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Isotope effects on exciton energies in CdS
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The energies of free and bound excitons related toAttad B valence bands in isotopically pure wurtzite
Cds #%cds, 1t7cds, H1cds, 118cd9 and natural CdS have been measured at low temperature by means of
photoluminescence, piezomodulated reflectivity, and photomodulated reflectivity. With an increase of the Cd
mass the excitonic energies increase by about 40+®8amu, one order of magnitude less than observed
when increasing the S mass. These results can be understood from the point of view of electron-phonon
interaction, provided one takes into account tdeefectrons of Cd that hybridize in the valence band with the
3p states of sulfur. The results are compared with existing experimental data of the temperature-dependent
excitonic energies in Cd$S0163-1828)06216-X]

. INTRODUCTION renormalizatiort® as well as the hybridization of the elec-
tronic energy bands*
Much attention is presently being paid to isotope effects In the present paper we investigate several wurtzite CdS

in semiconductor$.Since the frequencies and amplitudes ofS@mples made from natural and isotopically pure Cd between

11 11 H H
lattice vibrations depend directly on the atomic mass, isotope °Cd and "'%Cd. The energies of the free and bound exci-

TR : P .- tons of theA andB bands have been measured with photo-
zﬂgigggmaltrj[icfgjtilzrficgrgﬁgura((ajleftoecri]a\rlg 2r§§:'felcant I:c;l_JminescenceéPL), photomodulated reflectivit$PR), and pi-
y prop » €.9., PN smodulated reflectivity(PzR. The exciton energies

non frequencies, linewidths and lifetimes, lattice parameterqncrease with increasing Cd mass. The rate of change
thermal expansion, and thermal conductivitywestigations JE/dM g, however, is significantly smaller than that ob-
of these isotopic-mass-dependent properties have been exsyyed when increasing the S maghis very small value
tensively performed in elemental group-IV diamond-typejs interpreted in terms op-d band mixing and electron-
semiconductors during the last few ye&rshey have also phonon interaction. The temperature dependence measured
recently been extended to compound semicondutdrs. for the excitonic energies is consistent with the correspond-
Modifications of phonon properties also influence the elecing isotope effects.

tronic states of a semiconductor via the electron-phonon in-

teraction and changes in the lattice parametétermal [l. EXPERIMENT AND RESULTS

expansion’).! This occurs when either the temperature or the The measurements were performed on several CdS

isotopic mass qf atoms is vgnéﬂ.&eades the anharmonic samples grown by vapor transport at about 1000 K in an
thermal-expansion term, which exists evenTat0 because argon atmosphere with isotopically purédcd, '%Cd,

of the “zero—point”_mqtion, the main contribution to the 1404 and 1Cd and natural sulfuf®'s (mass 32.066 A
band-gap renormalization comes from the electron-phonofsral sample™!Cd™'S ("'Cd mass 112.4)1was pre-
interaction, which can be further separated into Debyepared under the same conditions as a reference. The samples
Waller and self-energy ternisAlong these lines, the tem- are the same as those used in Ref. 3. The specimen have the
perature dependence of band gaps and other critical points Bhape of thin plates with the axis in the surface in a direc-
elemental and binary semiconductors has been investigate@n parallel to the longer sides. Their typical thickness is
in numerous experimental and theoretical studi€sSome  around 0.3 mm. This requires paying special attention to
work has also been performed on the dependence of gagirain effects, which can easily be introduced on the thin
shifts on isotopic mass in elemental group-1V diamond-typesamples when mounting them in the cryostat. For the PL and
semiconductor$®~*% The recent availability of high-quality PR measurements, only one end of the samples was fixed on
isotopically pure samples has opened the door to investigea copper sample holder while the other side was not attached
tions of the isotopic-mass dependence of the electronic stru@and thus stress free. Only areas without strain were used for
ture and its relation to the electron-phonon interaction also ithe measurements.
compound semiconductofs?-1° For the PzR measurements, the samples were mounted
In compounds, the lattice vibrations involve combinationsonto a piezoelectric transducéPhillips PXE 5 using Si
of displacements of the individual constituents, and the phovacuum grease at either end along the long gtlge direc-
non branches in the Brillouin zone therefore exhibit differenttion of thec axis of our samples'® Only the 2CdS sample
isotope shifts. In addition, the valence- and conduction-bantiad a sufficiently large size so that it was not strained due to
states are usually combinations of the atomic orbitals of varimounting it onto the piezoelectric transducer. We verified
ous constituent elements. Selective isotope substitution ithis point from the measured peak energies compared with
compounds thus allows one to investigate the behavior othose from PR and PL measurements. The strain modulation
specific phonons and their contribution to the gapto which the samples were subjected was generated by the
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FIG. 1. PhotoluminescencéPL) spectra of CdS grown with PR s ]

isotopically pure and with natural Q@s indicated in the figujen 2.5502 : () 2.5365 (7 ]

the energy region of thé excitons. The measurements were per- X ]

formed 4 8 K with k1 ¢, EL ¢ (dashed-dotted lingsndE| c (solid 2.5500 1 2.5363 | ]

lines). The intensities have been normalized so that the three peaks [ ]

at the left side have the same height. 25498 § ] 55361 _

alternating expansion of the transducer driven by a unipolar ! ]

. 2.5496 1 2.5359 } :

modulation voltage { = 400 Hz,V,, = 275 V) from a o Coy ]
Kepco high-voltage operational amplifier. Details of the PzR 110112 114 11 110112 114 11

technique can be found in Refs. 18 and 19.
The 2.6-eV laser line from an Arion laser was used as Cd mass (amu)

the excitation for PL measurements. This line was modulated
lungsten-halogen lamp was. veed a5 the seurce of the rid): (@ 1'(8). © 1(8). and(D 1(4) excions obtained from
. : . . L measurements at 8 K. The solid lines are the best linear fit to the
flected light. The PL signals were dispersed with an 0.85—mdata
SPEX double monochromator and detected with a GaAs
photomultiplier. The modulated reflected light was dispersed
by the same monochromator and detected with a Si diodeS,
followed by a lock-in amplifier and a computer. All measure- AR
ments were taken at ©t8 K with the samples inside a 28 @l E_E LT N
flow-through helium cryostat. To measure the small energy R —Re{; CieI(E=E;+ily) 7, @
differences between the isotopically modified samples, high
resolution was obtained by using very narrow slit widths. AnwhereC;, 6;, E;, andI'; are the amplitude, phase, energy,
emission peak from a neon lamp was always measured sand the broadening parameter of tite oscillator, respec-
multaneously with the spectrum to obtain a precise calibratively. The exponenn equals 2 in the present case, corre-
tion of the energy scale. sponding to bulk exciton®
In order to determine the energy positions associated with The properties of excitons and excitonic polaritons in
the various observed excitonic structures, the modulatiomatural CdS have been extensively investigated in the
spectra were fitted to the derivative of the Lorentzian lineliterature?* Wurtzite CdS has three valence bands and one

FIG. 2. Cd mass dependence of tt& I'5(A), (b) T's(A), (c)

hape with the functional forff

TABLE I. Isotope shifts of the excitonic energies in CdS for Cd substitution measured in the present work
compared with the results for S substitution extracted from reflectivity spectra in RéT~8 K). The
slopes are given in units gfeV/amu.

PL PR
Exciton T5(A)  Ts(A)  13(A)  (I'B)  13(A)  14(B) I'5(A) I's(B)
IEIIM 4 68+13 68+ 20 63+13 61+-13 45+-7 43+13 61+ 20 40+ 22
JEIIM g 740100 740t 100
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L A AL a function of the Cd mass. All the peaks shift towards higher
energy when Cd is substituted by a heavier isotope. Over this
\\—————/\/_ small range of Cd massésom 110 to 116, the variation of
the excitonic energies can be approximated by a linear func-
R =7\ R tion, i.e., E=Eqyo+ (JE/dMcg) (M cq— M 119, Where Eqqq
- V] and M, represent the gap energy and the Cd mass in
119¢cds, respectively. Fits of this formula to the experimental
T4(A) data by a least-squares procedure yield the slop2sM 4
ARR I listed in Table I.

Figure 3 shows the reflectivity and PzR spectrdB€dS
measured withE parallel and perpendicular to the axis.
Structures related to th& and B excitons follow the stan-
dard wurtzite selection rules. Th&-band free excitorjin-

A cluding thel ,(A) bound exciton structure around 2.5453 eV

[

h o Ty(A)
i

“'"-"‘\,w\-\_' P T e talt which is associated with th& band is only observed when
H !
|
'.

Intensity (arb. units)

AR/R

i
i

! [v EL c, while the freeB exciton is observed for both L ¢ and

,(A) ! E| c. Consistent with the PL spectra, thg(A) exciton is not
[

Ta(B) completely forbidden. In second-order perturbation theory

! L L the I'g(A) state is mixed withI'{(B) for finite wave

2.555 2565 2575 vectors! when E|c; it is therefore clearly seen in the|/c
Energy (eV) configuration in which the nearlys(A) oscillator is forbid-

FIG. 3. Reflectivity(R) and piezomodulated reflectivitAR/R) 9™

spectra of**2CdS at 8 K recorded witk L ¢ for EL ¢ (dashed-dotted . The PR spectra of .the i_sotopic samples. measured at 6 K
lines) andE|c (solid lines, respectively. with EL ¢ are shown in Figs. @ and 4b) in the energy

regions of A and B excitons, respectively. The split trans-
verse component of thEg(B) exciton is clearly observed in
conduction band with symmetrid% (A band, I'; (B band,  112c4s and™'CdS where the excitons have small inhomo-
I'z (C band, andT'; (conduction bany respectively. The  geneous broadening because of the higher sample quality. In
intrinsic states of the corresponding excitons follow from thethe other specimen these two spectral structures are broader.
decomposition of the product representatios) XI';c=I's  Fits of the spectra using E¢L) are given by the solid lines.
+1I'g for A excitons and’7, XI'7c=I"3 +I',+T's for bothB  They always involve two oscillators whose fitted energy po-
and C excitons. Transitions to the's states are dipole al- sitions are marked in Fig. 4 by the vertical lines. The ener-
lowed for E perpendicular to the axis, those tol'; are  gjes of thel'I(A) excitons are not shown in Fig(a since
possible withE polarized parallel to the axis. Thel's €x-  the rather broad and featureless spectra in this range make it
citons are split intd"3 andT's branches when coupled with hard to determine them accurately. With an increase of the
photons (excitonic polariton that correspond to the trans- Cd mass the excitonic energies shift to higher values. These
verse and the longitudinal components, respectively. energy shifts are shown in Figs(a and 5b) for the A and
We show in Fig. 1 the PL spectra of the isotopically pureg excitons {'t), respectively. A least-squares fit yields the
and natural CdS samples in the energy region of the Aree g|opes for theh andB excitons which are also listed in Table
excitons measured at 8 K. The solid and dashed lines are
obtained withE|c andELL c, respectively. The wave vect&r We also found excited states of tie and B excitons:
is kept perpendicular te in these measurement®ith the  they are shown in the PR spectra of Fig. 6. Polarization
incident and outgoing light normal to the surfac@he in-  measurements indicate that the features at about 2.574 eV
tensities of the spectra measured wifT have been renor-  anq 2,590 eV arise from- and B-exciton transitions to the
malized so as to obtain similar intensities of the three peakg = 2 excited state$2s), respectively. This allows us to
on the left side of the figure. Following Ref. 21 and refer-direcﬂy determine the binding energ¥f) and the corre-

ences therein, we assign the peaks from high to low energy,,nding band gapE,) from a hydrogenlike modéf
to the FE(A) and I'g(A) free excitons, excitons bound to

ionized donorgl 3(A)], and to two excitons bound to neutral En=E4— Ep/n°. 2
acceptors derived from thB band[l'(B) and1,(B)], re-
spectively. The peak positions of the free excitons can be In this manner, we obtain binding energiesfokxcitons
better fitted from the difference spectra between the two poof 26.4 = 0.2 meV and 26.8+ 0.2 meV in *%CdS and
larizations. We also observed several peaks in the energ}'CdS, respectively. The corresponding band dgap$T /.
region of theA-band bound exciton, such as the neutral do-—1I'g,) are, as denoted in Fig. 6 by=2, 2.58062) eV and
nor line I,(A), which are difficult to distinguish and there- 2.58092) eV, respectively. In the case & excitons, these
fore hard to compare from sample to sample. However, onlyalues aree,, = 27.1+ 0.2 meV(27.1= 0.2 me\) andE,
one sharp peak was observed in the energy region of thd;c—T'7,) = 2.59642) eV [2.59632) eV] for the 12CdS
exciton bound to neutral acceptdis(A)]. This allows the ["*CdS] sample. Unfortunately, the=2 excited states of
comparison of the energy of this exciton among differentthe A and B excitons could not be observed in the other
samples. isotopic CdS samples. Better samples are required for such
Figure 2 shows the energy positions of various excitons ageasurements.

2.545
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FIG. 4. Photoreflectand®R) spectra of CdS grown with isotopically pure and with natural(@slindicated in the figujen the energy

region of the freeA (a) andB exciton(b) ground state, respectively. The measurements were perfornéed with kL. c andEL c. The open
circles are experimental data and the solid lines represent fits using)Eq.

Ill. DISCUSSION nary zinc-blende structurés®*®Unfortunately, such calcu-
lations are not available for wurtzite-type materials such as

Band-gap energies shift with a change of temperature %k 4s

isotope substitution. Both effects can be understood in the For GaAs or ZnSe, isotope substituents of either type
light of the renormalization of electronic states by lattice . : i
v?brationsl'6 In addition to the thermal expansi(ﬁnhgnges should lead to shifts of th&, gap which have been calcu-

: lated to be 430(420) and 310(300 weV/amu for cation

in the crystal voluméor the lattice constankslue to changes ! gL .
of either temperature or atomic maskédmnd gaps are renor- (anion) mass replacement, respectiv Whese values are in
reasonable agreement with data measured for GaAs

malized through the electron-phonon interaction at consta 9B/ M g, = 390060) weViamd (Ref. 19 and our prelimi-

volume. This contribution can be further separated into th L ary results for isotonic ZnSe based on PL measurements of
so-called Debye-Waller term(®W, interaction between one theybound excitor(ngutral acceptot ;) [JE/dM g, = 140
electron and two phonons in first-order perturbation th)eory+40 v/ BE/ Mo — 230 +140 v/ Se hich

and the Fan or self-energy termSE, interaction between . peviamu an IMzn = 40 peViamu whic

one electron and one phonon taken to second order in peWIII he pUbI'Shed in detail els_ewhere. . .

turbation theory. The electron-phonon interaction renormal- Such behavior, however, is not found in wurtzite CdS. A
ization of a band gaft, can be expressed as a sum over

phonong’*%:4° ossag b Joasessf ]

(@) T5(A) (b) T§(B) ]

2.5546 | 1 25696 | .

aEnk 1 1 1

AEHK—%Z (m)<nqj+§), ©) S 2554 | 25694 | ]

5 25542 | {1 25692 | -

1) 4 4

where ng is the Bose-Einstein occupation number & 25540 | 1 25690 | .

[exp@iwqyj/kBT)—l]*l of the vibrational mode with wave 05538 | | 05638 | |

vectorq and branch index. The coefficients)E,, /dng; can, ; | ]

in principle, be calculated by evaluating the DW and SE 25536 } 1 2.5686 | .

terms, prowgled aIreal|stf|cbla}[tr:|c?1—dynarfn|cal calqulatlog, giv- 10 112 112 116 10 112 112 116
ing reasonable values of both phonon frequencies and eiger Cd mass (amu) Cd mass (amu)

vectors, is available. Along these lines, numerous calcula-

tions have been performed aiming at predicting the FIG.5. Dependence of the ground-state energy of (@) (a)
temperature and isotopic mass dependence of the electroridI';(B) excitons(b) on the isotopic mass of Cd obtained from
structure and its relation to electron-phonon interaction inPR measurements at 6 K. The solid lines represent the best fit with
semiconductors with both monoatomic diamond-type and bia straight line.
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Energy (eV) FIG. 7. Temperature dependence of #heand B excitons in
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FIG. 6. PR spectra ofa) 112CdS and(b) "™'CdS at 6 K. The modulated reflectivity datéRef. 24, while the diamonds and tri-

assignment of the spectral features to various components of trngles represent the measured gap energy ofttmand gap re-
series ofA andB excitons is indicated. duced by the exciton binding energy of 27 méxbm Refs. 25 and
26, respectively The solid lines are least-squares fits to the data

previous reflectivity and PL stuEK/ of "'Cd®%S and performed with Eq(5) using the average phonon frequencigs,

ntcy34s shows that for anion isotope substitution the ©° o andws = 270 e * (see text The dashed and the
- . . dotted lines represent the individual contributions of acoustic

groun_d_ stater{ = 1) energies of bothh andB excitons have phonons(Cd vibrations with average frequeneycy and optic

a positive energy Sh,'ft with the large rate &/dMs = 740 phonongS vibrations with average frequeney) to the shift of the

= 100 ueV/amu. This value is more than one order of mag-g exciton, respectively.

nitude larger thaE/JM 4 reported in the present work.

. - 15 . , .
Equation(3) can be rewritten &S culated gap energies to first order in the mean squared pho-

. non displacementu®)~ (#/M w)(n+ %), which leads to
AEnk(T):f do g?F(k,n,@)[n,(T)+3], (4
0

. . EM,T) =&~ —n [N(wcq,T)+3]
where g°F(k,n,w) is a temperature-independent electron- @cdVicd
phonon spectral function of the phonon frequereyCon-
tributions to this function arise from both acoustic and optic Y [N(wg,T)+3], (5)
sVis

phonons. In CdS, acoustic and optic phonons are energeti-

cally well separated because of the large mas§3d|fferenc\ﬁ:,here &, represents the unperturbed gap energy and the ad-
between Cd Mcq = 1124 and S Mg = 32.1. The itional two terms on the right-hand side correspond to the
acoustic and the lowest optic branches correspond mainly tgontributions from the acoustic phonof@&d vibrations and
vibrations of Cd atoms while the remaining six high- gptic phonongS vibrations, respectively. Using an average

frequency optic branches are dominated by the motions ofcoystic-phonon frequency afcq~ 60 cm™ ! and an aver-
the S atoms:*® The DW contribution to the gap renormal- age optic-phonon frequency ass=270 cm 12 a least-

ization can be obtained from a pseudopotential band strucsqgyares fit to experimental data of the temperature depen-
ture by replacing the atomic pseudopotentiadls by  gence of theA andB excitons in CdS/~?°as shown in Fig.

Ve §GXu?) (whereG? is the squared magnitude of a recip- 7, yieldsa=0.0134 ancb=0.1310 e\ amu for theA exci-

rocal lattice vector andi the vibrational amplitude of the ton anda=0.0159 andb=0.0999 e\ amu for theB exci-
corresponding atom This procedure is analogous to the in- ton, respectively. The zero-temperature isotopic-mass-
troduction of Debye-Waller factors in either x-ray or neutrondependent renormalization of the electron energies can also
diffraction. The dependence of the gaps on temperature arlee predicted using E@5). Using the approximate expression
isotopic mass is then derived from an expansion of the calecqs*1//Mcqcs) we find
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JE a JE b I-VII compound CuCl thed levels are even closer in energy
M~ 2 M > (6) to the Cl-derivech-like valence bandas close as 1 eMRef.
cd  dwcgMiy s 4wsMg 32) and their spatial extent is larger. Tipeandd levels in

CuCl therefore hybridize more strongly. As a consequence,
the increase of the CuCl gap with increasing Cu mass, ex-
pected by analogy with other zinc-blende-type semiconduc-
tors, isovercompensatelly the effect of the electron-phonon
Qnteraction on thep-d mixing. Therefore the gap of CuCl
anomalouslydecreaseswith either anincreaseof the Cu
"mass or adecreasen temperaturé:**®In CdS one would
expect this effect to be smaller since the Gii ldvels are
farther below the top of the valence band than in the copper
Salides. Nevertheless, some influence of the electron-phonon
‘interaction on thep-d hybridization should still be observ-

In this manner, we obtaidE/dM 4y = 36 peV/amu (42
peViamy and JE/IMg = 950 weV/amu (724 pweViamy
for the A (B) exciton, respectively. Given the simplified
treatment of the CdS lattice dynamics by means of only tw
average oscillatorsdfcy, wg), these values are in surpris-
ingly good agreement with the results for isotope substitutio
of the Cd and S atoms listed in Table I.

In the Group IV and IlI-V semiconductors occupied
levels can be safely treated as part of the atomic cores. Th
are well below the valence band and thus have little influ

. . 7 .
ence on the optical properties near the gapypical energy  ap10 “This is confirmed by our experimental results for both

differences between the valence band and the: bands are the isotope-mass and the temperature effects on the gap. The

32, 18, a(r;d %ZX for tgeZcBSeIectrons (_)\';é(lse’ Ga, aﬂd 2N 4d-electron contribution results in a reduction of the effect
atoms in Ge, S, anad £nse, respef:tl @ne can t €re-  due to acoustic phonons but, contrary to the case of
fore neglect thel electrons of the cations when calculating ;121416 goes not suffice to reverse the sign of the gap

the electronic structure and the influence of the electrongpic \we consider this to be one in a class of effects of
phonon interaction near the fundamental band gap. HOwWevege i qreq electrons on semiconductor band structures.
this situation changes if the energy difference between these
core levels and the valence band becomes snfdllerCdS

the Cd 4l states lie only about 6 eV below the $ 3tates,
which_provide the dominant contribution to the valence |n conclusion, we have observed the effect of changing
bands’"* Hence, one would expectp3-4d hybridization  the isotopic mass of Cd on the andB excitons in isotopi-

with some specific influence on the valence bands. It hasally pure 1%CdS, 1'%CdS, *4cds, 1*%CdS, and natural CdS
indeed been reported that the Cd 4core levels” yield  ysing PL, PR, and PzR spectroscopies. With increasing Cd
significant contributions to the optical properties of CdS inmass theA exciton increases at a rate of f#V/amu while

the region of interband transitions, and one has to include thghe B exciton changes by 4@eV/amu. These values are
p-d hybridization when calculating either the electronic significantly smaller than the corresponding shiE/aMS
band structuréS~*! or the vibrational propertie¥. The ad- =740 + 100 weV/amu, which has been reported
mixture of anionp and cationd states raises the energy of previously'’ A fit of the temperature dependence of the ex-
the top valence bands and thus decreases thé*d&f”*° citon energies with a phenomenological model yields results
Taking the electron-phonon interaction into account, an inthat are remarkably consistent with the isotope effects. The
crease in temperature or, analogously, a decrease of the Ggigin of the very small value o§E/dM 4 revealed by both
mass at low temperature is expected to cause a reduction ffe dependence of the gap on the isotopic mass and on the
the Debye-Waller factor~1—3g(u?)G? which, in turn, temperature is traced back to the influence of GHelec-
should weaken the-d interaction®!* As a result, a down-  trons on the valence-banmistates, in analogy to earlier find-
shift of the top valence band should appear and compensatigs for CuCl. In both semiconductors the electron-phonon
at least partially, the conventional gap decrease due to th@teraction affects thep-d hybridization, which causes an
electron-phonon interaction acting on tedike conduction  additional contribution to the gap shift of a sign opposite to

IV. CONCLUSION

and p-like valence gap states. the standard one.
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