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Isotope shift in semiconductors with transition-metal impurities:
Experiment and theory applied to ZnO:Cu
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Isotope shifts for various lines associated with excitations of transition-metal impurities in semiconductors
are considered. Special attention is paid to ZnO:Cu, for which experimental results are presented. Isotope shifts
are measured for the so-called photoluminescen@nd 8 zero-phonon lines associated with excitations of
bound excitons, and of the zero-phonon line associated with the intracerfte{?Ty—2E) transition. These
shifts appear to be negative and nearly equal. A theoretical model explaining these results is proposed, which
incorporates the mode softening mechanism and the covalent swelling of the ingpetigtron wave func-
tions. It is shown that, contrary to transitions in simple neutral impurities, this mechanism works both for the
excited and ground states of all processes in transition-metal impurities considered here. Using reasonable
values of the parameters of the system, we are able to explain both the sign and value of the isotope shifts.
[S0163-182608)04115-0

[. INTRODUCTION that different local vibration modes are coupled to the ground
and excited states of the transition process. However, a really
An isotope shift of sharp zero-phonon lines can be ob-microscopical approach to the problem of the isotope shift,
served in highly resolved spectra of electronic excitations ofvith a proper account of the electronic structure of
impurities in semiconductors. A theory of this effect in de- transition-metal impurities and its influence on the local vi-
fect semiconductors was proposed by Heine and Hénrybrational modes, still has to be done.
Their model is based on the idea that a trapped carrier re- An interesting isotope shift is observed for the neutral
duces the force constants between the impurity and its neighintracenter transition Cu (°T,—2E) (Refs. 7-9 in the
bors. This excess carrier density softens the normal-modsame system. The isotope shift for this intracenter transition
frequencies in the lattice, and reduces the zero-point energiés found to be negative and to have nearly the same value as
of the oscillators. Since the model was proposed for a simpléor the « transitions. The isotope effect for the intracenter
isoelectronic impurity which in the excited state of the opti- Ci?* (>T,—?E) transition could not be explained within the
cal transition is usually characterized by a free or looselyHeine and Henry models. Its negative sign as well as the
bound carrier, the mode softening is considered, in this caserder of magnitude of the isotope shifts for thdine and for
only for the ground state when the electron is rather stronglghe C#*(>T,—2E) transition are still waiting for a proper
localized around the impurity. explanation. Both transitions have the same?QdT,)
Reasonable agreement with the experimental results wagound state, but different excited states. It is surprising that
found for various impurities in GaP. One exception, men-these excited states should have the same mass dependence,
tioned as not explainable within the scope of their paper, ibecause their electronic character is different.
the isotope shift of the zero-phonon transition producing the In order to complement the available experimental data,
so-calleda line in ZnO:Cu? which exhibits a negative sign we perform high-resolution spectroscopy to measure the
of the effect, contrary to the positive sign predicted by the®¥6%Cu isotope splitting of both transitions at the same crys-
theory. Photoluminescence excitation spectrosd®hE) of  tals. Furthermore, we perform resonant Raman spectroscopy
the green luminescence band of ZnO:Cu reveals three zeroen thea, 8, andy transitions to obtain insight into the local
phonon lines, labeled, 3, and y.2 So far, no isotope shift vibrational system of the copper impurity. These experimen-
for these resonances is resolved in the PLE spectra. tal results will be the starting point for the complete expla-
An explanation of the negative isotope shift of hgero-  nation of both isotope effects within the extended Heine and
phonon line(ZPL), proposed by Van Vechtéhalso includes  Henry model.
the excited-state contribution. However, magneto-optical The mode softening model stresses the sensitivity of the
measurementsshowed that electronic states, playing theisotope shift to the structure of the electron wave functions.
leading role in the process, differed from those considered iThis paper proposes a microscopic approach to the descrip-
the model* A phenomenological model for an isotope shift tion of the isotope shift for optical transitions in semiconduc-
in the spectra of transition-metal impurities was proposed irtors doped by transition-metal impurities by taking into ac-
Refs. 5-7, with the aim of interpreting their experimentalcount the contribution of the covalent swelling of the
data on CdS:Ni. The principal assumption of the model iselectron impurity wave functions into the mode softening
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FIG. 1. High-resolution excitation spectrum of the green Cu
luminescence in ZnO. An isotope shift of Cu can be observed only
in the @ and B lines. The isotope shift value is 1500 ueV.

effect. Mode softenings for both the ground and excited
states will be of importance. The interplay between them will
determine the sign of the isotope shift, which can then easily ZnO: Cu Elc
become negative. This mechanism is applied to the ZnO:Cu (?T,-2E) ~— T=1.8K
system for which experimental data are available. Additional 122peV

measurements are also carried out. The approach allows us t : . . . ,
understand the very close values of the isotope shifts for the 07164 07186 07168 07170  0.7172
a and B transitions, and that for the intracenter transition. ENERGY (eV)

INTENSITY

FIG. 2. High-resolution spectra ¢8) the C¢* absorption line
Il. EXPERIMENTAL RESULTS and(b) the « line.

The samples used for the measurements are high-quality
rods of ZnO grown in the laboratories of Professor X.Sition probability is much larger for thg-a transition com-
Heiland. The crystals contain copper as an unintentional dogPared to theg-a transition, because of the larger energy
ant, and the impurity concentration varies between 10 andifference betweeny and « compared to theg-«
250 ppm. The samples were immersed in liquid helium transition’®
Light from the crystal was decomposed by a 0.8-m double For the intracenter Ci (*E—2T,) transition two ZPL'’s
monochromatofSpe® and recorded with a Bialkali photo- are observed in absorptidi,and they are attributed to the
multiplier in the visible or a Ge-detector in the near infraredl4(?T2) — s ¢(E) and thel 4(?T,) —'4(%E) transitions. A
spectral region. Photoluminescence was excited with the UVWighly resolved transmission spectrum of the low-energy
lines of an A" or HeCd laser. A dye laser pumped by an ZPL is shown in Fig. 2lower par}.
excimer laser served as a high-resolution tunable light source The T'4(*T,) —T's«(°E) ZPL also exhibits a negative
for the PLE experiments. 63/6%Cu isotope shift of(122+6 weV). The value is larger
High-resolution spectroscopy in the PLE of the greenthan the previously reported one ¢£10+30 ueV)2? but
emission shows an isotope effect for theas well asg  agrees within the error margin.
zero-phonon lines, while for the zero-phonon line no iso- In this paper we focus our interest on the comparison
tope shift is observedsee Fig. 1 The 8¥6%Cu isotope shift between the 8¥%Cu isotope shifts observed for both
of about 15@-10 ueV is observed for ther and 8 ZPL's ~ CUW*"(?T,—2E) and[CW?* —(Cu*,h)] transitions. A com-
(Fig. 1). The negative sign of the isotope shift indicates thatparison for both copper isotope shifts in the?Curansition
the lighter isotope has a larger ZPL-energy. The FWHiM and in thea line is shown in Fig. 2. It can be seen that the
width at half maximumis 60 ueV for both isotope lines for magnitudes are very close with a small difference ofu28/.
each transition in high-quality ZnO crystals. For a detailed understanding of the line structures and the
The FWHM for they-ZPL is very large, 67QueV, and no  observed isotope shifts, it is important to investigate the local
isotope shift can be measured. This large FWHM can beibrational system of the Ci—(Cu®,h) and the
explained by the fast nonradiative relaxation within the in-Cw?*(?T,—2E) transitions. Local vibrational properties of
termediately bound exciton states. The probability for suckcopper in ZnO are investigated by Raman spectroscopy. A
nonradiative decay depends on the phonon density of staté&&aman spectrum of a copper-doped ZnO cry&&0 ppm
and the number of phonons needed for the multiphonon reis shown in Fig. 3. For the nonresonant excitation
laxation. As the phonon density of states goes to zero witfE<E,=2.859 86 eV, only the host phonon modes of ZnO
decreasing energidacoustic branch the nonradiative tran- are observed. For resonant excitation into $h&PL of the
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(c=¢e) or hole c=h) wave function. The radiR; andR, in
49.47 Zn0:Cu the integral roughly define the corresponding volume.

resonant (y-line) T= 18K The local mode frequency is determined by the equation

Mw?=A[1-yP(c)],

whereM is the corresponding effective mass. Assuming that
the change of the impurity isotope mass &M causes the
same change of the effective mass, the frequency changes by
X (z, X+2) y the value
Ao A AM b AM
©ToMel ™M PO

47.52
nonresonant

(E. <E._) This sort of a change of the frequency occurs both in the
¢ electronically ground and electronically excited states in-
volved in the optical transition. As a result, a change of the
ZPL energy occurs and, according to E@), the isotope
shift of the optical line is the difference between the shifts of
the zero-point vibration energies in the electronically ground

and excited states,

exc

scattering intensity
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wheren is the degeneracy of the local vibration mode.
me . . " .
energy ( V) d electrons of the transition-metal impurities may hybrid-

FIG. 3. Raman spectra of ZnO:&uUunder nonresonant excita- ize with the p states of the v_alence ba_nﬂsee, €.g., Refs.
tion (lower half and resonant excitation of the €u—(Cu',h) 11-19 and form deep levels in the forbidden energy gap of
charge transfer transitiofupper half. The local vibrational modes the se(;nlclonductqr. As a result.,.the \f/vave funCItIO:’l Ofl.th?j
of the copper center are only observed under resonant excitatiOttlr,app,e “e eCt,fO” IS a Superpqsmon of a strongly ‘?,C"" 1€
and the energy is indicated. atomic “core” and an essentially more extended “Bloch

tail.” These properties also play an important role in the
CW*(2T,)— (Cu*,h) charge-transfer transition with the en- isotope shift studied in th.is paper. In particglar, the fr_e—
ergy 2.872 84 eV, additional modes appear at 49.47 anguency change becomes important not only in the excited

68.86 meV. These energies are attributed to the local vibralsatua}[t?r(latig tarlgisngla;\tc;[eln;sht\a/vzlﬁnple isoelectronic impurities
tion modes of the copper center. 9 :

Ill. MODE SOFTENING FOR TRANSITION-METAL A. Intracenter transitions
IMPURITIES The ninth electron energy of a neutral Cd®) impurity
_ » in a 2T, or 2E state corresponds to lines lying close to the
If the ZPL energyEzp (M) of an optical transition de-  onqyction band, and therefore the corresponding wave
pends on the impurity mass which can be changed by sulyynctions are hybridized with the conduction-basidtates.
stituting another isotope, then the isotope shift for this line ispy, o hybridization between thet and's states is allowed in

just the difference hexagonal crystat&” when the corresponding matrix ele-

mentVr.(k) is not zero ak—0.

= —_ > c . .

0=Ezel(M1) = Ezp(M2),  M1>M @ Therefore, the ninth electron wave functions can be ap-
of two such energies. proximately written as a bonding combination of the atomic

The isotope shift1) will be treated here by using a model d-function 4 and the Bloch taikpg- ,*¢
based on a softening of the zero-point energy of the local
mode proposed in Ref. 1. This softening is caused by an 1 -
excess electron or hole density in the nearest vicinity of the ir= W['/’dF“L VMeresr], 4)
impurity atom which reduces the force constantfor the ot
bonds between the impurity and its nearest neighbors to thehere
value A’=A[1-y.P(c)]. Here y. is a material constant

which can be determined independently, , __ dMc(Eir)
o dEir
R
P(c)=4wf "W (r)|2r2dr 2  and
Ry
2
is the proportion of the carrier density to be found between M o ):2 Vre(k)| (5)

the impurity and its neighbors, andf.(r) is the electron ¢ Kk e—ec(k)’
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Eir is the impurity energy level, anB=2E or °T,. is formed by the normalized pseudo-wave-functigg and

The isotope shifts for the intracenter transitions,the core pariy,, (Cu) of the Cuf@'9 states, where
CUP*(I'4(*T,)—Ts¢%E)) are calculated using the wave !
functions ;- and Yirg, [Eg. (4)] for the ninth electron of y_(7/4|W| )
the Cu@®) in the excited and ground states, respectively. Fa= E,*E
The ground-state wave function transforms according to the _ _ N _
ireducible representatiod’ =Ty, whereas the excited _ Now the isotope shift for thex and B transitions in
states are degenerate and transforni’ gs=I's and T'. ZnO:Cu is calculated. The ground state for both these tran-
The mode softening is caused by the Bloch tail pags  sitions coincide with that of the intracenter transition dis-
of the |mpur|ty wave functionm)_ Rough estimates can be cussed in Sec. lll A. Therefore, the Corresponding contribu-

done using the approximate expressiege, e.g., Chap. 7 in tion to the isotope shift is just the second term on the right-
Ref. 19 hand side of Eq(8). An exciton is bound to the impurity in

the excited state, which causes the change of the electron
e density in the first coordination sphere. The exciton electron
Kpr ®  increases the density, whereas the hole decreases it. The re-
sulting contribution to the isotope shift reads

—kpr
or= A~ 1/2

wherek?=(2m* A /%2) andA=E;p— Eq, andEq is the
bottom of the conduction band. YePexc™ Yel Pe(¥) =Pn(¥)], (10)

Then, using Eq(3), the isotope shift for the intracenter \;nare the electron valug, of this material constant is cho-
transition reads sen, since the electron contribution to the density in the first
n AM coordination sphere is larger than that of the hole.
6=~ o— YeAPia- Using Eq.(4) (with the changed energyor the electron
4 M wave function, and Eq9) for the hole wave function, one

Equation(6) yields the probability of finding the impuritg ~ arrives at
electron in the first coordination sphere

0.2 Mar (95 ()

/ Pex=0.216———————Py(7).

Pr=— (e PR g 2R, ™ T 1M (d)
1+Mp

Here the electron ionization energy(0/—)~3.25 eV(Refs.
and its change in the course of the intracenter transition is 19 and 20 is used, meaning that; =0.19 eV.
4

, / The hole contribution
MZ

E 2T
APjnra= Pex— Pgr= 0.2211+ v — 0.327’1+ " f . (8) P,(v)=0.1658

’E T, in Eq. (10 is found using the valuen; = 1.8m, (Ref. 8 of
The following values of the parameters are usediN€ hole effective mass. The experimental valyg~0.4
m® ~0.4m,, 8 Ar,~0.94 eV (ground statg A, ~0.2 eV eV(F_egfs. _19 and 20of theyhzole bmdmg_ene_rgy rgsults in the
(excited states® R, —0.64 A, andR,—1.7 A% hybrldlzatlpn parametejf}|°~0.2, which is quite reason-
able for this level.
The large vaIudVIét2>1 (see, e.g., Refs. 16 and )lfor

N the electron energy lying close to the bottom of the conduc-
Transitions tion band means that the excess electron density is really
larger than that of the hole, as was assumed above. There-
CU* (*T)—[Cu"(d°+e),h] forg, one obtains the changg,.~= 0.0368 of the carrier den-
in ZnO:Cu, creating an exciton bound to the impurity, aresity in the first coordination sphere, due to the bound exciton,
now considered. There are three corresponding spectral lingd finally arrives at the change
called «, B, and y lines, and for the first two of these an

B. Bound excitons

!

isotope shift is measured. Mcsz
The exciton wave function?{*9(d'%h) is a product of APg=0.0368- 0-3271+T (11)
the wave functions of the tenthelectron of the Cu impurity c?T,

and that of the loosely bound hole. The tenth electron Waves b excess electron density in the course of dhand 3
function in ZnO:Cuyf{;” can be represented as a bondingansitions.

combination of type(4), with the only difference that the
electron energyEr is now that of the tentif0.19 eVj elec- C. Comparison of the results for the intracenter transition
tron in the ground state, rather than 0.94 eV of the ninth. and the bound exciton excitations

The hole wave functiohf _ . .
It was experimentally found that the isotope shifts in the

two above cases, the intracenter transition and excitation of a

¢§h)=—2[¢bi+ Fltay,(CU)] (99  bound exciton, are rather close to each otfsse Sec. )l
V1+|F{ The same value oA P, [Eq. (8)] is obtained for the hy-
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bridization parameteM >-~0.2, which is a reasonably IV. SUMMARY

small value for thel's (°E) state whose hybridization with A mechanism is proposed, according to which the cova-
the conduction-band states is symmetry forbidden. Hencgant swelling of the electron wave functions in transition-

Eq. (8) becomes metal impurities, combined with the mode softening mecha-
, nism, makes it possible to understand the sign and value of
MCzT2 the isotope shift for various optical lines. dkelectron wave
APjpya=| 0.0368-0.32F——— | 7. (12)  function consists of a-type “core” and a “Bloch tail”
+ Mc2T2 constructed from the band states. The latter is responsible for

) the mode softening, which gives rise to a sensitivity of the
Using the above value of the paramelgf,., Eqs.(11) and  isotope shift to the hybridization properties both in neutral
(12) produce negative and equal values of the electron derand charged impurity states.
sity differencesA P, and APj,. The correct value of the Contrary to mode softening in simple impurities, which
isotope shifté [Eq. (3)] is obtained by using the coefficient takes place only in the ground state of the system, mode
v.=2.7 measured in Ref. 4. softening in both ground and excited states of transition-

The local phonon modé&,, in which the Cu atom takes metal impurities must be properly accounted for. The effect
part, is assumed to be responsible for the electron-phonaglepends strongly on the covalency fadif, whose value
interaction. Due to th€;, symmetry of the center, this vi- s a function of the position of the levels in the energy gap
bration mode splits inté\; andE modes. Resonance Raman and of the symmetry of the system.

measurements of the €U(?T,)—(Cu',h) transition (Fig. This model is applied for an interpretation of the experi-
3) show that two additional modes at 49.47 and 68.83 meVmental data reported here for ZnO:Cu. These data give
with the symmetryE and A, respectively, appear. better-resolvedr-line PLE spectra. The isotope shift for the

We assume that th&; mode with the energfiw=68.83 g line and its absence for thg line is reported for the first
meV and degeneraay=1 plays the leading role in ZnO:Cu time, to our knowledge.
(see also Refs. 21 and R2Using the mass ratio Our model allows one to understand the isotope shift for
AM/M~2/63 for the®¥®%Cu isotope exchange, the observedboth intracenter and charge-transfer transitions in transition-
isotope shiftd~—0.14 meV is obtained by choosing the metal impurities. By using the proper wave functions of the
hybridization parametei ;2T2=o.66, meaning that 40% of neutral Cé*(d®) ion and the[ Cu* (d°+e),h] excited state,
the electron wave function is outside the core. The estimatl0Se values and signs of the isotope shifts for both the in-
that 40% of the?T, electron wave function in Cd is an tracenter transition and fax and 8 ZPL’s are explained.
explanation for the largg shift for C#* in ZnO, as con-
cluded in Ref. 8. The hybridization of th&T, level is ex-
pected to be larger than that of tHé& state, due to the We are indebted to the German-Israeli Foundation for Re-
wurtzite symmetry of this crystal, in which a hybridization of search and Development for support under Grant No.
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