-

and theZ(Y,Y)Z configurations. The two main Raman fea- asa. We found that the ratiog/b) almost linearly decreases

tures occur at shifts of 340 and 460 ¢h Previous reports with decreasing the degree of orderitg; see Fig. 2. This

have ascribed these peaks to the InP-like LO phonon mod 'ndenc.:y can be explained by ;ymmet.ry consideration.
ince, in a disordered alloy, there is no difference between

axesX andY, in which Al and In are arranged randomly, the
Raman spectrum measured 41§ X, X)Z scattering configu-

a/b=0.6185) ration should be the same as that measuret{ 1, Y)Z scat-
tering geometry. Figure 3 shows typical Raman spectra of a
disordered Adslng sP alloy, in fact, the sample is Mg-doped
Algsing P (p=5%10" cm %) grown at 720 °C. In order to
distinguish two spectra, we have slightly shifted the dotted
line apart from the solid line. Note th&t the dotted line is
almost coincide with the solid line an(d) the ratio @/b) is
extremely small. We thus conclude that the ratdh) can
\ be successfully used to determine the degree of ordering in
------ ™ Al slng P alloys. The advantages of using our newly defined
. ; . parameter to determine the degree of ordering ifshsh P
300 400 500 systems are thdt) compared with all the previous methods
Raman Shift (cm™) for estimatings, our newly defined parametea/p) is very
easy to obtain and much more sensitive the degree of order-
FIG. 1. Raman spectra in the optical pﬁonon range for sampleﬁng_ For example, whem; changes from 0.48 to 0.63, the
1-3, taken in the backscattering geometiZ&¥,Y)Z (solid line)  energy gap changes from 2.54 to 2.49 eV, which corresponds
andZ(X,X)Z (dotted ling. to a change of only 2%. However, under the same change of

—Z(Y,Y)Z
~ZXXVL

sample 3

a/b=0.4679|

sample 2

Raman Signal

alh=0.2728|

sample 1
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T APwkeloT or DFS (dark-field spectroscopy, by M. Schubéttare de-
T structive measurements, which may destroy the structure of
samples and result in very different values|gf 77), E4(0),
and Ay(#) [for example, E4(0)=2.599+0.005 eV mea-
InPlike LO sured by YeH? while E4(0)=2.54 eV measured by M.
Schuberilo]

In summary, we have performed polarized Raman-
scattering experiments on MOCVD-grown samples for
Al slng sP with varying degrees of spontaneous ordering. It
was found that there exists a large difference in the Raman
\ spectra measured in backscattering geometry between or-
1caasdike Lo N - dered and disordered alloys. For partially ordered _samples,
1 - ZXX)Z we have found that the ratio of the intensity of AlP-like LO
phonon mode to the intensity of InP-like LO phonon mode in
Z(Y,Y)Z scattering configuration is larger than that in
Z(X,X)Z scattering geometry. The ratio increases with the

FIG. 3. Raman spectra of disordered, Ah, <P sample. In order degree of ordering in Alsing sP. We thus introduce a differ-
to distinguish two spectra measured in different configurations2nt parameter related to the Raman signal to denote the de-
Z(Y,Y)Z (solid line) andZ(X,X)Z (dotted ling, we have slighty ~ 9ree of ordering in Afgln P systems. Compared with all
shifted the dotted line away from the solid line. previous reports, our parametex/D) is very easy to obtain
and sensitive to the degree of ordering which makes us con-

clude that the polarized Raman scattering is a very powerful

7, the new parametea/b changes from 0.27 to 0.63, which 514 nondestructive technique to determine the degree of or-
corresponds to the change by a factor of about 2.5 times. Angering in semiconductor alloys.

(i) our Raman scattering experiment is a nondestructive
measurement, while, in order to obtain the valueggfr), This work was partly supported by National Science
E4(0), andA( 7), the measurements using P2 Yeh®  Council and Ministry of Education of Republic of China.
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