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Phonons and fundamental gap in ZnSe: Effects of the isotopic composition
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We have investigated the effects of isotopic composition on the phonon frequencies and linewidths as well
as the fundamental gap of ZnSe on a series of samples made from the stable i§t#opé&n, "®Se, and
803e. Besides four nearly isotopically pure samples, we have measured natural ZnSe, which is highly isoto-
pically disordered. In addition, we have investigated samples with monoisotopic cation or anion sublattices for
which the anion or cation sublattice, respectively, consists of an artificial mixture of isotopes. Using Raman
spectroscopy, we find a TO} linewidth of ~0.4 cm'! for nominally isotopically pure samples at low
temperatures, as compared to 1.75(1) ¢énm natural ZnSe. In samples with only cation or anion disorder, the
linewidths amount to 1.16) cm™* (9zZnf°Se) and 0.8@®) cm™* (8Zn¥sSe). This strong isotope-disorder-
induced broadening of the TOJ phonon can be attributed to a large one-phonon density of states in this
energy range. With linear optical spectroscajyminescence we find, also at low temperature, that the
fundamental gap of ZnSe increases by 214{39y/amu when increasing the Zn mass. It increases by
216(30)eV/amu when increasing the Se mass. A two-harmonic-oscillator model for the temperature depen-
dence of the gap yields values for its mass dependence that are in qualitative agreement with this observation.
[S0163-182699)09803-3

I. INTRODUCTION cesses arise from cubic and quartic terms in the expansion of
the lattice potential, the latter are due to the relaxed wave-

Isotope substitution is a well-defined and easily contro-vector conservation rule in samples that are isotopically dis-
lable method to investigate intrinsic renormalization mechaordered and thus not strictly translationally invariant. Since
nisms of elementary excitations in semiconductors. Resultthe vast majority of semiconductors derive from elements
gained mostly from elemental semiconductors have been révaving more than one stable isotope, it is clear that both
viewed in several publication's” Recently, we have turned processes are present most of the time. Unfortunately, their
our attention to binary compound semiconductors, for whichabsolute sizes and relative importance cannot be predicted
the elements on the cation or anion sublattices can be substasily. However, isotope enrichment allows one to suppress
tuted independently. The degree of sophistication achievablghe elastic scattering induced by isotope disorder. Systematic
in these studies often depends on the fundamental propertigsibstitution of pure isotopes in CuCl has been used to selec-
of the material in question. tively tune the efficiency of anharmonic decay channels of

First of all, phonon frequencies are directly affected bythe zone center TO phonon independent of isotope scattering
changes of the average mass of the whole crystal or its suland thus the direct analysis of the effects of anharmonic
lattices (virtual crystal approximation even when we look renormalization has been possiBlén contrast, the anhar-
upon them as noninteracting particles, i.e., as harmonic osnonic phonon-phonon interaction cannot be suppressed, so
cillators. In elemental semiconductors those frequencies dehat isotope-disorder-induced effects can only be studied
pend on the inverse of the square root of the nfas&) against a background contribution from anharmonic pro-
~m~ 2] for all wave vectors), while the mass dependence cesses. However, if one assumes that the two processes are
becomegy dependent in the case of compounds. The direcindependent of each other one can measure the disorder-
influence of the isotope mass on the frequencies of couplethduced renormalization by comparison of phonon energies
phonon modes has been used to determine their eigenvectoasd linewidths of istopically pure samples with those gained
e.g., in CdS, GaN® and SiC’ Secondly, the mean square from disordered ones. This has been done for optical
vibrational amplitudegu?) of phonons depend on the iso- phonons in germanium throughout the Brillouin zof&Z)
tope masses only at low temperature, while they are deteby means of inelastic neutron scattefirand for the zone
mined by the temperatufgonly, onceT becomes larger than center phonons of G¥,Si!! and a-Sn (Ref. 12 as well as
the Debye temperature. GaAs (Ref. 1) by means of Raman scattering.

A refinement of these effects must take place when taking In another step of refinement, the renormalization of the
interactions among phonons into account. These interactiorfandamental electronic gap bslectron-phonon interaction
lead to finite phonon lifetimes and additional frequencyalso depends on the isotope mass. Although the electronic
renormalizations. The underlying processes can be dividefdroperties of different isotopes of a given atom are, to a very
into two classes(i) anharmonic interactions which, e.g., a good approximation, the same, isotope substitution in a crys-
zone center phonon decays into two phon@rsmore with tal modifies the phonon spectréifrwhich, in turn, modifies
wave-vector and energy conservation, @indelastic scatter- the electron energy bands through electron-phonon interac-
ing in which a phonon scatters into phonons of similar enertion. Measuring the energy gaps in samples with different
gies but different wave vectorg. While the former pro- isotopic composition then yields the difference in the
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TABLE I. Reduced masg, average sublattice ma(-:t_sg(, and sublattice mass variance parametgrs)
for the ZnSe samples investigated. Errorgjiare smaller than 1.

64Z n768e 642 nBOSe naty nnatse 68Zn768e diSZ nSOSe 68Z ndiSSe GSZn8OSe

w [amd 34.731) 35521) 35741 35.8%1) 36.131) 36.291)  36.701)
My, [amd] 63.945 63.945 65.396 68.865 65.950 67.865 67.865
mge [amu] 76.010 79.900 78.957 76.010 79.900 77.990 79.900
g(Zn)[1074] 0.12 0.12 5.95 0.42 9.28 0.42 0.42
g(Se)1074] 0.56 0.22 4.63 0.56 0.22 6.67 0.22

changes of the valence- and conduction-band renormalizaralues that are in qualitative agreement with the experimen-
tion. CuCl is a textbook example since its phonon spectruntally determined mass dependences.

can be approximated by an acoustic copperlike and an optic The paper is organized as follows: In Sec. Il we present
chlorinelike harmonic oscillator. As a result, the effects ofthe samples and experimental detail. In Sec. Il we show the
cation and anion substitution on the band-gap renormalizadata obtained from Raman scattering and luminescence mea-
tion can be disentangled and the observed anomalous isurements. We discuss our results for the TPphonons in
crease of the band gap with increasing temperature can &ec. IV A and those for the L@() in Sec. IV B. The mass
quantitatively understootf:® Other experimental examples and temperature dependence of the fundamental gap is dealt
are the changes of band gaps of %&’ GaAs!® and CdS  with in terms of a two-oscillator model in Sec. IVC. The
(Ref. 18 upon isotope substitution. conclusions are drawn in Sec. V.

In a way similar to the thermal expansion, one finds that
the dependence_z of the lattice constant on the isotope masses || SAMPLES AND EXPERIMENTAL DETAILS
arises from anintegral over all occupied phonon states
weighted by their Groeisen parametels:1%-2!This isotopic Natural zinc selenide is an isotopically disordered mate-
lattice expansion cannot be suppresésidce it arises from rial, since natural Zn contains five isotope¥7n:48.6%,
anharmonic effects and is a form of a macroscopic quantuni®Zn:27.9%, 4'Zn:4.1%, %8Zn:18.8%, °Zn:0.6% and natu-
effecd. It also gives additional contributions to the changesral Se contains six isotopes’“6e:0.9%, ®Se:9.4%,
in gap energies. However, these contributions @sually  ""Se:7.6%, "°Se:23.8%, 8°Se:49.6%, 8°Se:8.7%)%° The
smaller than those arising from the direct electron-phonomass differences between the lightest and heaviest isotopes
interaction'>1>!We note also that the thermal conductivity, amount to about 10% in both cases. A measure for the mass
i.e., another macroscopic quantity, is strongly affected by thelisorder in a crystal can be obtained from the mass variance
isotope-disorder-induced scattering of phonons. This effeatf each sublatticé’
has been studied recently for Ge and%i.

In this paper, we deal with a number of the effects de- m—m\2
scribed above that we have identified in ZnSe. One issue of g(x)=>, ci( '_4) , )
particular interest is the lifetime of the transverse optic pho- : m
non at the BZ center, which in the case of natural ZnSe could . . L .
previously not be attributed to anharmonic decay GAR?. wherec; |slhe concentration of the respective isotopeijts
We have measured transver§gO) and longitudinal(LO) mass, andn is the average mass of the particular composi-
optical phonons by means of Raman scattering at low temtion of the elementc. We have investigated natural ZnSe
peratureg2 K) on nominally isotopically pure and on isoto- and six ZnSe samples of artificial isotopic composition. The
pically disordered samples. For the latter samples we fin@lements used to grow our samples were highly isotopically
additional contributions to the frequency and linewidth of theenriched, although not isotopically pure, i.e., some of the
TO(I') phonon which we discuss in the framework of mass-Source materials contained two other isotopes, up to 1.5% of
disorder-induced scattering. For the LIQ(phonons we nei- €ach. We have determined their isotopic composition
ther find a significant isotope disorder contribution to theirby means of mass spectroscopy to within 1%. The isotopic
energy nor can we discern a disorder-induced broadeningomposition  of the %Zn®Se sample (nominally
from other contributions to the linewidth. The influence of >ZNo s°*Zny 5°°Se) was determined as®Zn:49.1%,
potential contributions from plasmon-phonon coupling and®Zn:1.0%, °Zn:1.5%, ®%Zn:47.3%, "%Zn:1.1%, *°Se:
anharmonic interactions is discussed. =98.5%, that of**Zn?*Se (nominally *®Zn"°Sg, 5%°Se)5)

We also usesotope substitutiorto tune the phonon fre- as "Se:0.4%, '°Se:47.0%, '’Se:0.4%, '®Se:1.3%,
guencies in our samples and measure the correspondirngSe:50.2%, 8Se:0.7%, and®®zZn:=98%. The sublattice
changes in the band gap as observed in their luminescenceass variances, the reduced masses:*=m,+mgd),
spectra at 2 K. For cation and anion substitution we find theand the average sublattice masses of the samples are listed in
usuat**®gapincreasewith increasingmass. This type of Table I. In some cases, the samples are large needles (1
behavior has been also observed in elemental and compoun®x10 mn?) while other samples are an agglomerate of
semiconductors. We describe the band-gap renormalizatiosmall micrometer- to millimeter-size grains. Whether these
as being caused by two effective phonon oscillators. A fit ofgrains are single crystals or strongly twinned could not be
the temperature dependence of the fundament#géglds  determined. However, in all cases we have only detected LO
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and TO Raman signals as expected for a zinc-blende com- T T T T

pound. The crystal growth has been described elsevifiere.

To check whether the crystal growth procedure and the

sample shape have an influence on the phonon energies or 64/76 / \
linewidths, we have compared data obtained from several

self-grown natural ZnSe crystals to those from a commer-

cially available single crystal. We did not find any significant : 64/80 /\

deviations.

The Raman spectra were excited with 5 mW of the
488-nm argon laser line. Other laser lind$8 nm, 476 nrh
were used to check for line-shape distortions or shifts due to
resonance effects. The spectra were calibrated with respect to
the 4921.931-A helium emission line. To determine the pho-
non energies, the spectral slitwidth was set tqu2®; for the
linewidths measurements, we used slits of A& width.
These values correspond to a spectral resolution of 0.31
cm ! and 0.24 cm?!, respectively. By measurements of
very narrow plasma lines and of the laser line, we have
checked that the instrumental resolution, at the slit widths
used, is well approximated by a Gaussian line shape. Conse-
guently, we have fitted all phonon spectra with a Voigt

nat/nat

Normalized Intensity [ arb. units ]

profile?® in which the Gaussian widths were set to the above 68/80
values. For the luminescence spectra, we excited the samples

with the 413-nm line of a krypton ion laser. The laser power Py S TP —y
was kept below 0.2 mW, and the spectra were calibrated TO Raman Shift | cm_1]

against the 4425.189-A krypton emission line. In both ex-

periments, we used single-photon counting techniques, a FIG. 1. Raman spectra of the TO phonons of isotopically modi-

backscattering geometry and dispersed the light with a SPEXed ZnSe taken at 2 K. The ZnSe compositions are indicated next
1404 double monochromatof € 0.85 m). The samples were to each spectrum. All spectra are normalized to the same height.
cooled to 1.8—-2 K by immersion in superfluid helium. Spe-The integration times were the same for all spectra, a fact that

cial care was taken to avoid sample heating. accounts for the differing signal-to-noise ratios. In addition, we
show the fit of a Voigt profile to the asymmetric spectra of
dis7n89Se as a dashed line.
IIl. RESULTS

We have investigated seven ZnSe samples that cover and describe the linewidths well. As an example, we show a
wide range of reduced and average zinc and seleniurfit to the TO[') spectrum of%Znf%Se as the dashed line.
masses. Four sample§*Zn’Se, %4zn®Se, %8z7n’®Se, and The nominal phonon frequencies and widths were taken
%87n89Se) are nearly isotopically purg€10~4). The natu- from these fits. It should be noted that one can use other
ral ZnSe sample exhibits mass disorder on both sublatticeprocedures to obtain a measure of the disorder-induced shifts
Two samples 5Zn®°Se, 88zn?sSe) exhibit isotope disorder and broadenings, e.g., a weighted average and the variance
on their cation or anion sublattices onlyompare Table)l  of the phonon frequency, respectivéljs a result the actual
The error bars for the phonon frequencies and linewidthyalues might change slightly.
indicated in the figures are the mean square deviation of at The TO(") phonon frequencies are plotted in Fig. 2 as a
least three spectra obtained on different spots of each sampleinction of the reduced masses of the samples. For the iso-

topically pure samples, we expect these energies to depend
on the reduced mass onlgxcept for the changes of the
A.TO(T') phonons anharmonic renormalization upon isotope subgtitution that

In Fig. 1, we show the Raman spectra of the transversare too small to be extracted from our dat&onsequently,
optical phonon in ZnSe for several isotopic compositionswe have fitted them to g~ 2 curve, shown by the solid line
The reduced vibrational mass decreases from the bottom fa Fig. 2. The quality of this fit is excellent. The TOJ
the top spectrum. The isotopically pure sampfé&n’®Se,  energies of the isotopically disordered samples deviate from
647n%0se, 687n’se, and®Zn®’Se show very narrow and the w~ 2 behavior. They show additional shifts of
symmetric line shapes. In contrast, the Raman spectra of the 0.285)cm * ("Zn"¥Se), —0.50(5)cm™* (9ZnfSe),
isotopically disordered sample¥Zn"@Se, %57n®Se, and and—0.428)cm * (68Zn¥sSe) towards lower energies. We
8zndsSe are substantially broadened and asymmetric, with attribute these shifts to a disorder-induced self-energy arising
shoulder towards higher energies. It is clear from Fig. 1 thafrom the scattering of the zone center phonon into phonons
one has to be careful when fitting the asymmetric TDline  with similar frequencies but with different wave vectars
shapes in particular for th&#Zn®°Se and®zn%Se samples. These disorder effects become even more pronounced when
Lacking an analytic expression for the disorder-broadenesive consider the linewidths.
phonon line shape, we have fitted symmetric Voigt profiles In Fig. 3, we show the TA{) widths (FWHM) of the
to the spectra, and assured that the fits have similar heightsotopically pure samples by open circles. From the fits with
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FIG. 2. Transverse-optical-phonon frequencies at the center of g
the BZ for isotopically modified ZnSe samples2aK as afunction 2 i
of the reduced mass. The open circles correspond to isotopically 68/dis
pure samples, the filled squares to isotopically disordered samples.
The line represents the predictions of the harmonic approximations.
Some points fall below the line because of frequency renormaliza- 68/80
tion by isotope disorder.
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Voigt profiles, we find widths of 0.48)cm™*. As a guide to 250 o ;55 Szﬁ.? 265
the eye we have fitted @a~* dependence to these linewidths, aman Shift [ om "]
which is shown as the solid line. The linewidths of the iso- £ 4. Raman spectra of LO phonons from samples of isotopi-
topically disordered samplé§illed squaresare up to a fac-  ¢ally modified ZnSe taken at 2 K.
tor of 4 (1) larger: 1.7%1)cm ! ("Zn"¥Se), 1.166)cm *
(95zn®%se), and 0.8@)cm ™! (58zn¥Se). We attribute the
additional contribution to isotope-disorder-induced scatterin
that will be discussed in Sec. IV A.

reduced mass. We cannot discern any systematic deviation of
Yhe isotopically disordered samples from the reduced mass
dependencéthe solid line was fitted to the data of the iso-
topically pure samples only although one could, in prin-

B. LO(T') phonons ciple, expect an additional shift towards higher enerdfié3.

In Fig. 4, we show the LO-phonon Raman spectra of ourThe LO(I")-phonon linewidthgfull width at half maximum
ZnSe samples obtained at 2 K. The spectra for the isotopiFWHM)] vary between 1.1 and 2.0 c¢rmh among the
cally pure and disordered samples are symmetric except f@amples, with natural ZnSe, having the largest mass vari-
those of%4Zn’%Se and®zn®Se. The corresponding LOj  ance, exhibiting the smallest linewidth. We note that our
phonon frequencies are shown in Fig. 5 as a function of the
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FIG. 5. Longitudinal-optical-phonon frequencies at the center of

FIG. 3. Transverse-optical-phonon linewidttBWHM) at the  the BZ for isotopically modified ZnSe samples2aK as afunction
center of the BZ for isotopically modified ZnSe sample@ & asa  of the reduced mass. The open circles correspond to isotopically
function of the reduced mass. The open circles correspond to isgure samples, the filled squares to isotopically disordered samples.
topically pure samples, the filled squares to isotopically disorderedror the fit tox 2, only the values from isotopically pure samples
samples. were used.
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oy [eV] FIG. 8. Transition energies of the acceptor-bound excili)nlri

FIG. 6. Luminescence spectrum 8fZn®Se at 2 K. The emis- ZnSe samples of different isotopic compositiga. and (b) show
sion peaks from free excitons and acceptor-bound excit@msirb the mass dependence for cation and anion substitution, respectively.
correspondingly labeled. The solid lines are linear regression fits to the data.

natural samples yield T®() and LO([") widths that are up determine the gap shift, in spite of some variations in their

to 50% smaller than those reported by Anartcal?* linewidths, shape, and background. THeshergies are plot-
ted as a function of the cation and anion mass in Fi¢s). 8
C. Luminescence and 8b), respectively. In both cases, we find a band-gap

increase with increasing masses and obtalty,/dm;,=

p WseO show in Fig. 6 the luminescence spectrum of thei 214(30)eV/iamu and JE,/dmge= +216(30)ueV/amu
*Zn*"Se sample a2 K in order to explain the various fea- from linear regressions shown by the solid lines.

tures observed. The 4425.1898801.815 meYV krypton

emission line was used to calibrate the spectrum. The free-
exciton transition could not be observed in all samples. Fur-
thermore, it is rather broad and it appears to be superimposed A. Isotope disorder

on a strongly varying background that is not very well de-  \ye assume that all Zn and Se atoms are located on their

fined. Therefore, the mass dependence of the band gap coylgh ) sites. Even in the case of suclperfectcrystal, mass
not be inferred from the free-exciton luminescence. Instea uctuations occur on the sublattices, i.e., the isotopes are

we have turned to the considerably narrower and more ingangomiy distributed throughout the lattice according to their
tense { transition, which is commonly associated with an yg|ative abundances. Therefore, the translational invariance
acceptor-bound excitoff. Neglecting the isotope mass de- of the crystal is(weakly) broken, and, consequently, crystal
pendence of the exciton binding energy and of the acceptqfomentum does not need to be strictly conserved, so that
binding energy, which are expected to be very small, wejastic scattering of phonons becomes allowed. Tamura has
identify the changes of thd transition upon isotope substi- treated the case of isotope disorder in monoatomic lattices
tution with changes of the band gap renormalization itself. Infor the case of germaniuthand calculated the lifetimes of
Fig. 7, we show the{l transitions obtained fron¥Zn"®Se,  acoustic phonons in the framework of a mass perturbation of
84Znf%se, 457nfse, and®®zn®se. These lines are narrow in the harmonic lattice dynamical Hamiltonian. He has subse-
comparison with the isotope effect and are thus well suited teuently extended this approach to zinc-blende GaAs and
InSb?” Here, we only summarize the main results: The
isotope-disorder-induced scattering rafg(l, of the phonon
labeled by the branch indgxand the wave vectog, with
energyw;(q) is given by

IV. DISCUSSION

el o) = g (@S g(x)lexlig)?

x 2 le(xli’a")*olw=w;(q')] 2
1"a

:%wf(q@ g(x)|e(xlja)?pu(w), (3)

I1d normalized Intensity [ arb. units ]

2.782 2.784 2.786

for the case of zinc-blende compounds. The orthonormal
Energy [ eV ]

eigenvectors of the sublatticeof the considered phongm
FIG. 7. Luminescence spectra of acceptor bound excitgnsnl ~ and those of the phononsq’ it is scattered into are denoted
ZnSe obtained from samples with different isotopic composition a0y e(«jq) ande(K“ 'q’), respectively. The rea"_Spa(?e dis-
2 K. The transition energy increases with an increase in both the Zplacements are given by the usual expressigi|jq)
and Se masses. =m, Y%e(k|jq). The mass variance for each sublattice is
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denoted byg(x) and theés function ensures energy conser- 02— T 71
vation. Thus the scattering rate.s is determined by the [
squared eigenvectors of the atomic vibration associated with
the initial state multiplied by the projected density of states
(DOYS) p,(w). The projected one-phonon density of final
statesp, (w) is obtained when weighing each state by the
square of the respective sublattice eigenvededk|jq)|?.

The total(i.e., unweightefiDOS is normalized to 6.

We associate the scattering ratg: with the imaginary
part I';s, of the disorder-induced self-enerdy;sq(jq; »)
=Aiso(jq;0) +i3Ts0(j0; @) Of the phononjg. The real
part A;s, can be obtained through a Kramers-Kronig trans-
formation ofI';4,,

DOS [1/em™ ]

— =T _(w)

iso

— A(®)

50

Self-Energy [em™ ]

. T .
A(jgiw)=— gof(a) 2 g(x)|e(«]jo)? © — o-215om
K — - w=2145¢cm
1 o) ! !
x= Pf @pde) (@
s 0 w12_w2

Finally, we obtain the line shape from the spectral density
function,

Intensity [ arb. units ]

_ '210"”215"'1'220'
lFiso(iq;w)/2 Phonon Energy [cm™ ]

1(jgsw)> , , ;
[0—0j(a)—Ajse(j 0 @) P+ Tio(igi@)/4 FIG. 9. (@ The weighted one-phonon density of states of each

) of the two sublattices obtained from the RIM with the parameters of
Ref. 33.(b) The real and imaginary parts of the disorder-induced
self-energy are represented by the dashed and the solid line, respec-
tively, for the case of"®Zn"Se. (c) Simulated spectra for several
unrenormalized TA() frequencieswto(q=0).

wherel';s(jqg; w) corresponds to the FWHM.

Figure 9a) shows the projected one-phonon density of
final statespsd w) andpz,(w) for "Zn"Se. Here, we have
used the rigid-ion mod# (RIM) and the parameters of Ref.
33 to describe the lattice dynamics of ZnSe. From these two Nevertheless, from the above treatment, we can extract
lines, it is obvious that the independent adjustment of isotop¢he following qualitative conclusions(i) In the case of
disorder on each sublattice, in principle, opens new opportu?zn"@Se the calculated broadenifig,, of about 1.4 crn*
nities to investigate isotope-disorder-induced scatteringis in good agreement with the experiment1.4 cm 1), and
while the peaks at 213 ¢ have very similar heights in the line shape obtained far;o(q=0)=214.5 cm ! is simi-
bothp,(w), the partial densities of states differ strongly for lar to the experimental observation. The RIM yields 213
all larger frequencies. Therefore, the shap& gf(w) canbe cm™! for the unrenormalized TQY) frequency. Since the
altered by the experimentalist when carefully adjusting theuse of this value in Eq(5) does not yield a symmetric line
mass variance paramet&yéx) on the cation and anion sub- shape, we conclude that the RIM does not reproduce the
lattices. exact relative positions ofv1o(q=0) with respect to the

Figure 9b) shows the disorder-induced broadeniig,  branches which yield the largE;s,. (ii) The calculated
(FWHM) and the shiftA g, calculated for"Zn"Se. In order negative line shifts of up te-0.5 cm %, when compared to
to avoid unphysically sharp pealls;s, was calculated from the reduced-mass behavior observed in the isotopically pure
the p,(w)’s after they were convoluted with a Lorentzian of samples, are approximately given Ay, [see Fig. 8a)] and
0.4 cmi' ! width (FWHM), corresponding to the anharmonic are compatible with the experiment. We note that the sign of
broadening. Simulated spectra are shown in Fi@) %or  this effect is the opposite of that found for group-IV
three different frequencieero(q=0). Obviously, the line materials:®!? This can be understood in simple terms from
shape is very sensitive to the location ®fo(q=0) with  the DOS, which in disorder-induced scattering repels the
respect to the sharp onset B, in Fig. 9b). We note that bare phonon. Therefore, the BZ center phonon in group-1V
using the RIM for the lattice dynamics, the unrenormalizedmaterials is shifted to higher frequencies, while the fre-
zone center frequencies;o(q=0) and the one-phonon den- quency of TO() in ZnSe is reduced(iii) The steep low-
sity of states do not quantitatively reproduce the line shapesnergy flank of the DOS together with a zone center fre-
and trends we have observed. This is not surprising, since thguency wto(q=0), which is only slightly larger than the
range of a large DOS, i.e., lardg, in Fig. 9b) is very  position of the flanki.e., <1 cm 1), can lead to asymmetric
narrow(3—4 cm ), and its detailed shape is not known very line shapes similar to those observed f&izn“sSe and
precisely. The accuracy of the neutron data is at begt  9Znf%Se. An example for the resulting line shape is shown
cm ! and the RIM was fitted to the data obtained fromin Fig. 9(c) for wro(q=0)=213.5 cm . (iv) Along these
acoustic branchest room temperature Only three data lines, we obtain broadenings of 0.4 and 1.4 ¢nfor the
points in optic branches were available for the s 88zndsse and 95Zn8%Se samples, respectively. The latter
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value is somewhat larger than our experimental observation;
we interpret this as hint that the eigenvectors and dispersion
of the flat TO branches are not quantitatively well described
by the RIM.(v) The disorder-induced self-energys, which
we calculate for LOI) is on the order of+0.2 cm %, while
the calculated broadenirgs, is on the order of 0.01 cit.
These small values are compatible with our experimental
results from which we were not able to discern disorder-
induced effects on the LO phonons. It should be noted that
the LO(I") broadening calculated within this framework does
not vanish only because we have convoluted phéw)’s
with an anharmonic broadening. A similar convolution was
employed to explain the small but finite disorder-induced ; HER
broadening in GéRef. 10 and Si*! evrreivem T = el
Unfortunately, this discussion remains qualitative, since 200 220 240 260 28
due to the lack of experimental data the optical-phonon Phonon Energy [cm ]
branches of ZnSe and their eigenvectors are not known with
the high accuracy required for the present work. In closingh
; S : . a
we note that, in principle, the isotope disorder and anhar-
monic con.tributions to the self-energ.y have to be taken ,int honon density of states 8fZn"'Se was calculated using the RIM
a.ccc:)gl;r;g S|multaneously,. as they. might _We” be of SImI!arand the parameters of Ref. 33 and normalized to a value of 36. The
size”"™ For example, isotope-disorder-induced scatteringyjiq fine represents the real part of the anharmonic self-energy
can open additional anharmonic decay channels and Vicgith its sign reversed The corresponding simulated TO and LO

versa. Therefore, the independent treatment of these two e&aman spectra are shown below these lines as solid lines; the dotted
fects could well yield results that do not agree with the ob-jine shows an asymmetric LO line, which is explained in the text.

servation. Although we have checked that the mere addition
of the anharmonic contributiof0.4 cm* FWHM) to the  TO and LO phonon, respectively. The bare frequencies are
isotope-disorder-induced line-width in the line shape expresshown by the vertical lines. We have useg;=22 cm 2,
sion [Eqg. (5)] does not alter the qualitative conclusions since this value yields a linewidth for the TDY( phonon of
drawn for the TOT") phonon, at present it is hard to predict ahout 0.4 cri. We observe that the two phonons have line-
the results of a simultaneous treatment using the precise ph@jidths which differ by a factor of-4, so that this simple
non dispersion and the eigenvectors of the optical branchegpproximation qualitatively accounts for the experimental re-
in ZnSe. sults.

In principle, the anharmonic decay could also be respon-
sible for the asymmetric and broad LDY lines observed for

The phonon linewidth in a perfect crystal, i.e., in the ab-%Zn’®Se and ®zn®’Se, which have the smallest reduced
sence of isotope disorder and/or free carriers induced by dopnasses and, therefore, the largest unrenormalized phonon
ants, is determined by the anharmonic interaction. In mosfrequencies. We notice that there is a steep increase in the
cases it is sufficient to take into account third-order coeffi-calculated”,,n(w) around 270 cm'. Therefore, we obtain
cientsV; of the lattice potential vs. atomic displacem&hin ~ an asymmetric line shape when usieg(q=0)=274 cmt
order to check whether the observed differences of thas the bare frequency. The resulting spectrum is represented
TOI) and LO() linewidths of the isotopically pure by the dotted line in Fig. 10. In reality, the steep increase of
samples, i.e.~0.4 cm ! and~1.5 cm 1, respectively, are T',,(w) might occur at lower frequencies, since the phonon
consistent with the anharmonic decay scenario, we make thdispersion was obtained from fits of a RIM to the neutron
following approximations: since the third-order coefficientsdata®® The fact that the linewidths of samples with the larg-
V3 are not available for ZnSe, we assume them to be corest unrenormalized frequencies are asymmetric is consistent
stant, i.e., independent of the frequency within the range relwith this simulation. However, isotope substitution affects
evant here. Under this assumption, the lifetime of thethe BZ center mode energies;(q=0) according to their
phonons at low temperatures should be proportional to theeduced mass dependence and those contributing to the two-
two-phonon density of states(obtained with the phonon density of statgs,(w) according to their respective
g-conservation constraint i.e., T'i(®)=Vaipa(w) eigenvectors, which are not known precisely. If we asssumed
(FWHM), where we have used an effective interaction coefstrongly mixed, e.g., reduced-mass-like, modes to contribute
ficient V.8 Identifying the lifetime with the imaginary part to p,(w) in this energy range, we would have to expect all
of the self-energy, we can calculate the corresponding reaither samples to be equally asymmetric, which clearly is not
part by Kramers-Kronig transformation. The line shape carthe case. The assumption of purely Se-like or Zn-like oscil-
be then calculated with an expression similar to &).. The  lators contributing tg,(w) cannot explain the trends either
results are presented in Fig. 10, where the solid line showésee Table), so that the observations cannot be reconciled
the negative real part-A,,,(w), while the dashed line with an anharmonic decay process in a straightforward man-
shows the imaginary paff ,,(w) of the anharmonic self- ner.
energy. The phonon spectthottom part of Fig. 1D were Another possible reason for the shoulders in the LO spec-
obtained usingv;(q=0)=209 cm * and 258 cm* for the tra of the ®Zn"°Se and*Zn*’Se sample is their coupling to

Anh. Self-Energy | cm™ ]

FIG. 10. The dashed line shows the imaginary part of the an-
rmonic self-energy, assumed to be proportional to the two-
honon density of statdd (®) = Vetipo(®@), FWHM]. The two-

B. Anharmonicity and plasmon-phonon coupling
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the longitudinal collective plasmon excitation, associated e T T T

with free carriers in the materi&?. The plasmon-phonon in- 2800 | S two-oscillator
r N — -~ full calculation

teraction becomes important when the plasma frequency
approaches the frequency of LDY.*! An anticrossing of the
two excitations occurs as a function of the carrier density, so
that for small densities the LO phonon-like mode is repelled
to larger energies. For ZnSe, we calculate that a carrier den-
sity of 1x10'® cm™* would result in an upward shift of the
LO phonon of about 2 cmt. These carrier densities may
well occur in some of our samples, since the starting mate-

2780

2760

Free Exciton Energy [ meV |

rials, i.e., the isotopically pure elements, are not chemically 2740 |

pure and, due to the small amounts of available material, the : .
usual purifying technique.g., zone meltingcould not be om0 100 1m0 200
applied. If we assumed that such a carrier density occurs in Temperature [K ]

the %4Zn"®se and®zn®Se sample, and that it is inhomoge- _

neously distributed over the samplan assumption neces-  FIG. 11. Temperature dependence of the free-excitebgnd
sary in order to explain the observed spectra, i.e., a distrioyd@P energy of ZnSe. The experimental ddtpen circles were

tion of peak$ we could explain the shoulders in the takgn from Ref. 25. The solid line represents our fit of a two-
corresponding LOX) spectra in Fig. 4. However, there is no oscillator model _to the data. _The dashed-dotted line shows the re-
particular reason why only these two samples should be afgults of the de_talled calculz?\tlon of the temperature dependence of
fected, so that hitherto the origin of the LD) shoulders is the band gap in ZnSe as discussed in Ref. 13.

not fully understood. i ) ) _
the lattice dynamics of ZnSe: One oscillator at 100 ém

C. Mass and temperature dependence of the fundamental gap r_epresents an average acoustic phonon h,al\,lzing a total-mass-
like dependence of its frequencyw~ My s Mig= Mge

The mean-square vibrational amplitugie?) of an atom +my,) a second oscillator at 220 ¢rh represents an aver-

depe_nds on the phonon frequencies and the eigenvectors, tQSe optic phonon having a reduced-mass-like dependence of
atomic masse&t low temperaturgsas well as the tempera-

12 —1_ =1, -1 )
ture (at highT). Isotope substitution results in slightly dif- Mse +Mzy). These fre

its frequency f,~u "Su
ferent vibrational amplitudegespecially at low T and pho- quencies correspond to the mean frequency of the acoustic
non frequencies and is roughly equivalent to changing the

and optic band, respectively, of the total DOS. The results
temperature. The mass dependencéu becomes vanish- Obtained when associating the acoustic oscillator with pure
emp ) P . Se vibration and the optic oscillator with a pure Zn vibration
ingly small at temperatures on thg order or higher than th%\/ill be discussed below. Within this approximation, we de-
Debye temperature. Changes in elther the isotope Masses Mribe the total mass and temperature dependence of the fun-
temperature thus lead to changes in the band gap via th

,18
electron-phonon interaction, even at zero temperature in thcgamental gap By

case of mass changes. In general, the renormalization of the

band gap and its temperature dependence result from a com- Eo(T,Mge, M) =Eg+ Aot [N(@pT)+ 3]
plicated interplay of(i) first- and second-order electron- WrotMhot

phonon interactions that contribute to the energy of the con- A

duction and valence band§i) changes due to thermal or + £ [N(w,, T+ 3], (6)
isotopic lattice expansion, an@ii) changes in the phonon Ouk

occupation numbers. A method to calculate the temperatur\(,?,hereEO A, @ndA, can be determined from a fit to the
1 1 #

dependence of semiconductor band gaps based on local efeasured temperature dependence of the gap. Taking into
pirical pseudopotentials and _Iag%ce-qunamlcal models wagccount the proportionality of the oscillator frequency to the
developed in a series of articles.This work has subse- jnyerse square root of its mass, we find the gap shifts due to

quently been extended to calculations of the band gap depeghe isotope substitution of either Se or Zn at zero temperature
dence on the isotope mass: to be

The main ideas and results have been summarized in
Refs. 14, 15, and 18 and a simple approximation of the full JEo(T=0m ) 1
calculation was presented and applied to CuCl, CuBr, and 0 ot M) =
CdS. In this model, we have neglected the contribution of the IMse/zn 4
isotopic lattice expansion to the band gap renormalization
and have approximated the lattice dynamics of CuCl by two We represent the experimentally determined temperature
harmonic oscillator§modified Einstein modgl One oscilla- dependence of the free exciton in natural Zr8em Ref.
tor represents an average acoustic phonon whereas a secdil by circles in Fig. 11. The solid line shows the fit of Eq.
oscillator represents an average optic phonon. Due to the), while the dashed-dotted line are the predictions from
large mass difference between Cu and Cl, it is reasonable f@ef. 13. The two-oscillator model describes the observed
associate the acoustic and optic oscillator with a pure coppgemperature dependence quite well. From the fit of @&3.
and a pure chlorine vibration, respectively. and using Eq(7) we obtaindEy/dmg~ 182(50)eV/amu

In contrast, zinc and selenium have rather comparablanddEy/om,,=237(50) neV/amu for the mass dependence
masses. Therefore, we employ a different approximation foof the fundamental gap at zero temperature. This is in good

Aot + Au h) 7

2 2
WiotMygy @, Mse/z



PRB 59 PHONONS AND FUNDAMENTAL GAP IN ZnSe: ... 2757

agreement with our experimental data of 216(3@V/amu  for all wave vectoré? (i) The other obvious assumption

and 214(30)ueV/amu for selenium and zinc substitution would be that of an acoustic Se-like oscillator and an optic
respectively. We note that the coefficients determined b);n-hke harmonic oscillator. This in part motivated by the

means of isotope substitution are more precise than thosfélCt that in the acoustic energy range{w) contributes

~ 0, 1
inferred from the temperature dependence on the basis of ourezm to the total DOS. In contrast, the optic energy range

I i ~ 0,
two-oscillator model. The full calculation presented in Ref. IS dominated bypzn(w) with ~60%. Furthermore, the LA

13, which comprises the contributions from the isotopic Iat-.and LO phonons around the point are characterized by

tice expansion and first- and second-order electron-phon independent Se and Zn displacements, respectivetythis

on : _
. X . ase, we obtain JEyz/dmge=116(50) wueV/amu and
interactions, predicts 30p.eV/amu and 31QueV/amu for 2"~ 317(50);Le0\//am33 for the mass dependence of

selenium and zinc substitution, respectively. These value{:‘he fundamental gap at zero temperature. These values are
are a factor of 1.5 larger than the measured ones. COMgyot in as good an agreement with the experimental findings
spondingly, the calculatgd temperature dependence of thes those obtained from the mixed Se and Zn total and
gap (dashed-dotted line in Fig. 11s also 50% larger than yeqyuced-mass-like harmonic oscillators assumption. How-
the measured one. ever, based on these results we cannot judge which of the
The size of the contribution arising from the isotopic lat- two considerations is more realistic since the errors in the fit
tice expansion can be estimated using E9). of Ref. 13 to the temperature dependence are rather large. We empha-
[(9Eg/dm,)1g= —3B(dEp/dp)m(dInag/dm,),, where a,  size again that the approximation of the electron-phonon in-
denotes the lattice constarfE stands for thermal expan- teraction strengths by the two constadtg, and A, may
sion, andm andp label constant mass and constant pressurdntroduce considerable errors. In a full calculation, s
respectively. The bulk modulusB of ZnSe is 64.7 GPa at 4 would differ for different phonons and electron bardem-
K and is essentially constant throughout the temperaturpare Fig. 3 in Ref. 13 and Eq13) in Ref. 13 so that the
range of interest heré2.4 GPa at room temperatifé The  individual phonon contributions would be weighted differ-
pressure dependence of the direct gap is also practically irently, an effect that cannot be predicted easily.
dependent of temperatuf€JE,/ Ip) m= 75(3) meV/GPa]* In summary, we have shown that the two-oscillator model
The relative change of the lattice constant with isotopic comis able to describe the temperature dependence of the band
position was calculated in Refs. 13 and 19. These resultgap of ZnSe and yields values for its dependence on isotope
differ somewhat: ¢ In ag/amy,) ,= — 7.95x 10 ®amutand mass that are in good agreement with the experim_entally
(9Inag/omsg ,= —2.70<10°° amu* in Ref. 13, versus determined values. Obviously, this model can achieve a
(9Inagldmy,) = —4.80<10°® amu* and (7Inag/imsy, ~ Mmore accuratéquantitative parametrization of the observed
=—3.43x10 ® amu %, in Ref. 19. Using these values one temperature dependences than earlier formulas proposed in
finds (9Ey/ M) 1e= 116 weV/amu and ¢E,/dmgd =39 Refs. 45 and 47 as we employ more parameters. In addition,
deV/amu from the calculations based on empirical latticedt also improves the parametrization of those band-gap tem-
dynamical modefS and 70xeV/amu and 5QueV/amu for ~ Perature dependences that exhibit pronounced kinks and/or
the respective values froab initio calculations® Thus, the ~ increases with increasing temperattite.
correction of the band gap arising from the dependence of
the lattice constant on the isotope masses amounts to less
than 30% of the total at low temperatures. Therefore, the
omission of this contribution in the two-oscillator model  |sotope substitution provides means of changing the ener-
might affect the coefficients determined from the fit but doesgies of vibrational excitations in a crystal. Therefore, it can
not render the model inapplicable. be employed to study renormalization effects in intrinsic
It should be mentioned that two-oscillators have beersemiconductors such as the phonon-phonon intera¢son
used earlier to approximate the observed temperature depetope disorder or anharmonic scattedirand the band-gap
dence of the band gap in group-1V semiconducétbasd that  renormalization due to the electron-phonon interaction. The
it was found that the best fit yielded the average frequencieanharmonic phonon-phonon and electron-phonon interac-
of the acoustic- and optic-phonon branches. Manoogian antions depend mostly on the masses of the isotopes used.
Wooley* have shown that the well known Varsfiiormula  While it is clear that the magnitude of these renormalization
is equivalent to second-order expansion of a Bose-Einsteisffects decreases with increasing mass and, correspondingly,
population factor valid at high temperatures. ®jrLogoth-  increases with increasing temperature, the actual (Gine
etidis, and Cardona used a single average oscil(atuonon sign in the case of the electron-phonon interagtiannot be
to describe the temperature dependence of interband criticptedicted easily. The isotope-disorder-induced effects de-
points of a number of group-1V and -1lI-V semiconductéfs, pend on the mass variance of the isotopes on the respective
a model that is often sufficient in view of the experimental sublattice.
uncertainties. In this publication, we have dealt with a number of these
We note that there are two main alternatives for the maseffects that we have identified in ZnSe. The lifetime of the
dependence of the two oscillators used in the mo@elfhe  transverse optic phonon at the zone center at low tempera-
assumption of a total-mass-like oscillator at 100 ém tures was found to depend strongly on the isotopic purity of
(M= mgetmz,) and one reduced-mass-like oscillator atthe material, i.e., strong isotope disorder-induced scattering
220 cm ! is in part supported byb initio calculations that occurs due to a large density of final states in this energy
find that the Se and Zn eigenvectors of the TA and TOrange, which stems from the flat TO-phonon branches. The
branches in ZnSe have values similar to those altpwint  TO(I') frequency is also affected by the isotope disorder

V. SUMMARY AND CONCLUSIONS
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contributions to the self-energy, and(&ightly) repelled to- compound semiconductors. We have treated the band-gap
wards lower energies, away from the range of a high onerenormalization as being caused by two effective phonon
phonon density of states. The TO(-phonon energies of the oscillators, one at higkoptic) and one at low(acoustig¢ fre-
nominally isotopically pure samples obey the reduced-masguencies, that approximate the lattice dynamics of ZnSe.
rule expected in a zinc-blende compoun@(I')~x"*?].  This model leads to simple expressions for the mass and
For the LO(") phonons, we find neither a significant isotope temperature dependence of the band gap. A fit of the tem-
disorder contribution to their energy nor can we discern gerature dependerfceyielded values that are in reasonable
disorder-induced broadening from other potential contribuagreement with the experimentally determined dependences
tions like plasmon-phonon coupling and anharmonic interacof the band gap on the isotope masses.

tions to the linewidth. We realize that a better knowledge of
the lattice dynamics of ZnSe might be required to enable a
fully quantitative line shape analysis.

We have usedbsotope substitutioto tune the phonon fre-
guencies in our samples and to measure the changes in the We are indebted to J. Kuhl for a critical reading of the
band gap as observed in the luminescence spectra at 2 K. Fmanuscript. A.G. gratefully acknowledges stimulating dis-
cation as well as anion substitution, we found thecussions with V. Belitsky, A. Cantarero, and T. Strohm. We
normal**8 gap increases with increasing mass. This are grateful to A. Schmeding for the isotope analysis and O.
(usua) behavior has been observed so far in elemental anBuresch for the chemical analysis of our samples.
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