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The dependence of thg, direct gap of Ge, GaAs, and ZnSe on isotopic masses at low temperatures has
been investigated. Contributions of the variation of the lattice parameter to the gap shift of the binary com-
pounds have been evaluated by using a volume-dependent lattice dynamics, while local empirical pseudopo-
tential techniques have been employed to calculate gap shifts due to electron-phonon interaction. The depen-
dence of these terms on the lattice-dynamical model and og-th@ extrapolation of the pseudopotential form
factors has been investigated. The contributions of the optical and acoustical modes to the isotopic shift are
analyzed. The results are compared to previous experimental data, in the case of germanium, and to low-
temperature reflectance measurements performed as part of this work on GaAs samples with different isotopic
gallium composition. Particular attention has been paid to the differences in the effects of changing either the
cation or the anion masses. The temperature dependence Bf tep of ZnSe has also been calculated, and
reasonable agreement with experiment has been fd&@1.63-18266)02032-2

[. INTRODUCTION The influence of the isotopic mass on the crystal volume
has recently been calculated for diamond-type semiconduc-
The possibility of growing isotopically enriched semicon-tors such as C, Si, or Ge byb initio total-energy

ductors has allowed us to investigate the dependence of thaischniqueg? The results are in striking agreement with the
basic solid-state properties on isotopic masses and disordekperiment for diamond and slightly smaller than the only
(for an overview, see Refs. 1)4The variation of the ther-  experimental point available for G&.
mal ConductiVity with iSOtOpiC Composition, the dependence In binary Semiconductors7 the calculation of the depen_
of phonon frequencies and linewidths on the isotopic massegence of volumeor lattice parametgron isotopic masses is
and the dependence of the lattice constant and energy gaRfyre complicated. It is not possible to write the relative
on the average isotopic mass are some of the most interestiQgiation of the crystal volume as a simple function of the

properties. This interest is not only of basic relevance, buty|ative variation of the mass. Phonon frequencies depend

technical applications _have also been pr(_)p(?sseel.cqnsid- differently on the two masses, and this dependence has to be
erable amount of studies have been published during the la; #uown together with the corresponding @eisen param-

few years on the isotopic dependence of such properties 'Cters for all phonon modes, in order to calculate the depen-

diamond-type semiconductots? Interest has recently . . . .
shifted to zinc-blende-type materidi dence of the lattice constant on the isotopic masses. In this

The dependence of the electronic energy Eapon the ~PaPerwe present calculations'of the'dependence of the lattice
isotopic massM , of a semiconductor compoundk (is the constant of ZnSe on the two isotopic masses. We ha_ve em-
atomic specigsat a constant temperature can be separatefloyed an 11-parameter rigid-ion mob‘?e{RIM) at two dif-

into two contributions, similar to those responsible for theférent pressures, i.e., two different unit-cell volumes, to ob-

temperature dependence of the gHpd? tain the Grumeisen parameters. Due to the absence of a
similar dynamical model for GaAs, an estimation of the
JE JE JE variation of its lattice parameter_ with Ga_ and ARef. 17
( O) :( 0) ( 0) ) (1)  Masses has been performed by interpolating the ZnSe and Ge
M) VM) p \IM, ] o results. We find, in all cases, that the magnitude of the mass

derivative of the lattice parameter is larger for the anion el-
The first term is the contribution of the electron-phonon in-ement than for the cation.
teraction(EP) at constant volume. The second one is due to The dependence of electronic band gaps on isotopic
the change of the lattice constant or, equivalently, of thegnasses has been extensively studied in diamond-type semi-
crystal volume with the isotopic mass. Anharmonic correc-conductors. Daviest al'® studied the lowest direct gaify
tions to the crystal volume at low temperatures depend oand the indirect gafE,q of Ge by means of absorption
the atomic masses through the “zero-point” vibrational am-measurements at 2 K. They found a change
plitudes. The origin of this term is equivalent to that of the dEq/IMge=0.49+-0.03 meV/amu. There are also experi-
thermal expansioiTE) at low temperature; by analogy we mental results for th&y+Aq (Ref. 19, E; (Ref. 20, and
shall call it the zero-point thermal expansion term. E;+A; (Ref. 2] critical points(cp’s) of Ge. Diamond ex-
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hibits a larger isotopic shift. Collinst al?? found a differ-
ence of 14.60.7 meV between the lowest indirect gaps of
12C and °C. Theoretical studies of the dependence of sev-
eral energy gaps and linewidths on isotopic mass and tem-
perature in diamond, silicon, and germanium have been per-
formed by Zollner, Cardona, and Gopafdn. Their
calculations are in rather good agreement with the experi-
ment for diamond. In the case of germanium they slightly
overestimate the isotopic mass dependence of the indirect 690 695 700 705 710
Eing and Eq gaps. The calculations for tHe; cp, however, Ga mass (amu)
considerably underestimate the experimental results.

We investigate in this work the dependence of Ehecp _ _FIG. 1. I_EO gap of GaAs V\_/it_h isotopically controlled Ga compo-
on the isotopic mass and temperature in several semicondu@lion obtained from reflectivity measurements Tat 10 K. The
tors isoelectronic to germanium. In Sec. Il we present experi-so“d line shows a linear least-square fit to the experimental data.
mental results of reflectivity in the neighborhood of the fun-
damental gap of GaAs, obtained for several samples with
different isotopic gallium compositions. Section Il is de-
voted to the calculation of the dependence of the lattice con- The equilibrium volume of a crystal at a given tempera-
stant on the isotopic mass at low temperature. The variatioture depends, through anharmonicity, on the amplitude of the
of the Eq gap due to thermal expansion at low temperaturesattice vibrations. Actually, the anharmonic contribution is
is discussed in Sec. IV. In Sec. V, we use heal empirical  nonzero even at zero temperature, due to the “zero-point”
pseudopotential methotb obtain the gap renormalization vibrational amplitude(the minimum energy of a quantum
due to the electron-phonon interaction and its mass deperscillator is# w/2). In order to connect the change in volume
dence in Ge, GaAs, and ZnSe. The temperature dependenééh phonon parameters we use the Helmholtz free energy
of the ZnSe gap is calculated in Sec. VI, and compared with, which is related for a system of independent oscillators
existing experimental results. Finally, in Sec. VIl we sum- (phonon$ through the partition functioft In terms of the

1515.0 -

15145 B

Energy (meV)

1514.0

IIl. DEPENDENCE OF THE LATTICE CONSTANT
ON ISOTOPIC MASSES

marize the main conclusions of the work. energy of individual oscillatordr can be written as
1
Il. EXPERIMENTAL RESULTS F=Eq >hw,(+KTIN[1-exp(—fo,(@/kD] . ()

A series of GaAs samples with a controlled composition
of Ga isotopes has been grown by molecular-beam epitaxyhe volume of a sample is related to the bulk modulus
on semi-insulating001]-oriented GaAs substrates using the through AV/V):=—Ap/B, while p can be written as
stable isotope$§°Ga and’'Ga as source materials. The thick- p=—(AF/AV):. Using these expressions, we find
ness of the layers is 5000 A. They were grown with a rate of
2 A/s at a substrate temperature of 580 °C. The ratio of 1
%9Ga to "*Ga in alloy samples was controlled by appropri- V=V,+ §E Lo, (@ v, (Q[ng(w,(@)+ 3], (4
ately adjusting the individual particle fluxes via the source ».4
temperature. The average Ga masses of the samples obtained }
this way are 69, 69.5, 70, 70.5, and 71 amu, respectively. Ihere we have introduced the mode @eisen parameters
addition to these specimen we have used natural GaA¥»(0) defined asy,(d)=—dInw,/dInV andng(w,(q)) is the
(60.4%%%Ga, 39.6%"1Ga, 100%5As, and average Ga mass Bose—E|_nste|n _fac_:tor..ln_ Eq(.4), V, represents the crystal
69.8 am) grown by liquid-phase epitaxy as a reference. Thevolume in the limit of infinite masses. In terms of the lattice

isotopic gallium composition of all samples was checked b))_:?c_ns_tant of thef cor!ventt)ilonzl unit celad if‘ ltheEIimit of
Raman spectroscopy. We find that the frequency of th nfinite massesfor zinc-blende-type materials, E¢4) can

longitudinal-optic (LO)-phonon shifts with the reduced e written as
GaAs mass to a very good approximation.

To determine the fundamental band gap of GaAs, we per-a(M,M,)—ay B 4% 2 L
formed reflectivity measurements at 10 K. Since the spectra 2o T 3B ®,(@y(DNs(@ (D) + 3],

are influenced by the excitonic character of the absorption (5)
edge we have taken the minimum of the reflectivity curves as

a measure of the gap. Results are shown in Fig. 1. A line
least-squares fiisolid line) to the datapoints yields a slope
of

a\/rvherea(Ml,Mz) is the lattice constant for a finite mass of
atoms 1 and 2 in the primitive cell at a given temperature.
Here we are interested in the change of the lattice parameter
when one of the atomic masses changemé/oM,) and in

the low-temperature limit in whichhg~0. If we change the
9o =0.39+0.06 meV/amu. (2)  mass of atomk (x=1,2) fromM, to M, +AM,, the rela-
IMga tive change in the lattice parameter is
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TABLE I. Dependence of the lattice constant on the isotopic
masses calculated for Ge, GaAs, and ZnSe, as explained in the text.

The coefficients are ordered according to increasing atomic mass. é 4.0
20
Compound K Mass(amy  dlna/oM, (10~ % amu™?) -
L 00
ZnSe Zn 65.38 —7.95
GaAs Ga 69.74 —6.44 < 80
Ge Ge 72.59 —-10.9°P £ 40
GaAs As 74.94 ~4.44 s 20
ZnSe Se 78.96 -2.70 < g0
&This coefficient corresponds to a change of the mass of the two 0 5 10 ;iergy (r:gV) % 80 %
atoms in the primitive cell.
"Reference 13. FIG. 2. Lattice spectral functiong [Eq. (7)] of ZnSe (solid
lines: natural abundangéor (a) a change of the Zn mass afio)
a(M, +AM )—a(M,) the Se mass by 5 anfdotted lines, respectivelyThe insets show
aM ) the difference\ . F between the two spectral functions for each case
« (solid lines. The integral overA,F (dotted lines in the inseks
[a(M,.+AM,)—ag]—[a(M,)—ag] determines the change of the lattice constant according t¢8Eq.

%o the region of lower energies where transverse and longitudi-
2h nal acoustic mode€TA and LA) contribute. This difference
= 3_38% Ado @y, (] (6) becomes more important in the region of optical phonons at
' higher frequencie$TO and LQ. Figure Za) also shows as
By A,.[w,(0)v,(g)] we mean the difference of the quantity an inset the difference between the lattice spectral functions
in brackets evaluated at two different isotopic masses. Thid F for both massessolid line) which enters directly into the
term is usually negative for an increase in either of thecalculation of the variation of the lattice parameter with the
masses. Thus it can be understood as an “isotopic contradisotopic masgsee Eq.(8)]. The integral ofAF vs energy
tion” of the lattice parameter. according to Eq(8) is shown by the dotted line in the inset
The calculation of Eq(6) requires an integration over the of Fig. 2(@). One can see that the main contribution to
whole Brillouin zone(BZ). For this reason, it is convenient A ,a/a comes from the region of LO and TO phonons. Due

to define the “lattice spectral function” to strong oscillations im\ 7, large cancellations in the inte-
gral occur and the main contribution th,,a/a actually
2% arises from phonons around Qi. e., near the center of the
F(M1, M) = 3Ba8V§,:‘q QY= (@], () Billouin zone. Let us now compare this with the case in

. which the Se mass is changed. In Figb2we show the
which represents the spectral dependence of the changesdpectral functions corresponding to two different Se masses
lattice parameter induced by a mass configuratdn,and  (natural mass: solid line; five more amu: dotted Jin€he

M. In terms of Eq.(7), Eq. (6) becomes inset of Fig. 2Zb) displays the difference of the spectral func-
A o tions A F (solid line) and its integral vs energidotted ling.
K& [ max . The units of the integral curves in both insets are those of
a fo dfAF(M1,M2; (). ®  Fandar multiplied by 1 meV. In the case of Se substitu-

tion, the region of TA and LA phonons makes a higher con-

In order to obtain the spectral functigi(M ;,M,;Q) for tribution than in the case of Zn. Moreover, the energy region
ZnSe, we have proceeded in the following way. First, weof optical phonons makes contributions of smaller amplitude
made use of the calculations of Talwetral® to obtain the than for Zn. Again, the magnitude and sign Afa/a is
Gruneisen parameters. These authors fitted experimentdetermined by the L@ phonons.
phonon dispersion data available for ZnSe at two different The differences in the contributions of various phonons to
pressuregambient pressure and 13.7 GRy using a rigid-  the spectral functions for Zn and Se substitution can be un-
ion model(RIM) with 11 parameters, developed by Kahc derstood by looking at the eigenvectors of the different
(these parameters are listed in Table | of Ref.. #8e have  modes at th& point of the BZ, in whose neighborhood large
performed similar calculations for two different isotopic contributions to the density of states arise. The simplest case
masses. Once we obtained the @isen parameters, the is that of longitudinal phonons, in which only one of the
density of states was calculated with the deformable-bondpecies is moving. The LA mode corresponds to vibrations
approximation, in order to be consistent with the calculation®f Se atoms, the LO to Zn vibrations: modes corresponding
of the electron-phonon interaction to be described in Sec. Vto light atoms have higher frequencies than those associated

Figure Za) shows the spectral functiofisee Eq(7)] cor-  with heavy atoms. Thus the shift of the spectral function in
responding to two different isotopic masses of Zn, the masthe LA peak region, close to 20 meV, is appreciable only for
of the natural isotopésolid line), and the mass of a hypo- Se[Fig. 2(b)], while the shift in the LO region is larger for
thetical isotope with five more am(dotted ling. We observe  Zn substitution. The LO peak overlaps with the TO modes.
that there is a very small difference between both curves itn the case of transverse phonons both atoms vibrate. How-
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TABLE II. Gap shift due to isotopic contraction &=0 K (TE). The values of bulk modulus and the
pressure coefficient are taken from Ref. 26, unless explicitly indicated. In the binary compounds, the gap
derivatives depend on the atomic specieas indicated.

Compound B (GPa (0Eqy/dp)t (meVIGPa K (0Eq /M ) 1g (meV/amy
Ge 74.4 121 Ge 0.29
GaAs 76 111 Ga 0.163
As 0.112
ZnSe 64.7 75 Zn 0.116
Se 0.039

8Reference 41.

ever, the TA modes mostly correspond to vibrations of the JEq JE, dlna
Se atoms, explaining why there is a contribution in the TA aM ~ %) oM ©
region(around 10 meVYin the case of Se. When the mass of “TE M “p

Zn is changed, the contribution of the TA modes to the dif-

ferential spectral function is negligible. For the TO modes,ye have evaluated Eq9) by using the results of Sec. Il
the amplitude of the vibration is larger for Zn atoms than forgiven in Table I, the bulk modulus, and the pressure coeffi-
Se atoms. The influence of changing the Zn mass is thereforgents of the gaps after Ref. 26. The results are given in
stronger[see the inset in Fig. (3@ in the region around Tape | for Ge, GaAs, and ZnSe. The calculated value ob-
27 meV]. The differential spectral functions help Us 10 {ained for Ge, 0.29 meV/amu, as mentioned in Sec. lll, has
clarify which phonon modes participate more strongly in theyq pe divided by a factor of 2 when comparing it with the
lattice constant renormalization. As a consequence of the O%hange of either cation or anion masses in GaAs and ZnSe.
cillatory behavior(see the insets of Fig. 2, solid lineand,  The contribution to the gap variation, derived from E).is
consequently, strong cancellations in the integral of(Bhit  of the same order in Ge and GaAs, while in ZnSe itis half of
is hard to see by inspection of Figs@ and 2b) which h4t vajue. This difference comes from the different pressure
ato_mlc species produces the larger relative variation in th@gefficient of the ZnSe gap, which is due in part to the larger
lattice constant. difference in atomic term values between the cation and an-
The numerical results obtained from the integration of thegn Hence the hybridization effect becomes smaller, a fact
differentiql spectral f_unctionénsets in .Fig. 2, dotted lin@s  \ynich causes a smaller change in the gap with the pressure.
per atomic mass unit, are presented in Table I. When comrapje || also shows trends of the gap shifts with the respec-
paring the results for ZnSe with those for Ge obtained byjye masses: As mentioned in the discussion of Table I, the
Pavone and Earoﬂﬁ’, we note that the effect of changing gecrease of the lattice parameter with increasing mass be-
both masses in the unit cell is nearly the same for both magymes smaller for the heavier atomic species. Analogously,

terials. However, Whereas_for_Ge the two a_toms contnbutqhe gap shift decreases with increasing mass; i.e., isotopic
equally, for ZnSe the contributions of the anion and the cat-

. h ic The d d f the GaAs | ubstitution of a heavier atom like As or Se causes a smaller

Licz:r;are rather asymmetric. The dependence of the GaAs .a&%p shift than substituting a lighter one like Ga or Zn.
parameter on the Ga and As masses has been obtain

by linear interpolation between the values found for Ge and

ZnSe because of the less extensive knowledge oh&sen

parameters for GaAs than for Zn&eln order to perform V. DEPENDENCE OF THE GAP ON ISOTOPIC MASS

this interpolation, the Ge data have to be divided by a factor =~ DUE TO ELECTRON-PHONON INTERACTION

of 2, since a change in .the Ge mass means a change in the The renormalization of electron energies by deformation-
mass of the two atoms in the unit cell. The influence of the

Sotopic m o the latti nstant in the different semi r]potential electron-phonon interaction also plays an important
sotopic mass on the fattice constant | € difierent Semicon, o in the dependence of the energy gaps on temperature and
ductors is larger for replacement of lighter atoms. The nega-

tive signs of the coefficients reflect the fact that an increa:sésfompIC masses. The temperature dependence of the gaps in

of the mass produces a decrease in the lattice constant. T @%’bfnde'wﬁ ser’r(;mondus:tors h%sAbgen W|dec:y ;tud|ed,
smallest value of the lattice constant is obtained for infinite?Cth theoretically and experimentaliy.A rigorous deriva-

atomic massegbecause of anharmonicity the atoms needtion of the electron self-energy involved has been given by
“space” to vibrate. Allen.?®2%Here we only summarize the main ideas and final

expressions.
To evaluate the effect of electron-phonon coupling on the
IV. DEPENDENCE OF THE GAP ON ISOTOPIC MASS energy gap, two renormalizations havg to bg taken into ac-
DUE TO CHANGES IN THE LATTICE CONSTANT c_ount: The Del_aye—Wa]Ier effe€DW), which arises from the
simultaneous interaction of an electron with two phonons
The isotopic contribution to the variation of the energy with the same wave vectay and from the same branch
gapE, due to zero-point thermal expansion can be written agsecond-order electron-phonon interaction taken in first-order
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perturbation theory and the real part of the self-energy 9E, (K)
(SB), which comes from the electron—one-phonon interac En(k)=en(K)+ >, (L) (Ngy+ 3), (10

tion taken to second-order perturbation theory. If we assume vg | Ny

that the phonon frequencies are smaller than the lifetime

broadening of the relevant electronic states, perturbed elegvheren,, is the occupation number of the,@) vibrational

tron energie€, (k) of bandn can be written in terms of the mode, which is finally substituted with the Bose-Einstein
unperturbed energies, (k) (which correspond to infinite ion factor once a thermal average is performed. The coefficients

massepas (9Eq(K)/dng,) are the sum of the DW contributions
|
IEN(K) fi (kn|dv /IR, olkn")(kn'|dv .+ 1 IR,/ glkn) 1
T 9N 2 _ ev,K,a(_q)EV,K,B(q)
Ny | ow 2N, ST en(k)—en (k) M, w,(q)
a,B
! 11
+mfv,xr,a(—Q)6V,Kr,ﬁ(Q) (13)
and SE contributions
IEL(K) h (kn[dv /IR, Jk+an' ) (k+an'|dv . [dR glkn)y . 1
. ) =N Z — £ € a7 TK)—ZEV,K’,Q(_q)EV,K,B(Q)-
Mgy e N i n en(k)—en(k+Qq) WM, M . w,(q)
B
(12

Here 7, denotes the equilibrium positions of the atoms in theenings of 0.005 Ry. This value is probably overestimated,
unit cell,N is the number of unit cells in the cryst&, isthe  but we have checked that the results do not depend on its
position of atomk, «, and B are Cartesian coordinates, and exact magnitude.

€, K(q) are normalized phonon eigenvectors_ Here we adopt Electronic _States_ are Ca!culated using local empirical
the rigid-ion approximation in which the lattice potential is Pseudopotentials with a basis of 59 plane waves. We have
taken to be a sum of atomic potentials which move rigidlychosen the Cohen-Bergstresseset of empirical pseudopo-
with the atoms. Below in Eqg11) and (12) we shall use tenpal _form factorSL_)K(G). T_he matrix elements containing
atomic or ionic pseudopotentials for the potentiajs Both derivatives of _atomlc pqtentlals are also_ calculated Wl_thln_ the
the DW and SE corrections depend explicitly on the isotopiooseudopot.er!tlal formalism. To determine these dgrlvatlves,
mass. In order to calculate the mass derivative at a constaffPWweVver, it is necessary to know,(G) as a continuous

volume, we have to calculate these corrections for two ditfunction of G, not only at the few reciprocal-lattice vectors:
ferent masses. Since we are interested here in the |0V\p_eeded to calculate the band structure. This problem is

temperature limit, the Bose-Einstein factor will be neglected SCIved by smoothly interpolating between the known empiri-

In order to better display the numerical results we define,cal form factors and extrapolating to some judicious value at

as in Sec. IlI, a spectral function, the electron-phonon spec®=0: In our calculations, we have used two different ex-

tral function, which now depends not only on the phonontrapolations:(i) the traditional on# (GP), where the form
frequency and the finite mass configuration, but also on th&ctor takes the value of 2¢¢/3 atG=0, as in metals4 is

electron state: the Fermi energy, which corresponds to the valence electron
density in the free-electron cagse and (ii) the
, 1.« JE,(K) Bednarek-Reslef® extrapolation(BR), in which v (0) is
g°F(M1,M3,nk; Q)= g% ang [Q—w,(q]. taken to be zero. We have investigated in detail the depen-

(13) dence of the isotopic shift of the gap on the kind of extrapo-
lation used and found it not to be critical.

In terms ofg?F, the energy renormalization due to electron-  Two different lattice-dynamical models have been used to

phonon interaction, at low temperature, is obtain phonon eigenvalues and eigenvectors for Ge and

GaAs: Weber's adiabatic bond-charge mé#&t (BCM) and

the 14-parameter shell mod@M) of Kunc and Nielser®*’

The BCM parameters for GaAs have been taken from a re-

cent fit to ab initio dispersion relations by Colombo and
To perform the sum over the whole BZ in E(L3), we  Giannozzi’® We have also used two different phonon mod-

have used the tetrahedron metffbaith a discrete mesh of els for the calculations of the ZnSe isotopic band-gap varia-

89 points in the irreducible wedge of the BZ. To avoid nu-tion: an 11-parameter rigid-ion modef® and the

merical problems in the calculation of Eq41) and(12), we  deformable-bond approximatigh(DBA).

have introduced a Lorentzian broadening of 0.01 Ry in the In Figs. 3a and 3b) we present the electron-phonon

denominators, which corresponds to electron lifetime broadspectral function for thé&, gap in ZnSe, i.e., the difference

ﬁ Qmax
AE, (k)= Efo dQg?F(M,M,,nk;Q). (14
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1 . TABLE lll. Electron-phonon contribution to thE, gap shift for
different lattice dynamical(BCM, SM, RIM, and DBA and
pseudopotential model§&P and BR. The numbers in brackets are
the theoretical errors of a linear regression through the results ob-
tained for different mass increments.

GP (meV/amy BR (meV/amy

Ge BCM 0.434) 0.40416)
SM 0.3898) 0.3644)
GaAs  Ga BCM 0.2868) 0.2607)
SM 0.27G7) 0.2487)
As  BCM 0.2852) 0.2773)
. | | | SM 0.3081) 0.3001)
° P ey W) % ZnsSe  zn  RIM 0.1716) 0.1475)
DBA 0.18617) 0.15817)
Se  RIM 0.25816) 0.29216)
or DBA 0.261(13) 0.28815)

increase of either mass. Thus when atomic masses increase,
the energy gap also increases. Increasing the atomic masses
has the same effect as “freezing” the vibrations of the solid.
Table Il shows the electron-phonon renormalization of
the E; gap of Ge, GaAs, and ZnSe, calculated with two
different pseudopotential extrapolations and different phonon
models. In the case of Ge, BCM gives a slightly larger value
than SM. Comparing the pseudopotential approaches, the GP
extrapolation makes a larger contribution than the BR model.
-2 ; ‘ \ However, even with the lowest value, 0.36 meV/amu, the
0 . (zr:ev) %0 total gap shift with the isotopic mass is around 30% larger
o than the measured orisee Table IV. In the case of GaAs,
BCM gives larger values than SM for Ga substitution, but
the opposite happens when the isotopic mass of As is
changed.” The GP extrapolation also gives larger values,
similarly to the case of Ge. If we take the result correspond-
ing to the SM and GP pseudopotential extrapolations, our
theory reproduces the experimental result within the error
(see Table IV. The experimental uncertainties, however, are
too large to distinguish which of the proposed phonon mod-
s and pseudopotentials are best: all theoretical predictions
) , ) r i isf ry. For ZnSe w in similar results for
[dashed line, Fig. ®)]. For the calculation of electron ener- 31: tc\lx\lljotzsgazr?(r:rg?)gels%nd tﬁg G|e: 3?:;8; apSro:cShuetss. 'I?he

gies and wave functions we have employed a GP-typgsp e dopotential gives a larger mass dependence for Zn
pseudopotential model. A 15-parameter DBA model is more P P 9 g P

realistic than the RIM model for the lattice dynamics, and _ i _

gives a better approximation for the phonon density of states, TABLE IV. E, gap shift, theoretical and experimental results
This was the reason for choosing this model in our display of " M€ V/amu-

the electron-phonon spectral functions. As it is shown in Fig.
3, increasing the isotopic mass of any of the compounds
shifts the spectral function to lower energies. The heavier thge Gé 0.36 0.29 0.65  0.43)°
atoms are, the lower the frequencies of the correspondin

FIG. 3. Electron-phonon spectral functiogéF for the E, gap
of ZnSe(solid lines: natural abundancter (a) a change of the Zn
and(b) the Se mass by 5 amidashed lines, respectively

between the spectral functions bf (conduction and I';5
(valence electronic states, for three different isotopic con-
figurations: the two natural massesolid lineg; keeping the
Se mass at its natural value and increasing the mass of Zn
5 amu[dashed line, Fig. @)]; and for the reversed situation

Kk (JEgldM ,)ep (JEp/dM ,)1g Total Experiment

vibrational modes. However, the change of the cation or th aAs Ga 0.27 0.16 0.43 0.8
anion mass results in different spectral functions. A similar As 0.31 0.11 0.42
behavior was observed in the spectral function for the latticez,g5e  7p, 0.19 0.12 031
constant renormalizatiofig. 2). Again, the variation of the Se 0.26 0.04 0.30

Zn mass is important only at high energies. In contrast ta
that, the change in the Se mass produces shifts at all enéffhe Ge coefficients correspond to the simultaneous change of two
gies. According to Eq(14) the correction to the energy is masses per unit cell. They must be divided by two in order to
proportional to the integral of the functions in Fig. 3. We find compare them with those given for GaAs and ZnSe.

that the electron-phonon renormalization is reduced for afiReferences 18 and 19.
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TABLE V. Contribution of acoustical and optical phonons to 2.85 : S :
the isotopic shift of theE, gap (in meV/amuy. 280
< 2 ]
Acoustical Opticall 9; 2.75 ]
DW SE  Total DW SE  Total g 2.70 ]
Ge 0.1847) -0.0995) 0.085 0.0682) 0.2535) 0.318 " 265 ]
GaAs Ga 0.166%) -0.0525) 0.113 -0.0516) 0.1851) 0.134 280 =0 100 150 200 250 %0
As 0.0714) -0.0623) 0.009 0.118) 0.1728) 0.290 Temperature (K)
ZnSe Zn 0.14M) -0.0569) 0.088 -0.11%) 0.1756) 0.060
Se 0.1541) -0.0802) 0.074 0.1219) 0.0966) 0.217 FIG. 4. Calculations of thé&, gap of ZnSe with temperature

(solid line) in comparison to experimental datapen circles: Ref.
42, dashed line: Ref. 43
than the BR model, while for Se substitution the opposite is
found. All the results, as in the case of Ge and GaAs, are
rather similar. Since no experimental data are available, w&e. The magnitude of the shifts for either anions or cations
have chosen the calculations with the DBA model and thdncreases with increasing ionicity. This behavior directly re-
GP pseudopotentials in order to compare them with the gafiects changes of the electronic structure due to lattice vibra-
variation of Ge and GaAs in Table IV. tions. This can be qualitatively understood in simple terms

Table IV shows the two contribution@lectron-phonon by multiplying the atomic pseudopotentialswith a Debye-
and thermal expansiorio the gap shift which we have cal- Waller factor, yielding expressions like exp(~GXu?)/6)
culated in the present work. Electron-phonon interactiorivhich can be used to obtain the corresponding contribution
causes different shifts for cation and anion isotopic substituto the temperature or isotopic mass dependence of the elec-
tion in compound semiconductors which are larger for thelronic structure in an alternative way to Ed1). Going from
heavier constituents. This difference increases with increagse to GaAs and ZnSe, the difference between anion and
ing ionicity of the material. The contribution due to thermal cation pseudopotentials(3), which determine thée, gap
expansion is also different for substitution of heavier andenergy to a large extent, increases, thus leading to larger
lighter elements of a compound, and the difference increasegaps: These pseudopotentials are negative for all atoms
with increasing ionicity. However, the gap shifts for lighter considered, with their magnitudes being larger for anions
atoms are larger than those of the heavier ones due to ttiBan for cations. Under these circumstances an increase of
larger changes in the lattice constdsee Tables | and )l ~ Ga or Zn masses leads to a decrease of the antisymmetric
This behavior is opposite to that found from electron-phonorcomponent between anion and cation pseudopotentials, and
interaction. The two effects almost cancel each other wheihus to a decrease of the gap. On the other hand, an increase
the total gap shift is considered, which becomes nearly indeof As or Se masses leads to an increase of the antisymmetric
pendent of the species being substituted. pseudopotentials and therefore to a larger gap.

In Table V we show separately the contribution of acous-
tical and optical phonons to the SE and DW terms. The re- v|. TEMPERATURE DEPENDENCE OF THE ZnSe GAP
sults shown are obtained by using the BR pseudopotential
model and BCM, SM, and RIM lattice dynamics for Ge, ~ The change in the energy gap with temperature obeys the
GaAs, and ZnSe, respectively. Generally, both correctionss@me equatiofEq. (1)] as the change with the mass, but now
SE and DW, make similar contributions. Nevertheless, ther&ve have to take the derivative with respect to temperature.
are important cancellations among them that make the resuf¥e have to calculate two terms, the TE and EP contributions
hard to understand in simple terms. For Ge, the DW tern{0 this energy shift. The TE term now contains the linear
dominates in the acoustical region, while the SE contributiorfXpansion coefficientt= dIna/dT, that can be calculated by
is more important in the optical region. In GaAs and ZnSedifferentiating Eq.(5):
we can additionally distinguish between optical and acoustic
DW and SE contributions when the mass of either the cation 452
or the anion is changed. When the cation mass is changed, a= WE né(wy(q))wﬁ(q) v (@e"KT (15
the DW contribution dominates in the acoustic region, while % v
the SE contribution is larger in the optical region. This be-
havior is analogous to that of Ge. For anion replacement, th&he contribution to the EP interaction is equivalent to Egs.
DW and SE contributions of As and Se almost cancel in th€11) and(12), but now the energy shift is obtained by chang-
acoustical regime. The gap shift is thus dominated by optiéng the temperature instead of the mass. In this way we have
modes. In general, the optical region makes the most impomalculated the temperature behavior of the gap for ZnSe. We
tant contribution to the energy renormalization, due tohave used the RIM with 11 parameters and the GP pseudo-
electron-phonon interaction in Ge and for anion replacemerpotential form factors. Figure 4 shows the results of the cal-
in GaAs and ZnSe, while both types of modes are almostulations(solid line) together with experimental data of the
equally important for cation substitutidiGa, Zn. An inter- 1S exciton associated with thg, direct gap obtained from
esting trend can be observed for the DW contribution ofluminescenc® (open circles and luminescence excitatith
optical modes. For Ga and Zn substitution we obtain a negadashed ling measurements. The data of Ref. &Bshed
tive gap shift, while it is positive for replacement of As and line) have been fitted with Varshni's formula, which yields
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E(T)=2.804 eV8.59x10 “T?/(T+405 eV/K. rately. Results of reflectivity measurements at Eyegap of
(16) GaAs samples with six different isotopic gallium composi-
our calculated curve has been shifted to match the excitoHons are alsc_) presented. Theoretical and experlmental_ results
compare satisfactorily. We have extended the calculations to
energy at low temperatures. The theory somewhat overes Ur

: . he isoelectronic 11-VI semiconductor ZnSe. The variation of
mates the exper_lmental temperature shifts, although the 9elke fundamental gap with both the isotopic mass and tem-
eral agreement is reasonable.

perature is presented. Although experimental results for the
dependence of the gap on isotopic mass are not yet available
for ZnSe, the calculated temperature dependence is in rea-
sonable agreement with the experimental data.

We have calculated the isotopic mass dependence of the
E, direct gap of Ge, GaAs, and ZnSe at low temperature. A
local empirical pseudopotential methdths been employed
to evaluate the electron-phonon coupling. The dependence of
the electron-phonon term on the details of the pseudopoten- N.G. would like to thank the European Commission for
tial form factors in the limitg—0 has also been analyzed. financial support through the INTAS Program and the Max-
Phonon-dispersion relations obtained with theell and  Planck-Institut fu Festkaperforschung for hospitality. The
bond-chargemodels have been used. The calculated resultsork has been partially supported by Grant No. PB93-0687
are found to depend only slightly on the details of the latticeof the Ministerio de Educacioof Spain. Thanks are due to
dynamics. The contributions of acoustical and opticalA. Debernardi for a critical reading of the manuscript, and to
branches to the isotope shifts of the gaps are given sep&t. Hirt and M. Siemers for technical assistance.
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