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Raman investigation of anharmonicity and disorder-induced effects in Zp_,Be,Se epifiims
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Raman scattering of 4n,BeSe epifilms grown by molecular beam epitaxy on G&881) substrates has
been investigated. The effect of compositional disorder was obtained by analyzing the broadening and asym-
metry of the first-order LO mode. It is found that the Raman line shapes for the ZnSe-like LO mode in
Zn, _,BeSSe alloys can be well described by the spatial correlation model. We have also analyzed compara-
tively the anharmonic effects due to temperature and compositional fluctuations in ZnSe and ZnBeSe systems,
using temperature-dependent Raman-scattering measurements. It is found that the anharmonicity is higher for
ZnBeSe alloys than ZnSe and it increases with compositional disorder. Therefore, both temperature- and
compositional-fluctuation-induced anharmonicities can introduce changes in the linewidth, line center position,
and anharmonic decay time of the first-order optical phonons in Bg,Se alloys.
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I. INTRODUCTION center for the optical modes at the center of the Brillouin
zone in crystalline Si with temperature due to anharmonic
A new interest in ZnSe-based systems has arisen in viewffects in the vibrational potential energy. Later, a huge body
of recent calculatiofswhich predicted a large amount of of literature has described the temperature behavior of the
covalent bonding for Be chalcogenides. A concomitant in-Raman spectra for materials such as Si from low temperature
crease in the lattice strength is expected to have a significat® melting™"*® But less information exists for the anhar-
influence on the defect generation and propagdtitnis ~ monic effect in ternary alloys. Besermaet al'® demon-
therefore that ZnBeSe a||oys are actua”y very promising fo|strated that the anharmonicity varies with the composition in
both academic interest and industrial applications. Some rdni—xGaP. Jusserand and Sapffelhave investigated a
search efforts have been carried out in order to elucidate theaAs-like LO phonon in AlGa, _,As epitaxial layers with
intrinsic properties of ZnBeSe alloys® Concerning the vi- x=0.27 and observed that anharmonicity is not affected by
brational properties, the zone-centegy~0) longitudinal- substitutional disorder. Ramkumat al., who observed the
optical (LO) and transverse-opticdTO) phonons of BeSe anharmonicity in GaAs 4P, and InGa;_,As,** and Mine-
and Zn_,Be,Se alloys were recently identified by using in- dezet al, who studied on AlGa, _,As,* have found that in
frared and Raman 5pe(;troscopﬁ%%ﬂL Since Raman scatter- ternary systems the anharmonic effect increases with an in-
ing can yield important information about a solid on a scalecrease in substitutional disorder. Although the above studies
of the order of a few lattice constants, it can be used to studfiave been devoted to the anharmonicity as a function of
the microscopic nature of structural or topological disordercompositional variation in 1ll-V ternary crystals, to our
Although there have been a few Raman studies oknowledge no detailed work has been reported on the anhar-
Zn,_,Be,Se alloys, only little attention was awarded to the monicity in 1I-VI ternary alloys. For the purpose we will
relation between the alloy disorder and the line shame,  investigate anharmonic effects due to the change of tempera-
linewidth and asymmetjyof allowed modes. In this paper, ture in ZnSe and due to both of the changes of temperature
we will provide a detailed investigation on the influence ofand compositional disorder in Zn,Be,Se. It is then pos-
the first-order Raman spectra caused by alloy potential flucsible to make a comparative study of anharmonic effects in
tuations(APF’s) in ZnBeSe alloys. binary and ternary II-VI semiconductor alloys. In addition,
In ternary semiconductor alloys, the Raman spectra showhe effect of alloy potential fluctuations on the first-order
changes of various phonon modes with compositional disorRaman spectra of Zn,BeSe epifilms will also be dis-
der, including a shift in phonon frequency and changes of theussed in detail using the SC model.
linewidth, asymmetry, and emergence of disorder-activated
_modes. The b_roadening in linewidth a_nd asymmetry can be Il. EXPERIMENTAL PROCEDURE
investigated in terms of the spatial correlatiofsC)
model**based on the finite correlation length of a propa- High-crystalline-quality ~ Zp_,Be,Se  (x=0, 3.14%,
gating phonon due to the APF’s. In addition, a change in5.43%, 9.13%) epilayerd wm thick) were grown on GaAs
crystal temperature also introduces a softening of phonof001) substrates by molecular beam epitd BE). A ZnSe
frequencies, a broadening of line shapes, and a decreasedap layer(~5 nm thick was deposited on the epilayer to
intensity. Balkanski, Wallis, and Halb and some other protect against post-growth oxidation. A novel method of
author$®>!® have found changes of the linewidth and line Be-Zn coirradiation, before growth of a 10-nm ZnSe buffer
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o We now turn to the epilayer-related signals. The structures
LOyrse A —3.14% of the first-order phonons at 205 and 257 ¢nfrom ZnSe
2 { LO correspond to the weak forbidden TO and allowed LO
£ GaAs x=5.43% . .
5 modes, respectively. The two-phonon LO mode in the Ra-
£ TO, .. ek / k‘l A f"i's"" man spectrum of ZnSe appears due to scattering involving
> 400 500 600! two successive first-order processes. The spectra of the
[ | x=0 Zn, _,BeSe alloys show a typical two-mode-type behavior,
£ as expected from the modified-random-element-
é x=3.14% isodisplacementMREI) modef* since the mass of substitut-
E ing element beryllium is smaller than the reduced mass of
x x=5.43% ZnSe. The peaks labeled as 3Q. and LQOssc are, respec-
tively, identified as ZnSe-like and BeSe-like LO phonons.
x=9.13% However, we notice that the strengths of }.Q. weaken as
’ , . the concentration of Be increases, but on the other hand the
200 ' 200 ' 800 ' goo  Strengths of L@ese €nhance relatively. The BeSe-type LO
Wavenumber (cm™") mode shows an increase of frequency with decreasing den-

sity of the ZnSe content, as indicated in the inset of Fig. 1. At

FIG. 1. Raman spectra of Zn,Be, Se/GaAs in backscattering low content of Be, because of the lattice mismatch between
geometry along the growth axis at room temperature. The inseZnSe and BeSe, Be-Se bonds undergo a tensile strain owing
clearly indicates the BeSe-like longitudinal optical mode in ZnBeSeto the ZnSe-like matrix, which reduces the effective force
alloys. constant. This gives rise to local BeSe-like modes emerging

between 448 and 453 c¢rh and showing a redshift fre-

layer, was used in order to avoid the formation of stackingguency with decreasing Be concentration.
faults at the 11I-V/II-VI interface. For a more detailed de-  Figure 1 shows that the Raman full width of half maxi-
scription of the growth procedure and growth parameter seenum (FWHM) for the ZnSe-like LO phonon in Zn,BeSe
Guoet al?® epifilms increases with increasing Be composition. For the

The Raman spectra were recorded in a backscatteringure ZnSe film, the Raman line shape displays a symmetric
configuration using a JOBIN YVON-SPEMnodel T 64000  Lorentzian profile. The asymmetric ratid’,/T,,, whereT’,
micro-Raman spectrometer with a charge-coupled detectqT}) represents the low-enerdhigh-energy half width of
(CCD) and confocal optics at different temperatures. Thehalf maximum in the phonon sigrjabf the LO,,s. peak in
sample was held in an open cycle helium cryostat, and thgeneral increases with the Be content. On the other hand, as
temperature could be controlled from 6 to 306 K. The tem-the weak ZnSe-like TO mode is observed in Fig. 1, the in-
perature accuracy is better tharl K. The 488-nm line of an  tensity ratio of the forbidden TO to the allowed LO phonons
Ar-ion laser was used to excite the sample, and the las&or the ZnSe-like modes in Zn,Be,Se alloys increases with
power supplied through the objective lens was estimated tihcreasingx. The increases of FWHM,, /T'},, andl1o/l o
be less than 120 mW incident on the sample into a focusedre clearly driven by the addition of Be atoms. Atom substi-
spot~1 um. To ensure a signal-to-noise ratio greater thartution induces not only topological disorder, but often also
100:1, small slits and long integration times were used. Thetructural disorder. For allowed phonons these disorders re-

spectral resolution was less than 0.5¢m sult basically in the breaking of the translational symmetry,
leading to the contribution off#0 phonons to Raman line
Il RESULTS AND DISCUSSION shape, corresponding to so-called finite-size effects. This

greatly drives the line shape asymmetry and the progressive

Representative spectra obtained in backscattering alorgctivation of zone-center mode which is theoretically forbid-
the growth axis at room temperature are shown in Fig. 1. Welen, as detailed above.
first comment on the signal corresponding to the substrate Here we discuss the effects of disorders in ZBe,Se
side. The longitudinal optical mode from GaAs is evidencedalloys using the SC modéf:**In an ideal crystal, the region
at 292 cm?, but a rather weak line corresponding to the over which the spatial correlation function of the phonon
forbidden transverse optical mode is also observed at 268xtends is infinite. As the crystal is alloying, the spatial cor-
cm L. The observation of this symmetry-forbidden TO signalrelation length of the phonon becomes finite owing to the
in backscattering geometry from tH&00 GaAs substrate potential fluctuations of the alloy disorder, which gives rise
can arise from a variety of sources including elastic scatterto a relaxation of theq=0 selection rule in Raman
ing by ionized dopant impurities, deviation from the strict scattering?® The finite phonon mode will lead to the broad-
backscattering geometry, misorientation of the GaAs filmening and asymmetry of the Raman line shape. With the SC
due to contamination, internal strain, etc. According to themodel, we can evaluate the asymmetric broadening of Ra-
fact that the ratio of the Raman intensity between theman scattering by the theoretical calculation. The assumption
GaAs-TO mode and GaAs-LO mode is less than 1%, thef a Gaussian attenuation factor ex#f?/L?), whereL is the
deviation from strict backscattering geometry should be verydiameter of the correlation region, has been successfully
small, which should not have any significant influence on theused to account fog-vector relaxation related to finite-size
properties discussed below. effect€® and structural disordefion-damaged materiald?
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. ) FIG. 3. First-order Raman spectra recorded at variable tempera-
FIG. 2. Experimental and calculated line shapes of the ZnSegyres for(a) the LO mode in ZnSe antb) the ZnSe-like LO mode
like longitudinal optical mode for Zn ,Be,Se with x=3.14%, iy zn,  ,Be,Se x=9.13%) alloy.
5.43%, and 9.13%. These are artificially centered at O'cfar a
better comparison of the line shapes. The lines correspond to ex= 9.13%) at variable temperatures are shown in Fig. 3. It
perimental data. The open dots show the theoretical fits obtained qyoints out that as the temperature increases the frequency for
using the spatial correlation model. The corresponding correlatioghe | O mode in ZnSe and the L. mode in ZnBeSe alloy
lengthsL are reported in front of each spectrum. decreases, the intensity decreases, and the Raman linewidth

. . . , . ) increases. In order to understand this behavior, we will adapt
Assuming that there is a spherical region associated with thg,o heoretical work developed by Balkanski, Wallis, and

finite size of the correlation regions in the alloys, the Ramar 5,14 They have explained the variation by the anharmo-

intensity | (w) at a frequencyw can be written as nicity in vibrational potential energy, which leads to the de-
1 _?L2 4 cay of an o'pt'ical phonon int_o two, three,' or more acoustic

|(w)~f exp{ q ) q 5, (D) phonons, giving rise to cubic and quartic or higher-order

0 4 , . [To anharmonicities. Taking into account the contributions from

[o—w(a)] +(7 cubic and quartic anharmonic terms, the anharmonicity pro-

. ] . ) ) duces a shiftA in the line center and a finite linewidth
whereq is expressed in units of2/a, a is the lattice con- g|ated to the vibration damping:

stant, and’ is the linewidth of the ZnSe LO phonon in the
pure ZnSe epilayer. We take the dispersioft) of the LO w=wyt+A(T) 3

phonon based on a one-dimensional chain model: is the frequency of the phonon in the anharmonic lattice,

2/ N\ _ 2 _ 112 wherewy is the intrinsic frequency of the optical phonon at

©™(@)=AT{A"=Bl1-cosmq) ]}, @ the Brillouin-zone center in harmonic approximation. The
where A=32x10¢0cm™! and B=45x108 cm ! for effective half-widthl' can be decomposed into two contribu-
ZnSe?’ By setting the correlation length as an adjustable tions: a dampingd’, due to the anharmonicity and a damp-
parameter, one can try to describe the experimental data g I'g independent off due to other attenuation processes
the SC model. The best fits are reported in Fig. 2. The (such as elastic scattering of phonon by defects or disorder in
values corresponding t8~3.14%, 5.43%, and 9.13% are the alloys (Ref. 28:
18.1, 16.8, and 12.5 nm, respectively. In the two-mode be- F=[4T @
havior alloys such as Zn,Be,Se, we can consider that the ot tar
ZnSe- and BeSe-like phonon modes are localized in theéet us considerA and I', due to anharmonicity. One can
ZnSe and BeSe regions, respectively. The ZnSe-like phonoWrite
correlation length. can be physically interpreted as the av-
erage size of the localized region of ZnSe-like phonons. The
value of L decreases with increasing Be composition; the
phonon extended region becomes very small. This is caused
by the compositional disorder in alloys. Therefore, the and
value is a very appropriate parameter accounting for the dis- 2 3
order of Zn_,BeSe alloys. I',=A[1+ 1 o1 + (@—1)2

The first-order Raman spectra of ZnBe,Se alloys were

investigated from 6 to 306 K. The LO mode for ZnSe and thewherey =% wy/3kg T andx=7% wq/2kgT. The constanté and
LOz,se mode for the representative alloy (ZnBeSe, x C are related to three-phonon procéssbic anharmonicity

1+—2 3 + 3
e-1 (e/-1)°

1 +D

1+

A(T)=C ®)

[

+B|1+

()
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260 . @ ZnSe 46 TABLE I. Best-fit values of the anharmonic constants for the
_ LO phonon 1—‘ LO mode in ZnSe and the ZnSe-like LO mode in,ZpBeSe
< < alloys.
g 259 §
B 1° € Sample Alcm™) CemY  wyem? TIoem?Y
< —
H
§ g ZnSe 0.672 —1.028 260.479 2.884
£ 258 5 x=3.14% 0.723 —1.430 258.846 3.097
§ 1" 8 x=5.43% 0746  —1471  257.599 3.453
2 s x=9.13% 0757  -1529  254.977 3.752
2 257 |
9
43
256 ) , , . . , curve, given by the solid line, and the experimental points is

0 100 200 300 quite good. For ZnBeSe alloys, due to the presence of a
Temperature ( K) broad asymmetric ZnSe-like LO mode, we extract the peak
frequency and linewidth of the highest-energy phongn (
254 (b) TnSedike 5 ~0 phonon by fitting only the high-energy part of the Ra-
. LO phonon man band with a Lorentzigil. The average values of the line
I center and linewidth of the highest-energy ZnSe-like Raman
band for Zn_,BeSe x=9.13%) at different temperatures
are plotted by small points, and the solid lines show the best
fits to the experimental results in Figib}. The figure of data
is a good representation of other ZnBeSe alloys as well. The
best values of these constants for, ZgBe, Se alloys are also
listed in Table I. We can see from Table | that the anharmonic
constant?A andC are numerically greater for ZnBeSe alloys
than for ZnSe, which indicates that the degree of anharmo-
nicity experienced by the first-order ZnSe-like LO mode in
249 , . . 4 Zn,_,BeSe is greater than that of the LO mode in ZnSe.
0 100 200 300 Figures 5 and 6 show the comparisons in the line center and
Temperature ( K) linewidth between the LO mode for ZnSe and the ZnSe-like
LO mode for Zn_,BeSe as a function of temperature, re-
Qpectively. From the figures, we can see that the faster
temperature-dependent changetightly greater slopgsin
the line center and linewidth for Zn,BeSe than for ZnSe.
This behavior can be easily understood as follows. In ZnSe,

while the constant® andD are related to four-phonon pro- g
: - the anharmonicity depends only upon the temperature and
cess(quartic anharmonicity As temperatures much below . o )
increases with increasing temperature. In Z/Be Se alloys,

the Debye temperature, the contribution from hi(‘:]her'ordﬂ[here are two components of anharmonicity, one correspond-
anharmonic termgquartig is negligible. In this case, the P Y P

important contribution is from the cubic anharmonic term, so

N N
(5] (5]
N w

N
(_J"I
LO phonon linewidth (cm™1)

LO phonon line center (cm'1)

250

for (a) the LO phonon in ZnSe anh) the ZnSe-like LO phonon in
Zn,_,Be,Se x=9.13%) alloy.

that 260 T T T
T w14 —2 N T
o(T)=wq &1 () E Znse
5 256 E
and ]
e
2 T 254 - x=3.14%
[(T)=To+A| 1+ 5—/|. 8 2
(M=Ty e*—1 ® 2 5 | x=5.43%
Hence Eqs(7) and(8) can be used to describe the tempera- S
ture dependence of the line center and linewidth of the first- 250} 1 x=90.13%

order LO mode at the Brillouin-zone center. The average e P o
experimental values of the linewidth and line center for the

first-order LO mode in Raman spectra of ZnSe at each tem- Temperature( )

perature are plotted in Fig.(@. Equations(7) and (8) are FIG. 5. Comparison of temperature dependence of the line cen-
used to fit the experimental data by suitably choosing theer for the LO mode in ZnSe and the ZnSe-like LO phonon in

constantswg, I'y, A, and C, which are given in Table I. Zzn,_,BeSe alloys. The points correspond to experimental data.
Figure 4a) shows that the agreement between the calculate@he solid lines show the theoretical fits obtained by using (2x.
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65 1 x=0.13% TABLE Il. Anharmonic decay time of the first-order LO mode
- in ZnSe and the ZnSe-like LO mode in ZnBeSe alloys at vari-
E 60 | X=543% ous temperatures.
.':'6' x=3.14% o
$ 55 E Lifetime (ps)
] ZnSe Temperature
[
= 50 4 (K) x=0 x=3.14% x=543% x=9.13%
5
c
5 45 ] 6 8.44 8.02 7.26
o | 26 8.46 7.84 7.29 7.12
= 40 ] 146 4.83 4.32 3.83 3.71
o 226 3.18 2.89 2.83 2.81
351 1 L - 266 2.75 2.57 241 2.33
0 100 200 300 306 2.21 2.14 2.05 1.99

Temperature ( K}

FIG. 6. Comparison of temperature dependence of the linewidt
for the LO mode in ZnSe and the ZnSe-like LO phonon in
Zn,_,Be,Se alloys. The points correspond to experimental data
The solid lines show the theoretical fits obtained by using(Bg.

r3‘;1nharmonicity causes a redshift in the phonon frequency and
a change in the linewidth. Therefore, the substitutive atoms
like Be in the ZnSe matrix act as scattering centers for an
incoming phonon, and each scattering center promotes an-

_ . ) harmonic decay, leading to a redshift frequency and a broad-
ing to temperature and the other to compositional disordefaning of width for the ZnSe-like LO phonon.

The compositional-fluctuation-induced anharmonicity is also  Fipally, the analysis of the linewidth broadening in the

sensitive to temperature. As the temperature increases, thegg&man measurements can be used as an indirect measure-
are larger numbers of phonons produced, resulting in an inment for estimating the lifetime of the first-order optical pho-
crease for the probability of inelastianharmonigscattering non at the Brillouin-zone center. There are two processes
between phonons and the substitutive atoms. If the numbgfhich induce lifetime of optical phonons:(1) anharmonic

of the substitutive atoms increases, the probability of inelasgine|astiy decay into lower-energy phononlecay time

tic decay of phonons becomg; Iarger.. Thus i_ncreasing temr—anharmoni) and (2) elastic scattering due to disorder or de-
perature makes the compositional-disorder-induced anhafgcts (scattering timerq.id . We therefore write the line-

monﬁcity more obvious. At low temperature, we can idih of the LO mode as

gualitatively separate out the two components of the anhar-

monicity by comparing the anharmonicity-induced effects in

ZnSe and ZnBeSe systems, because at low temperatures ar-(T)=T'o+A

harmonicity is mainly due to compositional disorder. Figure

7 shows the effect of compositional-disorder-induced anhar- ) ) )

monicity on the line center and linewidth of the LO mode in Where 1/2rCresic (=17) arises from elastic scattering,

ZnSe and the ZnSe-like LO mode ZnBe,Se alloys at 6 K. 1/27C Tapharmonic (=A[1+2/(e*~1)]) arises from anhar-

We observe that a large redshift in phonon frequency and affonic decay, and is the velocity of light. The values of

increase in width at low temperature are driven by an in-2nharmonic decay time,yhamonidfor the LO phonon in ZnSe

crease of compositional disorder. This observation indicate8Nd the ZnSe-like LO phonon in Zn,Be,Se alloys calcu-

that in ZnBeSe systems, the compositional-disorder-inducetited by using Eq(9) are listed in Table II. Our results show
that the anharmonic decay time of first-order LO phonons in

1 1

= + ,
27CTelasiic  27CTanharmonic

1

2
14 5

262 48 ZnSe decreases with increasing temperature and in
Zn, Be Se 6 K Zn, _,Be,Se it decreases with increasing temperature and in-
| ZnSe-like LO phonon creasing compositional disorder. Hence compositional disor-
< e m {45 .  dercan promote the shortening of anharmonic decay time.
o
s { §
. 2581 \ )
% | ° / lao _‘Fa IV. CONCLUSION
® 256l : ] 3 Raman scattering of 4n,Be,Se epifilms have been per-
£ \ 1as £ formed. We have shown that the increases of the FWHM and
' asymmetric ratio for the LO mode in Zn,Be,Se can be
2841 ® induced by compositional disorder. The intensity ratio of TO
-—I lag to LO phonons which increases with the concentration of Be
252 can also be interpreted by disorder-induced Raman scatter-

e ] ing. The Raman line shapes of the ZnSe-like LO mode in
0.00 0.02 0.04 0.06 0.08 0.10 .
c rati Zn,_,BeSe alloys have been analyzed by the spatial corre-
onceniration x lation model. We have found that the coherence length of the
FIG. 7. Concentration dependence of the line center and lineZnSe-like LO phonon decreases with increasing Be compo-
width for the ZnSe-like LO phonon in Zn,Be,Se alloys at 6 K. sition due to alloy potential fluctuations.
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A comparative study of temperature-dependent Ramaharmonicities introduce a redshift in the phonon frequency, a
scattering from the zone-center LO phonon in ZnSe and Znbroadening in the linewidth, and a shortening in anharmonic
BeSe systems shows that the anharmonic constants for Zdecay time of the first-order LO phonons.

BeSe alloys are greater than those for ZnSe and increase with

th_e Be concentration. In ZnSe t_he _anharmonl(:lty increases ACKNOWLEDGMENTS

with increasing temperature, while in ZnBeSe alloys it in-

creases with increasing temperature and composition fluctua- This work was supported by the National Science Council
tions. Both thermal and compositional-disorder-induced anand Ministry of Education of Republic of China.
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