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Vanadium centers in ZnTe crystals. 1. Optical properties
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In ZnTe:V bulk crystals with nominal vanadium concentrations between 1000 and 7000 ppm three
vanadium-ion states V/ V2*, and \?" were found in low-temperature optical measurements. No-phonon lines
of the internal emissions were detected for tB¢D)— 5T,(D) transition of V' (d* at 3401 cm* (0.422 eV},
for 4T,(F)—*T,(F) of V2" (d®) at 4056 cm* (0.503 eV}, and for’T,(F)— 3A,(F) of V3" (d?) at 4726 cm*
(0.586 eV\j. The energies of the internal transitions are reduced with respect to the corresponding transitions in
ZnS:V and ZnSe:V. The respective excitation spectra display, in addition to broad charge-transfer bands, higher
excited levels of the individual charge states. Crystal-field calculations of the detected transition energies based
on the Tanabe-Sugano scheme are presented. With the help of sensitization experiments, a one-electron model
is designed, in which the donor lev@I?*/v3") is situated 12 500 cit (1.55 eV} below the conduction-band
edge and the acceptor leve&f?"/\V*) 9400 cm* (1.17 eV} above the valence-band edge. The dynamical
behavior of the three infrared luminescence bands was measured. Decay time constants &f 43 120 us
(v2h), and 420us (V") were found. Electron-paramagnetic-resonafieR results measured on the same
samples are presented in an accompanying paper and confirm the optical detection of isolated substitutional
V2*(d® and VP (d?) ions. Relations between the EPR and optical results are discussed.

[. INTRODUCTION sustained by a spectruhilwo strong low-temperature pho-
toluminescence bands near 8600 ¢ni1.065 eV} with 690
Optical properties of vanadium have been studied for &m * [full width at half maximum (FWHM)] and near
long time in various 1I-Vl compound semiconductors. Up to 12 900 cm* (1.60 eV} with 2000 cni* FWHM accompa-
now, however, almost no information was available on lumi-nied by a weak band near 6650 th(0.825 eV with
nescence properties of vanadium-activated ZnTe. During th&100-cm* FWHM are reported. In the present work, a de-
past years, this material has attracted increasing interefgiled analysis of optical transitions of V in ZnTe is ad-

stimulated by possible applications of the photorefractivev@nced. An assignment of the observed luminescence bands
properties in the wavelength region 0.6— 161 and corresponding excitation spectra to V transitions is based

In CdTe, vanadium creates a deep donor level and in" crystal-fields calculations. Additional sensitization spectra
creases the resistivity, due to compensation of intrinsic deteflect the charge-transfer properties of the vanadium impu-

fects, which act as acceptdis, A similar compensation is Y-

found in titatium-dopedCd,ZnTe (Ref. 6 as well. A com-

parable situation might be expected in ZnTe, which also Il. EXPERIMENTAL RESULTS

tends to be intrinsicallyp type. On the other hand, an am-

photeric behavior of the substitutional V impurity is found in ~ ZnTe:V bulk crystals were grown from a stochiometric

ZnSe:V(Ref. 7 and ZnS:V(Ref. 8. The vanadium ions can melt by the vertical high-pressure Bridgman method. Doping

analogously be assumed to replace cations here, so that theas performed during growth by adding elemental vana-

optical properties will be determined by,ycenters, which dium. The nominal concentrations in the studied samples

will have aT4 environment in a first approximation. Exist- were 1000, 1500, and 7000 ppm.

ence of both a donor and an acceptor state is evidenced by The optical measurements were conducted at low tem-

V*(d* spectra appearing in addition to internal transitions ofperature with samples mounted in a He immersion cryostat.

VvZ*(d® and VP'(a?). According to the Langer-Heinrich An Ar* laser(emission measuremeitsr Xe lamps(excita-

model? the conduction-bandCB) minimum of ZnTe is tion and sensitization measuremént®re used as excitation

placed about 3800 cht above that of the ZnSe, so that there sources. The technique of sensitization spectroscopy is a spe-

is enough space for th@/—)-acceptor level of vanadium cial kind of excitation spectroscopy, using two light sources,

within the ZnTe gap. Therefore, the"i*) in ZnTe should a modulated and an unmodulated one. One of them is kept at

be detectable. a fixed wavelength, while the other one is scanned. The dif-
The only mention of luminescence of ZnTe:V so far is notference between sensitization spectroscopy and excitation
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going from ZnS over ZnSe to ZnTe. Such a chemical trend is
-<— wavelength A (nm)

3200 2700 2200 well-known from crystal-field transitions of other TM impu-
- ~ ' rities. In the following, this intuitive assignment will be sup-
1.2} / \\ ZnTe:V ported by further details of the optical propertiesg., for
A\

Vv3*(d? a reduced TO phonon in the emission band, the
three excitation spectra, time constdrand crystal-field cal-
culations.

The luminescence band lowest in energy shows a no-
phonon doublet with lines at 3388 and 3401 ¢mSince no
- thermalization was found, the corresponding splitting is at-
tributed to the ground state. The fine structure exhibits fea-
tures similar to those observed for ¥d*) ions in ZnS:V and
ZnSe:V! and the trend is confirmed for ZnTe:V. Due to

- s heavier ligand atoms and thus smaller lattice-phonon ener-
3500 e numbt(r)O?cm-l)—>4500 gies, the no-phonon lineyNPL) become successively
weaker and less pronounced in ZnTe. A threefold fine split-
) ting observed in ZnS:V is already quenched to a twofold

FIG. 1. Photoluminescence spectra of ZnTe:\Tat4.2 K, un- — gpjitting in znSe:V and to a single line at 3401 chin
der Ar” laser excitation at 528.7 nrfl8 915 cm ). The center  7,1o The jine at 3388 cht corresponds to a NPL structure
curve is five times enlarged to show the fine structures®t. Whe in ZnS. there in a distance of 38 cfhand in ZnSe of 23
dashed line represents the luminescence under additional unmodgfn_l fr,om the respective high-energy NB?. Structures at
lated irradiation atr<14 250 cm®. This spectrum is shifted up- 2336 and 3286 it are assianed to a TA phonon and a
wards by 0.5 arb. units. The bands are assigned to the loweSt_ener%asilocal mode respectivelygThe Iuminescgnce is decaying
transitions of thet, 2+, and to 3+ charge states of vanadium ions . ! . . .

(from left to righd. exponentially after pulse excitation. The mean life time was
found to ber=(43=2) us.

; 1
spectroscopy with additional irradiation is that in the former 1h€ luminescence band centered near 3580 csmows

case the unmodulated excitation wavelength is varied. Thu@nlY @ very We;k no-phonon structure at 4056‘&mThe
the beneficial or deteriorating effect of pumping at differentc0rresponding ¥'(d”) emissions in ZnS:V and ZnSe:V ex-

wavelengths, i.e., population or depopulation of certainiPit two and six no-phonon line§\PL), respectively. Weak

states, on the observed excitation-emission channel is monfonon satellites of TAX) modes, a quasilocal vibration,

tored. The experimental setup for the sensitization experi'—-A(x) and LQT) modes are recognized at 4005, 3957,

ments is also described in Ref. 10. 3911, and 3844 citt, respectively. The assignment of this

For the study of its dynamical behavior, the luminescencdtminescence to aT,(F)—“Ty(F) transition of /" is pre-
was excited by @-switched Nd:YAG laser at 9400 ¢ or dominantly supported by. its excitation features Qescnbed in
at 18 800 cm? and detected in the same energy regions as ir?ec. Il B. Aft_er pulse excitation a monoexponential decay is
the measurements of excitation spectra. A liquid-nitrogenfound, described by a lifetime=(120+10) pus.
cooled InSb detector with 1-MHz bandwidth, a transient re- | "€ emission band centered at 4450 é_nshows more
corder, and an averaging computer were used for signal anpronounced structur(_as than the two emissions of lower en-
plification and data processing. Under both these excitatiof"9Y- A no-phonon line is detected at 4726 cma pro-
energies, the results for the three internal V emissions wergounced TO satellite at 4563 crh This slightly reduced gap
the same. The measurements delivered in a good approxim3l0de is a characteristic feature of thé"™Muminescence in
tion exponential curves from which time constants were obYarious host crystals: ZnSiRef. 8, ZnSe:V(Ref. 7), GaAs
tained in half-logarithmic plots. and GaRRefs. 13 and 14and InP(Refs. 15 an_d 1ﬁA rise

of the temperature does not change the relative intensities of
the lines in the NPL region. Wide-range excitation increases
the coupling to lattice vibrations so that the NPL is no more

In vanadium-activated ZnTe, three luminescence bandeesolvable. This3T,(F)—3A,(F) emission of V" (d?)
appearing simultaneously were detected in the range betweevhich is symmetry forbidden iy, decays exponentially
3000 and 5000 cmt under band-to-band excitation. The with 7 =(420+20) us.
weakly structured bands are centered near 3130, 3580, and The ground statéA,(F) of a d? configuration does not
4450 cm!, cf Fig. 1. Their intensity ratios were found to split under the influence of spin-orbit coupling in cubic sym-
depend on the individual sample and on the energy of anetry, therefore, the three further weak lines in the no-
possible auxiliary excitation. The overall picture resemblesphonon range, namely, at 4837, 4785, and 4760’cuio not
the luminescence of vanadium-activated Zff&f. 8 and  show a close connection to thé" d?) emission of isolated
ZnSe(Ref. 7). In these host crystals, doping with vanadium vanadium ions. They are assumed to be related to a trigonal
leads to three structured emission bands originating from lueenter detected by EPRee paper )l consisting of a defect
minescent internal relaxations of the three charge states V X+, associated with ¥,3*.

V2t and \#*. Based on the apparent similarities, the three Besides these emission bands of the three vanadium ion-
emission bands of ZnTe:V are likewise attributed to the samézation states in the low-energy region, two further lumines-
crystal-field transitions. In the transition energies of all threecence bands were detected at 6000 and 8600 cwith a
bands, a decrease by a factor of B(®05 is observed on FWHM of 700 cmi L. They are probably identical with those
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FIG. 2. Excitation spectrum of theE(D)—5T,(D) lumines- FIG. 3. Excitation spectrum of th&T,(F)—*T,(F) lumines-
cence of V(d% at T=4.2 K. Detected emission range=2900—  cence of ZnTe:¥'(d) at T=4.2 K. Detected emission range:
3300 cnmiL. Curve @) is measured without additional excitation. =3330-3950 cm’. Curve @) is measured without additional irra-
Additional unmodulated irradiations during recording of curve diation, while additional unmodulated irradiations during detection
(b): ¥=9800-10 200 cm®; curve (c): »=12 900—13 800 cm; of curves ), (c), and d) are the same as in Fig.[2e., at 0):
and curve @): 17 400—19 000 cr. All other conditions of experi- 10 000; €): 13 300; and ¢): 18 200 cm*].
ment were the same. In the inset, t%]power fit of the CT band9)
is displayed. ber of electrons is changed only on touched levels, and just

one electron can be moved in a process described by one
mentioned in the text of Ref. 1. We observe a distinct NPL inarrow. The vertical component of the CT arrow represents
emission and a weak one in the absorption at 6645dm  the threshold energy of the transition. The higher excited
the first case, and a very weak NPL at 9218 ¢iim emission  states are not included in the model, because it is assumed
in the second case. that they do not play an important role in charge-transfer

In the sidebands of almost all the described luminescencprocesses, for reasons of fast relaxation to the lower states.
bands(with the exception of the highest-energy band around The V*(d*) excitation spectrunfFig. 2) shows two strong
8600 cm?), a phonon peak with an energy of about 100bands, a narrower one at 7250 tmand a broad one at
cm ! can be resolved. This energy range corresponds to th@500—10 000 cm'. Between these two bands, at 8600 ¢
LA phonon wing of ZnTe"’ These phonon peaks are prob- a smaller but well-resolved band can be recognized. The ex-
ably caused by quasilocal modes related to vanadium. citation structures below 11 000 ¢thcan be readily as-

B. Excitation spectra
-— wavelength A (nm)

The three V emission_ bqnds described abo_ve exhit_Jit qlif- 1500 1000 700 500
ferent pronounced excitation bands. Selective excitation [3 T T
spectra were recorded using three broad band-pass ranges; | T,(F) ZnTe:V3+

(Figs. 2, 3, and # The classifications of the excitation peaks process (6)

of the internal transitions are listed in Table I. For compari-
son, the centers of gravity of the corresponding bands of
vanadium in ZnSgRefs. 7 and 1)l are also listed in this
table. The maxima(centers of gravity of the excitation
bands of the internal transitions are marked in the spectra by
arrows. In the excitation and sensitization spectra, the start-

a: h-center — h-band
£(V)=(V-6800)32/v3 -

—

~
T

[\
T

(V), radiant flux ® (arb. unit:

ing points of the charge-transfé€T) processes are addition- / b: h-center — 1-band E

ally marked with numbers in parentheses. The CT processes 2 b m/my=0.2, V,=6800cm’’ g
and the three vanadium emissions are listed in Table Il and . . l .
are described with the help of a one-electron mdéeal. 5 10000 15000 20000
(compare, e.g., Ref. J0The model comprises the ground wave number V (cmt) —=

and first excited states of the three ionization states of vana-

dium; thus, six columns result, each consisting of valence- g 4. Excitation spectrum of thaT,(F)—3A,(F) lumines-

band (VB) maximum, e level, t, level, conduction-band cence of znTe:¥"(d?) at T=4.2 K. Detected emission range:
(CB) minimum, and electrons on these levels symbolized by-4350-4760 criil. The lines @) and () exhibit the theoretical
small arrows. Each column corresponds to one weak-fielgits of the charge-transfer bar{@). Approximation curve 4) rep-

state, in the figure given in the second row from bottom.resents the transition from thecenter to theh valence band and
Charge-transfer processes are described by arrows connegt) the transition from théa center to thd valence bandsee text
ing the initial and the terminal state of a transition. The num-and Ref. 19.
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TABLE |. Compilation of the energies of the internal transitions of thgd#), V2*(d®), and \V?*(d?) ions
in ZnTe, compared to the respective transitions in ZnSe. The energies of the transitions in ZnTe are taken
from the excitation spectréFigs. 2—4. The energies marked with are deduced from the emission spectra
in Fig. 1 and from the NPL(see text The ZnSe:V data are taken from Ref. 11, the ZnS&'Y and
ZnSe:\P* data from Ref. 7. All values are given in ¢th The data in parentheses represent very weak bands,
while the strongest bands are typed in bold letters.

lon/ Absorption band Absorption band
ground state Rising point (center of gravity Identification (center of gravity
ZnTe /nSe

VH(dH/5T,(D) 3410=NPL 3650 SE(D) 3840

6700 7250 5T (H) 7830

8200 8600 3T,(H) 8800

9000 9500 3T,(H) 10 250

10 000 3T,(F) 10 900

10 750 3T.(P) 12 000

V2 (d3)/AT(F) 4056=NPL 4450 T,(F) 5110

2T,(H) (6770

6550 7200 AT.(P) 8350

8150 8680 4A5(F) 10 220

(10 100 2E(H),%T,(D) 11 930

(11 300 2T1(H),%T,(F) 13 540

(12 100 2p,(F),%E(D) 15 000

2T.(F) (16 200

V3 (d2)PAL(F) 4726=NPL 5000¢ 3T,(F) 5760

6900 7500 3T, (F) 8890

3T.(P) 13 350

signed to transitions into triplet states of VThe assign- to the ZnSe:V"' excitation spectrum, another charge-transfer
ments denoted in Fig. 2 are discussed in Sec. Il C. Transitioband rises only very slowly, so that these peaks are discern-
energies and corresponding classifications are summarized iiple.
Table I. Although the internal transitions dominating thé V The presence of the spin-forbidden peaks on the rising
excitation spectra are spin forbidden, the strongest of thesdlope of the CT band12) complicates an exact determina-
are as intensive as the near-gap peak. This spectrum is simion of the starting point. By means of the usgalower law,
lar to that of ZnSe:V up to 12 000 cr?, where in ZnSe a the threshold is estimated at approximately 9400 trafter
strong charge-transfer process statis ZnTe, a weaker one reaction(12), the V2" emission is excited through the hole-
commences at 11 000 crhas well, assigned to procegsl). recapture procesd0).
In addition, a quite strong CT procegso. 9) rises steeply at While in the V2" excitation spectrum of ZnSeRef. 7),
14 050 cm! (for the threshold compare the inset of Fig. 2 the near-gap band is about ten times stronger than the spin
Together with the simple excitation spectrum of ZnTé:V allowed bands*T;(P) and *A,(F), in ZnTe the near-gap
(curvea), excitation spectra recorded under an auxiliary un-band is missingFig. 3 curvea). Only under additional illu-
modulated irradiation are displayed, otherwise measured umination, a small maximum appeafsurvesb, ¢, d). This
der the same conditiongurveshb, ¢, andd). While addi- situation resembles the excitation spectrum of
tional light at 10 000 cm® quenches the excitability above ZnSe:Nf*(d®), where a strong CT band with steep slope also
14 000 cm? (curveb), near-gap pump light stimulates the exists and no near-gap peak can be detettagl, Ref. 18
whole spectrunicurved). In ZnSe:Ni, this band endowed with NP lines at the onset is
In Fig. 3, the excitation spectrum of thé(d®) emission assigned to the CT process “Nirhv—(Ni*,e*), which
is presented together with three more curves detected undiads to a bound-exciton statii?* X).1® Analogously, the
various additional excitations. The spectrum in the low-present CT band with the rising point at 9400 ¢his as-
energy rangdr<10 000 cm?) resembles its equivalent in signed to the acceptor proced®). By additional excitation
ZnSe’ The two dominating peaks have almost the samewith 13 300 cm?* (curvec) and 18 200 cm? (curved) the
shape and are also attributed to the same spin-allowed tratew-energy part of the CT band is lifted up and by linear
sitions to quartet levelésee Table)l As with ZnSe:V the  extrapolation of the rising slope the onset energy can be de-
splitting of 400 cm* observed in the band denot&d, (P) termined as 7000 cht approximately(process & In con-
is explained by Jahn-Teller interaction: it is 5% smaller com-trast, the two high-energy excitation bands at 13 500 tm
pared to ZnSe. Additional excitation ban@dsg. 3) are evi- and 17 500 cm® become weaker under additional excitation
dently covered by a strong CT bafit?) and are, therefore, at 10 000 cm? (curveb).
only weakly pronounced. They are ascribed to spin- The excitation spectrum of the®V(d?) emission in ZnTe
forbidden transitiongsee Table | and Sec. I)CIn contrast  (Fig. 4) shows one strong band at 7500 chreflecting the
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TABLE Il. Compilation of the CT processes included in the one-electron model along with the internal
transitions(2), (3), and(4) (Fig. 5). The low-temperature gap of ZnTe is at 19 300 ¢necg andely label
an electron in the conduction band and a hole in the valence band, respectively. The most important energies
derived from the experiment are ascribed to the processes(6)p£9), and(12). The table consists of three
groups of reactions: internal, %/V2" and \*/V " transitions. The even-numbered CT processes are related
to the VB and the odd-numbered processes to the CB.

Process number

Reaction and transition energy

Origin of the
numerical data

)

internal transition

©)

internal tr.

4)
internal tr.
D

(5
donor tr.
)

(7)

8

9

(10

(11

(12

acceptor tr.
(13

[V *=3T(F) V3" +4726 et
[VZI =T, (F) V2" +4056 cm *
[V *=°E(D)«~V*+3410 cm?
[V T* +egg—[VZ ¥ +13 100 cmt
V2t +13 000 cm t-V3t +egg

V346800 cm LoV +els

V2 +17 200 cmto[V3 * +egy
V2t +elg—[VETT*+2100 cmt
V*+14 050 cm 1—[VZ*T* +egg
VT +edg—[VZ]*+5500 cm'?
V*T+10 000 cm t-V2 +egg
V2" +9400 cm YV +elg

[V T* +ecg—[V']* +10 600 cm*

luminescence
Fig. 1
luminescence
Fig. 1
luminescence
Fig. 1
not detected
(M-
sensitization spectrum of ¥/
Fig. 9 curve b); E;—(6)
excitation spectrum of ¥
Fig. 4 and sensitization
spectra
sensitization spectrum of ¥/
Fig. 9 curve p)
not detectedprobably non-
radiative, (6)—(2)
excitation spectrum of V,
Fig. 2
not detectedprobably non-
radiative, (12)—(3)
excitation spectrum of V,
9-3)
excitation spectrum of ¥
Fig. 3
not detected9)—(4)

spin-allowed proces¥T,(F)—3A,(F) (cf. Sec. Il Q. At the

Figure 4 also includes a theoretical fit of the broad CT

high-energy side, a very wide band spreads out to the neaband(6). Among different approximations test&tonly the

gap band, and in the region 16 000—18 000 ¢nanother
obscured structure can be assumed. In Zn%e:¥ corre-

two plotted curvega andb) are matching the experimental
spectrum reasonably. Just these two fits belong to a CT tran-

sponding®T,(F) excitation band is fourfdaccompanied by a  sition from a heavy-hole typéh-type) center to one of the

second strong excitation via tA&,(P) level. This excitation

VB’s: Curve (a) (Fig. 4) represents a transition to the heavy-

transition is missing in ZnTe:¥/. The same situation is hole VB and curve If) to the light-hole VB. The parameter
found with CdTe:\V?* (Ref. 5, where also a CT band starts m./m,,=0.2 follows from the fit represented by curvie)( It

with a smaller energy than the one expected for’hig P)

is in a very good agreement with the published average data

transition. The reason is given by the distance of then,=0.12m, for CB and m,=0.6m, for VB, where mg
V3 /v2* donor level from the VB. The levels of the excited stands for the electron ma&sThese results support the idea

states lie in a hole model beneath th&" 2" donor level,

that the \#*(d?) ion forms a center of the heavy-hole type.

which (in this schemg represents at the same time the This conclusion seems to be reasonable, because the impu-

ground state levelA,(F) of V3*. The3T,(P) level is below

rity level is found comparatively near to the VB edge. One

the VB maximum and the excited holes interact easily withhole is delivered from a ¥ center to the VB by process),

the VB continuum and produce?V (process
In the ZnTe:V absorption spectruifirig. 6), a band is

while the system absorbs the energy of 6800 tm
The excitation spectra of¥/(d?) change very little under

detected in thé'T,(F) region, but no®T,(P) band around an additional excitation with the light of various energies. By
12 000 cm! is found. The wide CT band in Fig. 4 is as- 18 200 cm* pumping, only thé’T,(F) peak rises and under

signed to the same CT proce® as in CdTe:\2 The start-

10 000 cm* additional illumination, the 14 500 and 17 500

ing point of this CT process is well resolved in many sensi-cm ! bands are stronger. 13 300 chpumping light does

tization spectrae.g., Fig. 10 at 6800 cm®. After process
(6), the VA" emission is excited by the hole-recapture pro-

cess(8), as in CdTe:\?

not induce any changes.
The excitation spectra of the two higher-energy emission

bands(at 6000 cm* and 8600 cm?) display a steep slope of
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FIG. 5. One-electron model of the 3\(d?), V2" (d®, and FIG. 6. Absorption spectra of ZnTe:V samples with a nominal
V*(d% ions in ZnTe. It contains only ground and first excited statesconcentration of 1500 ppriower curve and left scajeand 7000
of these ions. The numbers represent the reactions discussed in taem (upper curve and right scaleat T=4 K. The origin of the
text and listed in Table Il. Transitions represented by broken linegbsorption bands of internal transitions of the respective ionization

are not detected. The®V/V3" donor level is the, level in the V2™
column and the ¥"/V* acceptor level is the, level in the V"
column.

states of vanadium and the charge-transfer bands are also indicated.
Decadic absorption coefficient is not corrected for reflection. Pres-
ence of \¥* should produce the dominant peaks at 7200 and 8700

cm™L, which are barely visible.

a CT transition at about 14 000 crh The starting point of
this CT band was determined by a fit to th@ower law as  excited state with lowest energy. In the Tanabe-Sugano
13 450 cm’. This energy lies between the threshold pointsscheme, the energy separation of these levels is identical to
of the CT proces$9) (14 050 cm?) and the donor process the crystal-field parametes. Neglecting fine-structure ef-
(5) (13000 cm'}). fects, its value is directly given by th&(D)—°T,(D) tran-
After 9400-cm® pulse excitation, the 6000-cth emis-  sition energy. Since the corresponding excitation band has
sion band decays exponentially witt=(48+5) us and the not been recorded, its barycenter is estimated by adding the
8600-cm ! band (after 18 800-cr! pulse excitationexpo-  energy difference between the barycenter of the emission
nentially with 7=(71+3) us. The decay of the 6000 ¢th  band and its corresponding NPL to the average NPL energy.
emission is no more a simple exponential upon 18 800%cm This procedure implies a symmetrical Stokes shift for ab-
excitation, and for different parts of the time-dependent specsorption and emission bands.
trum, two time constants were derived as 55 and L35 Among the excited states aboug(D), only triplet levels
approximately. are considered further. The excitation spectrum Fig. 2 exhib-
There are not yet enough facts available to decide if thesis two dominating bands peaking at 7250 and 10 000tm
two luminescence bands have a similar origin or a relationThe latter one shows a pronounced shoulder at the low-
ship to one of the three V oxidation states, or if some com-energy side and a weak broadening at the high-energy slope.
pletely different center is responsible for these emissions, folhe structures indicate a superposition of transitions to dif-
example related to some of the complexes detected by eleéerent crystal-field levels. A comparison of the spectrum with
tron paramagnetic resonan(EPR) (see paper )l a Tanabe-Sugano diagram, as displayed in Fig. 7, gives
straightforward assignments of the observed transitions. The
intensive low-energy excitation is assigned to a transition
into the lowest triplet statdT,(H). Subsequently, the struc-
The optical spectra presented in the previous sections atares of the excitation spectrum are assigned to crystal-field
now considered in terms of crystal-field transitions. Amonglevels as indicated in Fig. 2 and Table I. Within the broad
various crystal-field parametrization schemes, the basic agand near 10 000 crt, no structure could be attributed to a
proach formulated by Tanabe and Sug4hns) has proved to transition into the’E(H) state, which is believed to be ob-
give a reasonable and coherent description of transitions bescured by close-lying stronger transitions. No structures
tweend" multiplet levels. Other models usually need addi-could be connected with transitions into levels above 11 000
tional fitting parameters, but are not necessarily morem *. The excitation spectrum displays only a weak broad
suitable?® In these Tanabe-Sugano computations, the eigerband here, extending up to a thresholdlike increase near
values of Griffith matrice® representing the crystal-field 14 000 cm?® studied in Sec. Il D. The structureless band is
states were fitted to the barycenters of the excitation band<elieved to originate from the Tanabe-Sugano regime above
The low-energy emission band near 3130 ¢ncf. Fig.  the upper’T,(F) state. This range exhibits a high density of
1) and the corresponding excitation spectrgah. Fig. 2  crystal-field levels not resolved in the spectrum.
have been accounted for by internal (d* transitions in The assignments discussed above are strongly supported
Sec. Il B. For a reasonable tetrahedral crystal figJda d* by comparable structures found in ZnS:V and ZnSe:V.
electron system exhibits® ,(D) ground state and 3E(D) Some differences observed with ZnTe should, however, be

C. Crystal-field calculations
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usual high-spin stat&T,(F). It is interesting, however, to
note the close vicinity of a change over to the low-spin
ground state’E(G), which is even closer here than in
ZnSe:\*". The intense excitation bands centered at 7200
cm ! and near 8700 cit originate from spin-allowed tran-
sitions to the quartet staté$,(P) and*A,(F), respectively.

All further, weaker structures arise from spin-forbidden tran-
sitions to doublet levels.

In the fitting procedure, the parametdBsand A were
defined by the quartet levels, because the corresponding ma-
trix elements do not contai€. All weak structures are thus
fitted only by the single paramet& (Fig. 8. The set of
parameters resulting from the fit reflects the decrease of the
transition energies by passing from ZnS:V over ZnSe:V to
ZnTe:V. The decrease does not significantly affect @&
ratio and is thus essentially described by a simple down scal-
ing.

Crystal-field calculations with the intent of confirming the
assignment to ¥ (d?) of the emission band centered at
4450 cm ! are less prolific. Two transitions into triplet states
are expected above the resonant excitation of the lumines-
mentioned. The change of the chalcogene from S and Se &ence. Since only one excitation band was found and no
Te in the host crystal does not only induce an obvious sigadditional structures due to singlet transitions could be rec-
nificant decrease in the transition energies. The high ratio odgnized, the paramete& and A were adjusted to two ex-
C/B=6.3, necessary for a suitable fit in ZnTe, indicatesperimental energies in a first step. The transition energy of
changes in the radial distribution of tdé electrons. Further- the resonant excitation band was again derived by the proce-
more, a chemical trend may be read from the intensities oflure described for V.
some transitions observed in the excitation spectra of the Despite the poor database, the calculation yields reason-
three materials. In addition, a determination of the parameteble results. The evaluat@paramete(278 cm ), shows a
A by the above-mentioned procedure does not lead to reghemical trend with an equal ratio between ZnSe/ZnS and
sonable fit results for ZnTe. This indicates differences in theZnTe/ZnSe. A comparable trend is found for the calculated
vibronic properties, as compared to ZnS and ZnSe. transition to the’T;(P) level (near 11 800 cm'), which is

The emission band peaking at 3580 ¢hicf. Fig. 1) and  not detected in the excitatioffFig. 4) nor in the absorption
its excitation structurescf. Fig. 3 have been attributed to spectra(Fig. 6). Since crystal-field considerations cannot be
the V?*(d3) transitions above. To define an empirical transi-regarded as unfailing confirmation, further arguments should
tion energy of the lowest excited state, the same reflectiohe obtained from charge-transfer and sensitization properties
procedure, as described above for the transition t3E{®)  of vanadium in ZnTe.
state of V', was applied. The level scheme otl&ion com-
prises both quartet and doublet levéRg. 8). Similar to
ZnS:\2* and ZnSe:V", the ground state turns out to be the

energy (em™1)

L | s | L | s
2000 4000 6000
crystal field A (em™1)

FIG. 7. Tanabe-Sugano fit for the™d* ion in ZnTe,B=310
cm™l, C=1960 cm?, A=2950 cml. The circles represent the
experimental positions of the excitation bands.

D. Sensitization spectra

The sensitization spectra of the three inner vanadium
emissions(2), (3), and(4) are displayed in Figs. 9 and 10.
The involved CT processes are symbolized by numbers in

FIG. 8. Tanabe-Sugano fit for the¥(d®) ion in ZnTe,B=232
cm 1, C=983 cmil, A=4548 cmi L. The circles represent the ex-

crystal field A (cm™1)

perimental positions of the excitation bands.

0000 | Z'nTIe'\'/'ZJIF '/y/'/— &1y parentheses and the estimated starting points are indicated by
a3 in T a4 - //h- 25 vertical dashed lines. All the spectra are referred to the same
—_ I //4 yapd ZAZ zero point, the curves are not shifted yndirection, only
T 15000 / //// ~7 2A% enlarged or shrunk. Therefore, it is possible to take directly
g 2p | //4/ 7 2%2%1 the relative stimulation or quenching of the processes from
L i /47/3 /4/? g;\l the spectra and to compare them. The dashed horizontal lines
& 10000 //////f//f/////: 42T11 indicate the signal level without ancillary excitation. Com-
g ;F : /////// S 4%2 monly, the sensitization spectra correspond exactly to the
2 2p zDHQZ L7 — ] 2T2 behavior known from the excitation spectrum under addi-
o 5038 = Y 2T12T tional excitation. The sensitization spectra add important in-
4pf ) & formation, however, concerning the onsets of the CT pro-
4p L \\[\E . RE cesses.
zoloo 4000 60'00 1 In Figs. 9 and 10, the choice of sensitization experiments

of the three V emissions is demonstrated, with comparatively
low (Fig. 9) and high(Fig. 10 energy of the primary modu-
lated excitation. No sensitization of 'Vemission was de-
tected under low-energy primary excitation in tAg,(H)
absorption band at 7200 ¢rh The sensitization behavior of
the V© emission was also measured at three different
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FIG. 9. Sensitization spectra of the)(*T,(F)—*T(F) lumi-
nescence of ¥ (d® and () 3T,(F)—3A,(F) luminescence of
V3*(d?) in ZnTe atT=4.2 K. Primary modulated excitation in the
regionv=6830—7560 cm. Detected range of the modulated emis-
sions: @) »=3330-3950 cm?, (b) »=4350-4760 cm™.

intermediate-energy primary modulated excitations. Unde
excitation at 10 000 ci, i.e., in the secondT,(H) band,
the quenching is very weaks —5%) above 7000 cm'. But
this situation changes considerably under the excitation
13 300 cm* or 15 400 cm*. The shape of the curves is then
similar to curve @) in Fig. 10. The strongest relative ™V
stimulation(~+25%) exists under 13 300 cht primary ex-
citation at wave numbers14 000 cm®. It reflects exactly
the situation in the excitation spectruf. Fig. 2, because,

in fact, the emission starts at the lowest signal level at thi§

primary excitation.
The sensitization spectra of thé Vemission at three me-
dium energies of primary excitatio8300, 10 000, and
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FIG. 10. Sensitization spectra of the three internal luminescenc
transitions of &) V*(d*, (b) V2*(d®), and €) V3'(d?) in ZnTe at
T=4.2 K. Primary modulated excitation was just below the gap
energy atv=17 400—-19 000 cm*. The detected range of the modu-
lated emissions was the same as in Figs. 2—4. The cuajesf (V"
and () of V3" exhibit opposite trends, while the curvi)(of V2"

53

13300 cm?) were recorded as well. The comparatively
strongest stimulatio(~+170% at 15000 cm') is mea-
sured in the case of 10 000 cfhprimary excitation under an
unmodulated additional excitation above 11 000 ¢nBut
one should consider that the?V emission under 10 000
cm ! excitation is very weakcf. Fig. 3. Under 8300 cm?
excitation, also a stimulation exists in the same
12 000—-18 000-cm' region, but just about+16%. No
quenching is measured for these tw@300- and
10 000-cm'?) primary excitations. The shape of the sensiti-
zation curve under 13 300-crh primary excitation is very
similar to curve p) of Fig. 10, but the stimulation in the
12 000—18 000 cm* region is only weak'~+7%) and an
additional excitation at 8000 cm quenches the emission
only by ~—27%. All the three curves of ¥ display a rise at
about 10 500 cm!, which can be assigned to the CT pro-
cesseg11) or (12).

In Fig. 9, curve &), however, a quenching of¥ starts at
this energy(10 500 cm}). Under primary excitatior{7200
cm Y) in the strong spin-allowedT,(P) band(cf. Fig. 3,
the relative sensitization of the?V emission is very small
(Fig. 9 curvea), as with V. On the contrary, the ¥ emis-
sion can be stimulated relatively well under this primary ex-
Eitation (Fig. 9, curveb). Here, it is possible to identify the
three CT processgd2), (5), and probably(7).

Figure 10 displays the sensitization spectra of the V

a(Eurve a), V2* (b), and V" (c) emissions under near-gap

primary excitation. The sensitization spectra of"\and V"
show exactly inverse tendencies, while th& \signal exhib-

its a strongly modulated curveb). At the beginning, both
the V" and \V** emissiongcurvesa andb, respectively are
diminished by proces&), but at 10 500 cm', the curve b)

ises steeply. At 14 000 ch (process 9 or B the rise is
stopped and the signal declines. This change of trend at
14 000 cm'! exists also, but not as strong, in the curve} (
and () for V™ and VA", respectively. While by proce<$)

at 6800 cm* holes are produced in the VB, in the other CT
processes with opposite trends, electrons are probably lifted
to the CB(see discussion The situation for a 14 000-ch
supplementary excitatiofgiven by the abscissa in Fig. 10
where the ¥ and \* emissions are stimulated while"\is
guenched, corresponds exactly to the dashed line in Fig. 1.
This correspondence demonstrates well the compatibility of
the different optical methods.

IIl. DISCUSSION

The optical properties of vanadium in ZnTe presented in
the previous section exhibit pronounced similarities to
ZnS:V and ZnSe:V in the low-energy region. The resulting
plausible assignments of the three luminescence bands to
internal transitions of the three different oxidation states of V
are supported by numerous details found in the fine structure
gf emission and corresponding excitation spectra. For the
emission band assigned to®V/ the main features are the
familiar characteristic TO satellite and the fairly large time
constant, which is in accordance with the assumed
symmetry-forbidden transition. For the two other emission
bands assigned to?V and V", the comparison with ZnS and

displays a more complicated form. The excitation situation and the&ZnSe reveals a chemical trend in the vibronic coupling. The

results at 14 000 cit correspond to the dashed line of Fig. 1.

stronger phonon coupling and the softer lattice vibrational
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modes in ZnTe result in less pronounced no phonon strucmadium can be obtained as 9400—6800 tx2600 cm 2.
tures. Such a chemical trend on going from ZnS to ZnSe antirespective of future more detailed deliberations concerning
ZnTe is also observed with respect to transition energies itrends in II-VI materials, it is to be stated here, that this value
the emission and excitation spectra and crystal-field paramnis definitely smaller than previous estimations for ZnS and
eters. Furthermore, the excitation spectra of the three emiZnSe.
sion bands show obvious similar features to the correspond- It should be noted that the present model does not require
ing excitation bands in ZnS:V and ZnSe:V. the participation of summation or difference processes as
In the high-energycharge-transfemregion, however, sig- supposed in the interpretation of, e.g., ZnSe:Ti spéétra.
nificant differences to ZnS and ZnSe are found. The differenThis is remarkable insofar as our recent experiments on V
behavior in this range indicates that the deep levels of vanampurities in ZnS and ZnSe point towards an interplay of
dium in ZnTe lie at different positions with respect to VB these more complicated possibilities.
and CB. Although the presented interpretations of the optical prop-
The three internal V emissions are not strongly affectecerties of V in ZnTe and the EPR results discussed in the
by additional illumination during low-energy primary excita- accompanying papdiKreissl et al.) provide a coherent de-
tion. Under high-energy primary excitation, the sensitizationscription, there are still some open questions which can
is more efficient, but it is more complicated to estimatehopefully become the subject of further optical studies. Con-
which of the possible CT processes are actually involved. cerning the connection of PL and EPR, a clear correlation of
The important CT band near 14 000 ¢chin the excita- the V complexes detectable in EPR to features in the optical
tion spectrum of V' (Fig. 2) is assigned to proceg9), as in  spectra and the detection of found in PL to resonance’s in
ZnSe. The threshold energy of proce8s at 14 050 cm®  EPR is missing yet. In the optical spectra, a fine structure
derived from the excitation spectrum of \matches well the related to theV*,e*) complex assumed to be active in the
energy of procesél?) and the gap energy of ZnTeee Fig.  excitation spectrum of ¥ (d®) should be detectable. Finally,

5 and Table IJ. According to this model, the equation the absorption spectrum is somewhat puzzling, sinéé V
features are barely visible, while™vand \?* are detectable.
Ey—EaatE3=E(q Here, the®T,(F) transition of \* corresponds to a dip in

is valid. The experimental values 19 300400+4056=  the absorption curve of Fig. 6, so that a reabsorption process
14 000 cni* are in good agreement with this conception. IS conceivable. _

The data provide experimental evidence, that the energy 10 conclude, the results of the present study depict a de-
Fig. 5 is equal to the energy of proces8) in the one- @nd their transformations. Although the measurements have

electron mode[note that the proces®) is the internal *  almost exclusively been performed at low temperatures,

transition. where the characteristic properties become more clearly ob-
The approximations of the CT barié) in the excitation ~Servable, the consequences for room-temperature behavior

spectrum of V* (Fig. 4) following the method of Ref. 19 Would enable future studies, also aimed at potential applica-

prove, that the ¥* ion is a center with heavy-hole character. tiONS.

Procesg6) in the excitation spectrum of ¥/ (d?) and in the
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