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Abstract. The photoluminescence of intentionally vanadium-doped ZnSe crystais displays
at low temperatures (T & 4 K) the emission of the V3* (@?), V2t (¢%) and V¥ (d*)
fons with different no-phonon structures at 5440, 4740 and 3640 cm—1, respectively.
‘The excitation spectra of the V3+ and V?+ luminescence bands are investigated sep-
arately and exhibit structures of the respective spin-allowed as well as spin-forbidden
internal transitions, which are largely in accordance with those of ZnS:V. The corre-
sponding energy levels are approximated in a computation following the Tanabe-Sugano
scheme. Furthermore, charge transfer processes at the luminescent centres are manifest
in excitation, stimulation and transmission spectra. The vanadium ion proves to be an
amphoteric impurity. Commencing from V2+, the state with neutral effective charge,
light-induced transitions of donor and acceptor type are disclosed: V2+  V3+ 4 ooy
and V3 o VF+ 4 el

1. Introduction

The optical properties of vanadium-activated II-VI compounds have been investi-
gated for a long time. For ZnS, ZnSe, CdS and CdSe, both in emission (Avinor
and Meijer 1960) and excitation (Meijer and Avinor 1960), characteristic broad bands
were recorded at 12900 cm~!, 8500 cm~! and 5000 cm~?, and later attributed to
transitions into the states 3T, (P), 3T, (F) and 3T,(F), respectively, of the V3+ (3d?)
centre in a tetrahedral crystal field (Allen 1963). Better-resolved emission and exci-
tation spectra of CdS:V crystals were also interpreted under the assumption of V*+
transitions (Buhmann et ol 1979). In some cases, however, absorption and emission
structures of V-doped II-VI semiconductors were explained by the presence of di-
valent V2+(3d®) jons (Wray and Allen 1971, Le Manh and Baranowski 1977). More
recent results with ZnS:V crystais demonstrate the occurrence of several emission and
corresponding excitation bands which must be assigned to different vanadium charge
states appearing simultaneously (Biernacki et al 1988, Schulz er af 1990). Distinct
optical bands could be firmly attributed to intra-d-shell transitions of V3t (d%) and
V2* (d3) and, tentatively, also to V*+ (d%).

As demonstrated in the present study, the three mentioned charge states of the
V ion can also occur in ZnSe crystals. While the general features of the V (d™)
transitions show strong similarities to the spectra in ZnS, considerable differences
have been found in the fine structure. In addition to the crystal-field transitions an
analysis of charge transfer processes is presented.
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2, Luminescence spectra

ZnSe crystals with different concentrations of vanadium were studied. In addition to
some crystals accidentally contaminated by vanadium, several intentionally vanadium-
doped samples were grown from the melt by the high-pressure Bridgman method.
The presented spectra were recorded from specimens with nominal vanadium doping
of 100 ppm, 300 ppm and 3000 ppm (numbers 5019, 5021, 5022, respectively).

The emission measurements were carried out by means of 1-m grating spectrom-
eter (Jarrell-Ash, grating blazed at 1.6 pm). The crystals were cooled in a He bath
cryostat. The luminescence was excited by 2 YAG:NG laser (9400 cm™? line) or by
a high-pressure Xe lamp and detected by a cooled (T = 240 K) PbS photoresistor.
The emission spectra have been corrected for grating efficiency variations and for the
spectral response of the PbS detector.

At all investigated vanadium doping levels, three structured luminescence bands
centred pear 5100 cm™?!, 4350 cm™? and 3430 cm~! appear simultaneously. Each
emission consists of narrow no-phonon lines (NPL) at the high-energy onset followed
by a broad phonon-assisted band at lower energy. All the three emissions show
different excitation behaviour indicating their different origin. Spectra with similar
properties have been reported for vanadium-doped ZnS crystals, where three lumi-
nescence bands centred at 5550 cm~!, 4800 cm~! and 3750 cm~! were detected
(Biernacki er af 1988, Schulz ef a/ 1990).

The shape and detailed structures of the 5100 cm™~! Juminescence in ZnSe (fig-
ure 1) resemble the course of the well known emission bands in InP:V, GaAs:V
and the high-energy emission band in ZnS:V. They were ascribed to the *T,(F) —
SA,(F) transition of the V3+ jon. This assignment was confirmed in the UI-V
semiconductors by means of Zeeman- and piezo-spectroscopy (Skolnick et of 1983,
Armelles et ol 1984, Nash er al 1984, Asz6di and Kaufmann 1985). Moreover, EPR
studies with ZnSe:V (Dieleman 1967) proved that V3+ was incorporated substitu-
tionally on a Zn lattice site. Therefore, the interpretation in terms of an internal
transition of the V3* ion is adopted for the luminescence of ZnSe:V. The phonon
sidebands of the V3+ emission are dominated by coupling to optical modes. The most
prominent satellite structure at a distance of 196 cm™! from the NPL is, as in the
aforementioned V3+ systems, a slightly reduced TO phonon of the host lattice. The
sharp line at 5036 cm~? on the low-energy tail of the V3* emission band is assigned
to traces of Ni** (Goetz and Schulz 1992),

At elevated temperatures, a considerably weaker ‘hot’ line appears at 5451 cm—!
on the high-energy side of the no-phonon line at 5440 cm~!. Thermalization of
the participating energy levels was realized by an enhancement of the laser power
during excitation (P = 2 W). The distance between the two lines ATV = 11 cm~*
reflects a twofold splitting of the excited state and is also observed with ZnS:V3+
(AT = 11 cm~!, Biernacki et al (1988)) and GaAs:V*t (AU = 10 cm~!, Asz6di
and Kaufmann (1985)). Under the influence of spin-orbit coupling the excited 3T, (F)
term is split according to I'; @ I, into the four components I'y, I'y, [' and Ty, as
indicated in the insert of figure 1. The magnitude of the splitting between these
spin-orbit levels depends on the strength of a Jahn-Teller interaction which affects
the excited state (Asz6di and Kaufmann 1985). With increasing Jahn-Teller coupling,
the four electronic levels merge into a sixfold (I', + I';) and a lower lying threefold
degenerate vibronic level (I', + TI';3), jointly forming the initiaj states of the observed
‘NPL’ transitions.
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Figure 1. Left: emission spectrum of ZnSe:V3+ at T" = 4 K (arystal number 5021), right:
thermalization of the no-phonon transitions at T 2> 4 K; corrected spectra, Excitation:
YAG:Nd-laser, 7~ 9400 cm~?. Insert: splitting of the lowest many-electron multiplets
of the d® configuration; cf text.

The emission band centred near 4350 cm~! (figure 2) displays six no-phonon
lines at 4755, 4751, 4743, 4737, 4723 and 4718 cm™! (the weak ‘line’ at 4729 cm~! is
not reproducible and is ascribed to noise). In analogy to ZnS, this luminescence is
attributed to the 4T,(F) — T, (F) transition of the V?* (d®) ion. In ZnS, however,
the V2+ emission just shows a no-phonon doublet,
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Figure 2. Left: emission spectrum of ZnSe:VZt at T = 4 K (crystal number 5021),
right: no-phonon fines of ZnSe;V2+ at increased resolution; corrected spectra. Excitation
range: 16500 cm—! § ¥ § 27000 cm™!. Insert: schematic splitting of the *T)(F)
ground state of the d* configuration; for discussion see text.

The sixfold splitting of the no-phonon emission in ZnSe:V** is observed at very
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low temperature and must thus be related to splitting of the ground state. In principle,
the V2+ ground state might be the high-spin T (F) or the low-spin 2E(G) state. A
low-spin model for V?* was recently constructed theoretically (Katayama-Yoshida
and Zunger 1986, Caldas et ol 1986) and the experiments tended to support the
prediction for GaAs:V (Hennel et a! 1987). For ZnSe:V, the observed sixfold splitting
(cf figure 2) cannot result from a *E ground state but from a high-spin state *T,, as
realized in ZnS:V (Biernacki et a/ 1988).

Considering spin—orbit interaction with S = 3/2, the components of the 4T, (F)
ground state and those of *T,(F) transform according to I', ® 'y = I'g + 'y + 2T,
with i = 4, 5. Whereas I'; and I'; are two-dimensional representations of the double
group T, ' is four-dimensional. The fourfold degeneracy of T levels can be lifted
by electric fields, producing two further levels I'; and T';, each of twofold degeneracy.
A decomposition of the 'y levels resulting in a sixfold splitting of a *T, level has
been stated recently in the case of the luminescent 4T, (G) level of the Mn?¥ ion in
stacking-faulted ZnS (Pohl et o/ 1990). Presence of stacking faults is, however, not
plausible for ZnSe which is preferentially of cubic structure.

As no thermalization effects occur for the no-phonon lines, the spin-orbit splitting
of the excited *T,(F) term cannot be specified. Therefore, the lowest excited level is
assumed to be T'y—*T,(F) as in ZnS:V** (Biernacki et af 1988), and selection rules
are still considered for electric-dipole transitions in T4. The six no-phonon lines
can thus tentatively be interpreted as transitions into spin—orbit levels of the *T, (F)
ground state whose I'y; components are split into I'g and I'; states, as indicated
in the insert of figure 2. The reason for this additional splitting is not yet clear.
For a precise assignment of the structures, further Zeeman, uniaxial stress or EPR
experiments could yield useful information.

As the observed total spin—orbit splitting of the *T,(F) ground state is smaller
than for the free ion, the orbital momentum js reduced by dynamic Jahn-Teller
interaction. Similar to the case of the 3T, (F) level of V3t mentioned above, a suffi-
ciently strong Jahn-Teller coupling would compress the four spin—orbital components
of the *T(F) term into two levels originating from the representations (I'g + I'g)
and (I'; + I';), each of sixfold degeneracy (Koidl 1976). The coupling strength of
the V2% jon turns out to be considerably lower in ZnSe than in ZnS, where only a
doublet is observed (Biernacki et af 1988).

The ratio of spectral intensities in the V3*+ and V2+ emission bands depends on
the excitation conditions. Whereas V2* luminescence is preferred under irradiation in
the high-energy regime (16 500 cm~? < ¥ £ 27000 cm~1), both emissions are almost
of equal strength at an excitation energy of T~ 9400 cm~! (YAG:Nd). In this case,
the maximum of the V2+ band shifts towards higher energy by about 70 cm~? due
to the higher V3+ ‘underground’. Moreover, different excitation conditions affect the
vibronic structures. Marked changes occur under the laser irradiation in the region of
the first prominent satellite at 4648 cm™!. While this line is less distinct than under
broad-band excitation with the Xe lamp, a strong shoulder additionally appears on its
high-energy slope. These changes of the emission band structure cannot merely be
explained by a possible temperature increase or by an underground raised by the tail
of the V3+ emission. They are thought to result from an excitation-induced change
of the phonon coupling. The distance between this first satellite and the no-phonon
lines near 4720 cm™! is approximately 72 cm™!, suggesting the coupling of a resonant
TA mode. Structures at 4578, 4552 and 4480 cm~! can be described by coupling of
LA and LO phonons of the ZnSe host Jattice (LA ~ 160 cm~! and LO = 255 cm™!,
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of Mitra (1966}, Irwin and La Combe (1972)).

While the line at 5036 cm~! on the V3* emission spectrum is ascribed to Ni*t,
no interpretation can be given for the weak structure occurring in all three specimens
at 4279 cm~! on the low-energy tail of the VZ+ emission.

At lower energy, a further emission appears near 3450 cm~! (figure 3). In
addition to a no-phonon line at 3640 cm~! several phonon-assisted transitions could
be recorded. A sharp structure on the low-energy tail is generated by transitions of
unintentionally incorporated Co?* ions (Radlifiski 1979), as indicated in the figure.
The analogue of the luminescence depicted in figure 3 for ZnSe is centred near
3750 cm~! for ZnS:V and has tentatively been attributed to the E(D) — 5T,(D)
transition within a V*+ (d*) centre. The V* ion is isoelectronic to Cr?*, which is
characterized by a triplet structure of the ground state (Vallin and Watkins 1574).
Due to the low strength of the no-phonon line, no high-resolution measurements
could be performed here. Therefore, information on a possible splitting of 3T, (D)
cannot be derived for ZnSe:V. In recent measurements of the corresponding emission
band in ZnS:V, however, the spin-orbit components of the ground state could be
resolved (Goetz et al 1992).
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Figure 3, Emission spectrum of ZnSe:Vt at T = 4 K (erystal number 5021); corrected
spectrum. Excitation range: 9000 em™! € ¥ £ 14400 cm™~?.

3. Excitation and absorption spectra

Excitation spectra were obtained by means of a double-prism spectrometer (Zeiss,
MM12 with glass prisms). The radiant flux of the exciting radiation was kept constant
by means of an automatic slit control. A high-pressure Xe lamp served as the light
source. The radiation emitted from the crystals was selected by interference filters
and detected by a cooled PbS cell.

The excitation spectra of the various V emissions in ZnSe which were presented in
the previous section could be recorded separately for each charge state. The spectra
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are largely in accordance with those of ZnS:V. For ZnSe, the spectral positions of the
individual bands shift slightly towards smaller energies; their peak ratios, however,
remain essentially the same. For both ZnS and ZnSe, the assignments of the excitation
structures are based on model calculations for the excited states of V3+ and V¥, as
detailed in section 4.

The excitation spectrum of the V3* emission (figure 4) is characterized by two
excitation bands centred near 8890 cm—! and 13350 cm~!, followed by a slow increase
above 15500 cm~! merging into a strong excitation maximum at 22400 cm—!, ie.
near the band edge. The low-energy excitation band with a double peak at 8560 cm™1
and 8960 cm~* is assigned to the 3T,(F) — ®A,(F) transition of the V3* jon. Here
the nomination of the 3T, (F) level and the (still to be discussed) 3T, (P) level follows
the weak-field limit, as detailed in section 4. The 400 cm™! splitting of the 3T, (F)
level is ascribed to Jahn—Teller interaction in the excited state (Mircea-Roussel e af
1980, Biernacki et al 1988). It should be noted that this separation is much smaller
than in ZnS, suggesting a weaker Jahn-Teller coupling in ZnSe also for the V2+ jon.
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Figure 4 Excitation spectrum of the #T3(F) — 3Az(F) luminescence of ZnSe:V3+ at
T = 4 K (crystal pumber 5021). The emission is detected in the range: 5000 em™! g
7 £ 6200 cm~!,

The weaker band at 13 350 cm~! is attributed to the 3T,(P) «— 3A,(F) transition,
the triplet level with highest energy. It should be noted that no spin-forbidden
transitions to singlet levels could be detected.

The slow increase of the V3t excitation in the high-energy range above
15000 em~! is assigned to a weak charge transfer band due to a change of the
oxidation state V2* — V3+ and will be discussed in section 5.

The excitation spectrum of the VZ* emission (figure 5), again, shows the same
overall spectral features as in ZnS. In the low-energy range below 16000 cm~! a
sequence of internal transitions is observed. The spectrum is dominated by two
intensive bands centred near 8350 cm~! and 10220 cm~!. In accordance with the
assignments given for ZnS:V these bands are interpreted as the two spin-aliowed
transitions *T,(P) — *T,(F) and *A,(F) — *T,(F), respectively. The *T, (P) state
shows a twofold splitting with peaks at 8140 and 8560 cm~!, As with ZnS:V, this
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effect is explained by Jahn-Teller interactions, and just as in the case of the 3T, (F)
level of the V3* centre mentjoned above, the coupling strength in ZnSe:V is much
weaker than in ZnS:V.
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Figure 5. Excitation spectrum of the *T3(F) — *T;(F) luminscence of ZnSe:V2+ at
T 2 4 K (erystal number 5021). The emission is detected in the range: 3850 em—? g
¥ £ 4550 cm™1,

Several less intense excitation structures are assigned to spin-forbidden transitions
from the *T,(F) ground state to doublet levels originating from the 2E the lower
energy 2D, 2H, 2P and the 2G terms of the V>+ jon. In table 1, the transition
energies and assignments are compared with the computed values discussed in the
next section.

Table 1. Transition energies for ZnSe:V given in cm~1. For experimental values the
centre of gravity of the corresponding transition band is fisted.

Exp. Cale. Assignment Remark

v+ (@)

16200 17057 2T, (F) weak

15000 15172 15401  2A.(F); 2E(D) fitted (C'); doublet
B=264 13540 13213 13502 2T (H); *T2(F) Gtted (C); shoulder
€ =1322 11930 11359; (12409) 2E(H); ¢T2(D)) doublet

A =5350 10220 10220 A5 (F) fitted (B, A)
8350 8350 4T, (P) fitted (B, A)
6710 6915 2T (H) weak
5110 4870 LT (F) cf text
Vit (d2)
13350 13486 3T1(P) fitted (B, A)
B =304 8890 8680 3T (F) fitted (B, A)
A =5868 5760 5868 3T (F) of text

Following the internal crystal-field transitions, again a broad photo-ionization band
rises near 15000 cm~! which is here more pronounced than in the V3+ spectrum.
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In addition fo the excitation measurements, sensitization spectra were recorded
for the V3*+ and V?* emissions. The modulated principal excitation is provided by
the light of a Xe'lamp filtered out at an energy near 13350 cm™!, where the V3+
emission as well as the V2* emission are efficiently excited. Monochromatic light
served as a continuously tunable unmodulated additional irradiation. Whereas ‘red’
auxiliary irradiation leads to an increase of the V3* luminescence, it is quenched by
‘green’ light. Under the same experimental conditions, the V2* luminescence reacts
in an opposite manner (figure 6). The ratio [V3*]/[V2*] of the concentrations of
V centres with different oxidation states thus changes on scapning the additional
irradiation. The threshold energy of 15500 cm~! observed in the excitation spectra
of V3+ and V2*+ appears also in the sensitization spectra (cf section 5).
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Figure 6. Sensitization spectra of the V3+ and V2% luminescence at T ~ 4 K (crystal
number 5019). The V3+ and V¥* bands are detected in the mnge of 5000 em™!
¥ € 6200 cm~?' and 3850 cm™! < F < 4550 em™!, respectively. Both emissions are
excited by 7 = (13 350 & 200) cm~!.

Distinct absorption bands could only be observed with a highly doped (3000 ppm)
crystal. The-spectra result from a superposition of several prominent V3t and VZ+
transitions. The most pronounced structures can be related to the low-energy edge
of the *T,(P) — T, (F) band of V2%, to some further V2 transitions known from
the excitation spectra and to the T, (F) «— 3A,(F) absorption of the V3* centre.
The simultaneous presence of both charge states presumably also determined earlier
absorption measurements (Wray and Allen 1971, Le Manh and Baranowski 1977). In
the higher-energy range, again a broad absorption sets in near 15500 cm™? suggesting
a charge transfer process (cf section 5).

4. Crystal-field calculations

The spectra presented in the previous sections are now analysed by crystal-field calcu-
lations based on the Tanabe-Sugano scheme (Tanabe and Sugano 1954). While more
sophisticated models need additional parameters to account for polarization effects or
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the influence of covalency, only three parameters (B, C and A) have to be adjusted
to fit all multiplet levels of a given d* configuration. This simple approximation gives
a good description of the experimental values. For the computation; Criffith matrices,
(Griffith 1971) were used in the strong-field approximation and matrices given by
Orgel (Orgel 1955) for the d? configuration and by Finkelstein and Van Vleck (1940)
for the d® configuration in the weak-field regime.

Two similarities should be noted in the calculation of the V2+ (d2) and V3+ (d2)
multiplets with the highest multiplicity which give rise to the strongest transitions.
Firstly, in the T, crystal-field both configurations have the same irreducible represen-
tations T,, T, and A,, originating from an ¥ free-ion ground state. The ordering of 4F
crystal-field splitting of the d® configuration is, however, reversed with respect to the
3F splitting of the d* configuration. Secondly, the cotresponding crystal-field matrices
contain only two parameters: the crystal-field splitting parameter A (= 10 Dq) and
the Racah parameter B. Consequently, for the fit of all levels with other multiplicity
only the Racah parameter C' need be adjusted.

As no-phonon lines have not been detected in the excitation spectra, the barycen-
tres of the excitation bands were utilized for fitting the energy positions of the crystal-
field levels.

The two intense excitation bands of the V?+ (d3) luminescence centred at
10100 cm~! and 8300 cm~! are related to spin-allowed transitions from the *T, (F)
ground state to the gquartet lewels *A,(F) and *T,(P), respectively. The fit of
the two experimental values by these excited d® levels yields B = 264 cm~! and
C = 1322 cm~! (figure 7(a)). This procedure is checked by comparing the position
of the Iuminescent *T,(F) level resulting from the fit to that derived from the spec-
tra. Since the *T,(F) « *T,(F) excitation band could not be measured directly, its
peak position is estimated by adding the energy difference between the emission band
maximum and the no-phonon lines to the average energy of the NPL. This evaluation
assumes a symmetrical Franck-Condon shift in the vibronic relaxation. As shown
in figure 7(a), the energy determined in this way is close to the calculated value
(table 1). -

The weak excitation structures above the ‘A,(F) band are attributed to the
spin-forbidden transitions to doublet levels (cf table 1). The corresponding energy
matrices, in addition, contain the Racah parameter C. For its determination, B
and A were kept constant and the excitation bands centred near 15000 cm~?! and
13540 cm~?! were fitted by 2E(D), 2A,(F) and 2T (H), 2T,(F), respectively. This
calculation results in a good approximation of all observed excitation structures. The
assignment of the levels 2T, to their free-ion term origin ’L (at A = 0) given in
table 1 reflects the strongest contribution determined in weak-field calculations. Es-
pecially the 2T, levels originating from the 2P and 2H term are strongly mixed due
to the degeneracy of the two free-ion terms.

It should be noted that, for the B and C values obtained, the ground state
changes from the high-spin 4T, (F) level to the low-spin 2E(G) level when A exceeds
6080 cm™'. Beyond this point an amount of approximately 0.98 cm~! for an increase
of A by 1 cm™! has to be added to the energies read from figure 7(a) in order to
refer to the low-spin ground state.

For the approximation of the V3+ (d?) cnergy levels, a procedure similar to that
described above has been applied yielding B = 304 cm~* and A = 5868 cm™!,
The two excitation bands (cf figure 4) are assigned to transitions to the levels 3T, (P)
and 3T, (F) (figure 7(b)). Calculations within the weak-field scheme reveal an 8%
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Figure 7. Crystal-field level splitting of V2t (d®), (LHs), and V3+ (d%), (RHS) czlculated
following the Tanabe-Sugano scheme. Circles indicate empirical transition energies; those
marked by closed circles have been used to derive the parameters B, C and A. In
the left diagram, all energies are referred 1o the *T: (F) high-spin ground state, for a
better view even above A = 6080 em™ (see text). The vertical line denotes the fitted
crystal-field parameter A.

admixture of the 3P term to the 3T (F) level at the determined crystal-field A and
vice versa for 3T ((P).

Again the position of the luminescent 3T,(F) level is well described by B and
A determined from the fit of the two 3T, levels (cf table 1). The Racah parameter
C could not be deduced, as no additional structures representing Vet transitions to
singlet levels have been found.

Comparing the parameters B and A which describe the two charge states of
the V ion considered, an increase is found on passing from V2t (d3) to V3+ (d%)
(15% and 10%, respectively). A comparable situation is observed with ZnS; this
leads essentially to a simple scaling up of B and A by the same factors. For a given
configuration, B, A and all transition energies increase by roughly 7% when the
host crystal ZnSe is replaced by ZnS. The crystal-field scheme thus gives a coherent
description of vanadium in both these materials.

5. Charge transfer processes at vanadium centres in ZnSe

By excitation in suitable spectral regions, a reversible conversion of the individual
charge states is attained (cf section 3). From the excitation, transmission and sensiti-
zation spectra, two energies are derived:

(i) an edge at 15500 cm~!, which appears in the transmission as well as in the
excitation spectra of the V3* emission (cf figure 4) and V2* emission (cf figure 5);

(ii) a threshold near 12000 cm~! in the excitation spectrum of the V* emission
(the V* centre and the related spectra will be discussed in more detail in a separate
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paper (Goetz ef al 1992)).
Further information is obtained from the sensitization experiments (cf figure 6):

(iii) the measurements with ‘red” additional irradiation lead to an increase of the
V3+ signal and simuitaneously to a decrease of the V2* Juminescence;

(iv) sensitization with ‘green’ additional irradiation stimulates the V2+ emission
and quenches the V3+ luminescence at the same time.

In both these optical biasing spectra, a reversal starts near 15500 ecm~1. The stated
transition energies cannot be connected to crystal-field transitions characteristic of
one particular charge state of vanadium. They are most probably related to charge-
transfer processes involving V and band states of the host crystal. In the following,
the transitions are discussed on the basis of a simple charge-transfer model of an
amphoteric defect. A more detailed consideration will follow in a later publication.

The erergy of the vanadium donor has already been determined by electrical
methods, namely 16100 cm~! below the edge of the conduction band (Dieleman
1967). Theoretical predictions for the position of the donor level vary considerably:
the distance to the minimum of the conduction band is given as 4950 (Tian and Shen
1989), 6450 (Baranowski and Vogl 1983), 7300 (Kikoin er a/ 1990), or 10800 cm™?
(Vog! and Baranowski 1983). For the acceptor transition, the energy of 16900 cm™!
with respect to the valence band was calculated (Vogl and Baranowski 1983).

Following those theoretical studies which place the V2+/V3+ donor level in the
upper part of the band gap, the threshold found in the V2* and V3* excitation
spectra at 15500 cm~! could describe the photoneutralization: V3+415500cm™! —
V2t + edy (edp: hole in the valence band). This assignment would place the V2+
donor level so high in the band gap that the higher crystal-field levels of V2+ would
be degenerate with the conduction band—in contradiction to the experimental results
which prove that excitation to crystal-field levels at energies up to 15000 cm~! still
entails the VZ+ emission (cf figure 5 and table 1). Therefore the threshold energy is
connected with the donor process proper:

V4 15500em™ - V3 4 egp. (1)

This photo-ionization energy is in good agreement with the value of 16100 cm~!
(Dieleman 1967) determined by means of electrical methods but deviates decidedly
from the calculated values given above.

To account for the internal V3+ and V2 emission processes, vanadium must
attain the excited states V3+* and V2+*. This will be shown below to result from
hole capture by V2+ and V', respectively, after acceptor-type transitions (cf reaction
(4)). The following sequences of different relaxation processes are then conceivable.
On the one hand, the excited V3** ion can at first emit the spectrum characteristic
for the d? configuration (V3+ luminescence):

V3 V3 1 5400 cm L. 2

On the other hand, capture of a free electron (created by process (1)) generates an
excited V2+* jon, giving rise to the V?+ emission:

V4 oenny — VI oV 14700 em. (3
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Emission measurements substantiate that under broad-band excitation (16 500 cm™~!
¥ £ 27000 cm~!) the V?* emission is favoured above the V3* emission. This is
also reflected in the excitation spectra.

In the sensitization experiments, V3+ has been excited through 3T, (P) and VZ+
via the levels 2T, (H) and 2T,{F) (cf table 1). Both emissions could therefore be de-
tected simultaneously. The complementary luminescence behaviour under additional
irradiation (cf figure 6) shows that ‘red’ light leads to a charge transfer V¥ — V3+
and ‘green’ light to the reverse reaction. Obviously two different processes occur, the
one opened by ‘green’ light being more efficient. These results can be explained by
participation of unknown centres generating free carriers under the influence of the
adjunct unmodulated light.

Under irradiation by ‘red’ unmodulated light, at first a transition from the valence
band to the unknown centre takes place, generating holes in the valence band. The
free holes can be trapped by V?* ions, 50 that V3% centres ensue: efig+ V3 — V3+,
Consequently, the ratio [V*+]/[V3+] of the concentrations will change in favour of
V3+, The V3t centres penerated in this manner can then be excited by modulated
light via an internal transition, thus entailing an increase of the V3% emission. The
described process also explains quenching of the VZ* emission by ‘red” additional
irradiation.

Under the influence of ‘green’ additional irradiation, transitions from the unknown
centre to the conduction band are induced; the liberated electrons can recombine
with V3t to V2* centres: egg + V3t — VPt The number of V®* centres and
the corresponding emission are thus increased, accompanied by an attenuation of the
V3t luminescence.

The unknown defect assumed in these deliberations is probably the self-activated
(sa) centre (Lee er af 1980, Schrittenlacher e al 1984). All ZnSe:V specimens under
study show a broad luminescence band peaking near 16000 cm~! which is attributed
to this zinc-vacancy/donor complex.

The threshold energy of 12000 cm™*, derived from the excitation spectrum of the
Vvt emission (Goetz et al 1992) is related to an acceptor-type transition

V¥#* 4+ 12000cm™! = V*t 4 e, (4)

This threshold energy being smaller than that of the donor-type process (1) above,
generation of free holes must be considered additionally under the conditions of

excitation at ¥ > 15500 ecm~'. The free holes thus generated can be captured by
v+ and V?* centres:

V*H +etp — (V) (5a)
and
VH 4 oedy — (V) (5b)

While intraconfigurational transitions dominate the spectra between 12000 and
15500 cm~! (cf figures 4 and 5), the reactions (5a) and (5b) become important
at higher energies.

Process (4) would place the vanadium acceptor near the middle of the gap. In
principle, the complementary transition should be possible as well:

V¥ +12000em™! — V3 4 eg;. : (6
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Which of the transitions (4) or (6) occurs can only be decided if the sign of the
generated charge carriers is known. Reaction (4) scems to be preferred because of
the anticipated prevalence of the quasi-neutral V#* oxidation state, To resume, also
in the case of the acceptor, the experimental value (cf reaction (4)) deviates strongly
from the position of 16900 cm™! deduced theoretically (Vogl and Baranowski 1983).

The results presented in this section suggest that the ground-state levels of the
three vanadium oxidation states V3+, V2*+ and V* are located in the lower half of
the band gap, ie. below the V*+/V+ acceptor level defined by reaction (4). The
minimum energies requited for the conversion of the individual charge states are
comparatively low so that the co-appearance of the three described charge states of
vanadium becomes comprehensible.

6. Conclusions

The presented optical emission and excitation spectra of V-doped ZnSe crystals arise
from internal electronic transitions assigned to V3+, V2t and tentatively to V* ions.
The V3+ and the V2* jons are subject to dynamic Jahn-Teller interactions. This
effect is evidenced in the fine-structure of the emission as well as in the excitation
spectra of the corresponding configuration. The coupling strength, however, is weaker
in ZnSe than in ZnS. For the V*+ centre this is indicated by a sixfold splitting of the
no-phonon transition *T,(F) — 4T, (F) and the splitting within the excited *T,(P)
state. For the V3+ centre the same trend is confirmed by the analogous splitting of
the 3T, (F) state.

Whereas for V2t distinct spin-forbidden quartet-doublet transitions appear in
both the ZnSe and ZnS excitation spectra, for the V3+ centre no triplet-singlet
transitions could be detected.

The excitation spectra of the V3+ (d?) and V2t (d3) luminescence are well de-
scribed by calculations which are based on the Tapabe-Sugano scheme. Comparison
with results for ZnS:V shows that all transition energies of V** and V3* are approxi-
mately 7% smaller in ZnSe than in ZnS. Consequently the parameters B and A of
the crystal-field calculations are scaled down by this amount.

Three different oxidation states of the V centre appear simultaneously. Moreover,
two charge transfer transitions V3* 4 egp = V2+ and V2 2 V* + ef between
these states were achieved optically. The balance between V3* and V?+ is also
influenced directly in sensitization experiments.
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