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Abstract. The results of optical absorption, electrical conductivity, and electron paramagnetic
resonance (EPR) experiments on differentp-type GaP:V:Zn samples are reported. The2E→
2T2 transition of V4+

Ga gives rise to a broad triple-peaked absorption band and a zero-phonon line
(ZPL) at 6968.3 cm−1. These features are explained as due to a strong Jahn–Teller coupling of
the 2T2 state. The reduced spin–orbit splitting is smaller than the strain-broadened line-width
(5 cm−1) of the ZPL. The EPR spectrum of V4+

Ga , which is angular dependent atT < 4 K, is
analysed (g = 1.960,A = 55.7× 10−4 cm−1). Its intensity shows dependence on microwave
power characteristics for an impurity with an2E ground state. The photo-induced recharging
V3+ → V4+ is monitored by optical absorption as well as EPR and requires the recharging of
PGa anti-site defects.

1. Introduction

In recent papers, the behaviour of vanadium as a substitutional impurity in GaP has been
investigated by electrical, optical, electron paramagnetic resonance (EPR), and phonon
scattering experiments [1–4]. The V2+

Ga/V
3+
Ga acceptor level was found atEc − 0.58 eV

and several spectroscopic properties of V3+
Ga could be clarified. The analysis of the photo-

ionization transitions and photo-induced recharging processes ofn-type SI-GaP:V suggested
that the V3+/V4+ donor level is located within the gap at aboutEv + (0.3 ± 0.1) eV.
Therefore, inp-type GaP:V, this level is expected to be partly or completely empty
and besides V3+Ga, V4+

Ga also becomes observable. V4+(d1) in III–V semiconductors is of
particular interest because it has the same very simple d1 electron configuration as Ti3+

Ga,
which is well investigated in GaAs, GaP, and InP, but in contrast to the neutral Ti3+

it is positively charged. Therefore, from careful spectroscopic analyses of d1 impurities
in III–V semiconductors valuable information about transition metal impurities in III–V
semiconductors can be expected, in particular about their electron–phonon interaction.

By capacitance spectroscopy (DLTS, DLOS) and optical absorption experiments on
InP:V it has been verified that only the V3+

In /V
4+
In donor level is located within the gap of

InP atEv + 0.21 eV [5, 6]. Inp-type InP:V a zero-phonon line (ZPL) at 767.3 meV was
detected in absorption and assigned to the2E→ 2T2 transition of V4+

In [6].

¶ Deceased.
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In the present paper we report on detailed optical absorption and EPR experiments on
p-type GaP:V:Zn. The analysis of the spectra and the photo-induced recharging experiments
allow the identification of the2E → 2T2 absorption band associated with sharp lines of
V4+
Ga as well as the EPR signal due to V4+

Ga in GaP; preliminary results of this had been
published earlier [7]. This comprehensive investigation into the behaviour of V4+

Ga in GaP
also confirms the location of the V3+

Ga/V
4+
Ga level within the gap atEv+0.25 eV as deduced

from DLTS and DLOS experiments on the same samples [8].

2. Experimental details

The GaP boules investigated here were grown in the〈111〉 direction by the liquid
encapsulation Czochralski (LEC)-technique using a high-pressure puller. They had a
diameter of 40 mm and length of about 100 mm. B2O3 was used as a liquid encapsulant.
The boules were doped by the addition of metallic vanadium to the melt (1.2 mg V per
g GaP) and of Zn3As2 to achievep-type material. Two boules were grown (PI 1391 and
PI 1535) with different Zn content (see table 1). The samples for all experiments were
taken from the same slice (A1 or E1), which are cut to a thickness of 6 mm either from the
seed end (A1,g ≈ 0.05) or the tail end (E1,g ≈ 0.95)† of the boules.

Table 1. Hole concentrationp and Hall-mobilityµH measured atT = 300 K on the investigated
p-type GaP:V:Zn samples.Ea are the activation energies derived from the temperature
dependenceρ · T 3/2 = f (1/T ) measured in the dark. The contents of vanadium ([V]) and
zinc ([Zn]) in the samples are taken from spectrochemical analyses.

p µH Ea [V] [Zn]
Sample (1016 cm−3) (cm2 V−1 s−1) (meV) (1016 cm−3) (1016 cm−3)

PI 1535-A1 0.46 48 155 0.9 6.1
PI 1535-E1 7.00 65 55 4.8 27.2
PI 1391-E1 0.37 74 160 5.3 4.8

The rectangular samples for the optical absorption experiments were polished to optical
quality on all sides, the absorbing thickness varied from 1 to 15 mm. The samples were
mounted in a cold-finger cryostat with LiF windows or in a continuous-flow cryostat (Oxford
Instruments CF 1204). For the investigation of photo-induced recharging processes, i.e. the
measurement of optical absorption during illumination perpendicular to the measurement
beam, a tungsten halogen lamp (150 W) combined with metal interference filters as well as
Si and GaAs edge filters was used. Optical absorption was measured with a double-beam
prism spectrometer and with a Bruker IFS120 Fourier transform spectrometer equipped with
CaF2 beam splitter and cooled InSb detector.

For measuring the temperature-dependent Hall (TDH) effect, samples with dimensions
of 7×3×0.5 mm3 with ohmic Au–Be contacts were used in a standard Hall configuration.

The EPR measurements were carried out on oriented samples 10×3×3 mm3 with long
axis parallel to〈110〉 using an X-band spectrometer Bruker ESP 300E. The 3× 10 mm2

faces of the samples are polished to permit photo-EPR experiments.
On the same samples the analogous experiments have been performed by thermally

detected (TD)-optical absorption (OA) and TD-EPR. The equipments for TD-OA and TD-
EPR (used in the X-band and Q-band) as well as the advantages of thermal detection have
been described in detail elsewhere [9, 10].

† g is the fraction of melt solidified at a certain distance from the seed.
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3. Results

3.1. Electrical measurements

The hole concentrationp and the Hall-mobilityµH derived from conductivity and Hall-
effect measurements atT = 300 K are given in table 1 together with the contents of V
and Zn determined spectrochemically. Figure 1 shows the temperature dependence of the
resistivity measured on sample PI 1535-A1 between 300 K and 80 K in the dark as well as
during illumination. The activation energiesEa taken from the slope ofρ · T 3/2 = f (1/T )
plots of figure 1 are also given in table 1. Thep-conductivity of sample PI 1535-E1 is
not affected by illumination and the measuredEa = 55 meV indicates that the Fermi-level
EF in this sample is pinned by the shallow Zn-acceptors [11, 12]. On the other hand,
the resistivity in the dark of samples PI 1535-A1 and PI 1391-E1 increases strongly with
decreasing temperature suggesting thatEF is located above the Zn-level. Assuming the
Zn-acceptor level atEv + 70 meV and the V-donor level atEv + 250 meV as well as their
contents given in table 1, the data points can reasonably fitted using the formulae given
by Look [13, 14]. During illumination with the light-emitting diode (hνmax ≈ 1.9 eV),
the p-conductivity of sample PI 1535-A1 is drastically enhanced and determined by the
Zn-acceptors as can be seen from the temperature dependence in figure 1 and the derived
Ea. The conductivity of sample PI 1391-E1 is only slightly enhanced during illumination as
it is expected from the larger [V]/[Zn] ratio of this sample compared with that of PI 1535-
A1.

Figure 1. Temperature dependence of the
resistivity of the GaP:V:Zn sample PI 1535-
A1. Curve 1, in the dark (◦); curve 2, during
illumination with hν ≈ 1.9 eV (�).

3.2. Optical absorption

Figure 2 shows the optical absorption spectra of thep-conducting sample PI 1535-E1. The
spectra are dominated by intense absorption in the low-energy region due to the free holes
and a strong photo-ionization absorption forE > 1.2 eV. In the spectrum atT = 78 K
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(curve 2) a triple-peaked absorption band can be seen with the peak positions at 7400 cm−1,
8200 cm−1, and 8600 cm−1. At higher temperatures (T ≈ 260 K) two additional peaks
appear on the high-energy side of the triple-peaked band. For a better analysis, figure 3
shows the absorption spectra after subtracting the intense absorptions seen in figure 2. For
lower temperatures (T = 7 K), at the low-energy side of the triple-peaked band, two
sharp lines at 6968.3 cm−1 and 6991.3 cm−1 with half-widths0 = 5 cm−1 and 12 cm−1,
respectively, are measured (see figure 4). As this sample isp-conducting (see table 1),
all V impurities are expected to be in the V4+ charge state at least at low temperatures.
Therefore, we assign the triple-peaked band connected with the two sharp lines to the
2E→ 2T2 transition of V4+

Ga.

Figure 2. Optical absorption spectra ofp-conducting GaP:V:Zn (sample PI 1535-E1).
Curve 1,T = 300 K; curve 2,T = 78 K.

The additional bands appearing at temperaturesT > 260 K can be identified as the
components of the triple-peaked absorption band due to the3A2 → 3T1(F) transition of
V3+
Ga. As the line shape of this V3+Ga band at different temperatures is known from previous

investigations [3]†, a decomposition of the spectrum into the contribution arising from V3+
Ga

and V4+
Ga can be carried out as it is shown forT = 300 K in figure 3. Such a decomposition

was made for the spectra at different temperatures above 260 K and gave the following
results.

(i) The line shape of the triple-peaked2E → 2T2 band of V4+
Ga and its temperature

dependence indicate a strongT ⊗ τ2 Jahn–Teller coupling of the excited2T2 state as the
distances1EH and1EL between the central peak and the side peaks increase proportional
to [coth(hωτ/2kT )]1/2. The analysis, which is analogous to the one described in [3] for the

† It is noted that erroneously figure 8 in [3] shows the absorption spectrum of ap-conducting GaP:V sample and
the weak triple-peaked band seen there is the V4+

Ga band discussed here.
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Figure 3. Optical absorption spectra of figure 2 after subtracting the intense absorption.
Spectrum 1 (T = 300 K) is decomposed into the band due to the3A2 → 3T1(F) transition
of V3+

Ga (dashed curve) and the band due to the2E → 2T2 transition of V4+
Ga (dotted curve).

Spectrum 2,T = 78 K.

stronglyτ2-coupled T1(F) state of V3+
Ga in GaP (see equation (1) and (2) in that paper), gives

1EH(0) = 1EL(0) = 400 cm−1, 1E1 ≈ 400 cm−1, hωτ ≈ 100 cm−1, and the Jahn–Teller
energyEJT = (1000± 200) cm−1.

(ii) Using the areas under the V3+
Ga and V4+

Ga absorption bands, the temperature
dependence of the [V3+]/[V] ratio can be obtained between 260 K and 360 K. The
ln([V 3+]/[V] ) = f (1/T ) plot gives a straight line with an activation energy ofEa =
(160± 40) meV. This result indicates a thermal population of the V3+

Ga/V
4+
Ga level within

the gap for temperatures above 260 K.

Curve 1 of figure 5 shows the absorption spectrum of sample PI 1535-A1 atT = 300 K.
The triple-peaked band centred at about 1.2 eV is due to the3A2 → 3T1(F) transition of
V3+
Ga and at low energies the weak free hole absorption can be seen (cf table 1). Curve 2 is

the spectrum after cooling toT = 78 K in the dark. The free hole absorption has vanished
(cf figure 1) and both the V3+Ga and V4+

Ga bands can be seen. These bands are superimposed
by a broad photo-ionization absorption with its onset at less than 0.4 eV and a second one
with an onset at about 1.2–1.3 eV.

In figure 6, the absorption spectra atT = 78 K of sample PI 1391-E1 are shown.
Again, both the V4+ and the V3+ band are detected but most of the V atoms are in the V3+

state. Compared with sample PI 1535-A1, this result is comprehensible as the Zn-content
is nearly the same but the V-content is larger by a factor of about 5 (see table 1). At
T = 7 K, the sharp lines connected with the V4+

Ga band (cf figure 4) are measured as well
as those belonging to the3A2→ 3T2 and3A2→ 3T1(F) transitions of V3+

Ga as can be seen
in figure 7.
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Figure 4. Sharp line absorption spectrum measured with high resolution atT = 7 K on sample
PI 1535-E1 (cf figures 2 and 3).

3.3. Electron paramagnetic resonance

EPR measurements atT = 20 K on p-conducting samples (PI 1535-E1), which contain
all V atoms in the V4+ state, reveal a broad isotropic signal shown in curve 1 of figure 8.
The additional superimposed signal is the central line of the well known five-line spectrum
due to Fe3+Ga (residual Fe impurity). Figure 9 shows this signal measured by TD-EPR
at 35 GHz. The peak-to-peak intensityI ∗pp of the broad isotropic signal increases with
increasing microwave power asP 1/2 and it was not saturable up toP = 50 mW atT = 20 K
as shown in figure 10. This behaviour indicates a very short spin-lattice relaxation time
as expected for a2E ground state suggesting that the signal is indeed due to V4+

Ga. For
comparison figure 10 also shows the dependence of the V3+

Ga signal (3A2 ground state) on
P [2], which saturates forP as low as 50µW at T = 20 K. The isotropic V4+Ga signal can
be analysed using the spin HamiltonianH = gµSB + AIS with S = 1/2 andI = 7/2
(100% natural abundance of51V). The eight hyperfine (hf) lines (distance A, see figure 8)
are not resolved because of the large line-width of each of the hf lines due to interaction
of the d-electron with the nuclear spins of numerous of the surrounding P and Ga atoms.
However, a computer simulation of the measured signal shape (curve 2 in figure 8) has
delivered the parametersg = 1.960± 0.003, |A| = 55.7± 0.7× 10−4 cm−1 and the width
of each hf line1Bpp = 21 mT.

At T < 4.2 K, the line intensityI ∗pp of the V4+
Ga EPR line found to be angular dependent,

a similar angular dependence is found for1Bpp. These angular dependences have been
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Figure 5. Optical absorption spectra ofp-type GaP:V:Zn (sample PI 1535-A1). Curve 1,T =
300 K; curve 2,T = 78 K, after cooling in the dark; curve 3,T = 78 K during illumination
with light of hνexc = 1.6 eV.

investigated and interpreted in detail in [15] as a consequence of the simultaneous action
of the vibronicE ⊗ ε Jahn–Teller coupling and of random strains on the2E ground state
of V4+

Ga according to the theoretical predictions of Ham [16]. The derived parameters of
the corresponding Hamiltonian for a vibronic2E state are given in [15] together with those
obtained for the isoelectronic d1 system GaP:Ti3+.

The EPR spectrum measured on sample PI 1535-A1 after cooling in the dark consists
of a single broad signal, too. However, its dependence on microwave powerP reveals two
different components as can be seen from figure 11. This behaviour can be explained if we
consider that theg-values of V4+

Ga (1.960) and V3+Ga (1.963) are virtually identical as well
as the hyperfine splittingsA and that the V3+Ga signal saturates at lowP (about 1µW at
T = 1.5 K and 50µW atT = 20 K, cf figure 10). The EPR signal measured on this sample
is a superposition of both the V3+

Ga and V4+
Ga signal. At lowP , the signal is mainly due to

V3+
Ga. With increasingP this contribution saturates whereas the intensity of the V4+

Ga signal
increases asP 1/2. Finally, at highP the signal is mainly due to V4+Ga. This interpretation is
confirmed by the result that, atT = 1.5 K, the signal measured at very lowP is isotropic
(as known for V3+

Ga) whereas, at highP , it exhibits the angular dependence characteristic for
V4+
Ga. From figure 11 it can be seen that, atT = 1.5 K, the V4+ signal shows no saturation

up to P = 100 mW, whereas for Ti3+ the saturation starts at≈10 mW (see figure 10 in
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Figure 6. Optical absorption spectra ofp-type GaP:V:Zn (sample PI 1391-E1) measured at
T = 78 K. Curve 1, after cooling in the dark; curve 2, during illumination with light of
hνexc = 1.6 eV.

[15]). This indicates a stronger coupling of the2E ground state of V4+ to lattice vibrations
compared with Ti3+.

3.4. Photo-induced effects

Onp-conducting samples PI 1535-E1 no changes could be observed in the optical absorption
and EPR spectra during illumination with light in the energy region 0.5 eV < hνexc <

2.3 eV. On the other hand, the spectra of samples containing both V3+
Ga and V4+

Ga (PI 1535-
A1, PI 1391-E1), i.e. with the Fermi level pinned by the V3+

Ga/V
4+
Ga level at low temperatures,

are considerably affected by illumination with such sub-band-gap light atT < 120 K. The
changes found in optical absorption and EPR (both conventional and thermally detected)
can be summarized as follows.

Curve 3 in figure 5 and curve 2 in figure 6 show the optical absorption spectra at
T = 78 K during illumination withhνexc = 1.6 eV. On sample PI 1535-A1, this illumination
affects the disappearance of the V3+

Ga band and the proportionate increase of the V4+
Ga band as

well as the proportionate enhancement of the broad photo-ionization absorption with onset
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Figure 7. Optical absorption spectrum of sample PI 1391-E1 measured atT = 7 K.

at less than 0.4 eV. In order to have a measure for the change of this photo-ionization
absorption which is proportional to the intensity of the V4+

Ga band, its absorption coefficient
αp(0.77 eV) is used (see figures 5 and 6). The sharp lines of the2E→ 2T2 transition of
V4+
Ga measured atT = 7 K (cf figure 4) are increased in intensity by the same factor as the

broad V4+
Ga band (figure 3) whereas the sharp lines due to the3A2 → 3T1(F) transition of

V3+
Ga (cf figure 7) are strongly decreased. These results clearly indicate a nearly complete

photo-induced recharging. This is confirmed by the EPR experiments. The dependence on
microwave powerP (cf figure 11) atT = 1.5 K after illumination withhνexc = 2.0 eV
shows that V3+Ga was no longer detectable and the V4+

Ga signal intensity was enhanced. This
vanishing of the V3+Ga signal is accompanied by the appearance of the phosphorous anti-site
(P4+
Ga) EPR signal.

On sample PI 1391-E1, the same photo-induced features are observed in optical
absorption and EPR. However, in this sample the V3+ → V4+ recharging can be achieved
only partly as can be seen from the remaining V3+

Ga absorption band (figure 6) as well as
the V3+

Ga EPR signal. Further increases of the illumination intensity do not increase the
V4+/V3+ ratio.

The dependence of the photo-induced effects on the illumination energyhνexc has been
monitored by optical absorption and EPR and the results for both samples are shown in
figures 12 and 13. It can be seen that, onsetting athνexc ≈ 1.25 eV, the spectral dependence
of the following changes is nearly identical:

(i) the increase ofαp, i.e. the content of V4+Ga;
(ii) the increase of the V4+Ga EPR signal;
(iii) the decrease of the3A2→ 3T1(F) band of V3+

Ga;
(iv) the decrease of the V3+Ga EPR signal.
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Figure 8. Curve 1, EPR-spectrum measured atT = 20 K on ap-conducting GaP:V:Zn sample
(PI 1535-E1) withν = 9.6 GHz andP = 40 mW. Curve 2, simulated spectrum of curve 1 due
to V4+

Ga with the parametersg, A, and1Bpp given in the text. The stick spectrum at the bottom
shows the unresolved splitting into eight lines due to hyperfine interaction with the51V nucleus
(I = 7/2).

Figure 9. TD-EPR spectrum of sample
PI 1535-A1 measured atT = 5 K and the
microwave frequencyν = 34.85 GHz.

The intensity of the Fe3+Ga EPR signal is not affected byhνexc, i.e. the empty Fe2+Ga/Fe3+
Ga

level atEv + 0.86 eV is not involved in the recharging processes concerning VGa.
In both samples, the photo-induced rechargings reverse slowly in the dark after switching

off the illumination. Monitoring the decay ofαp in the dark atT = 78 K the dependence
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Figure 10. Dependence of the intensityI ∗pp of the V4+
Ga EPR signal (cf figure 8) and of the V3+

Ga

EPR signal [2] on microwave powerP measured atT = 20 K.

Figure 11. Dependence of the EPR signal intensityI ∗pp on the microwave powerP measured at

T = 1.5 K with B ‖ 〈111〉. Curve 1, sample PI 1535-E1 containing only V4+
Ga . Curve 2, sample

PI 1535-A1 after cooling in the dark, containing V4+
Ga and V3+

Ga .

αp(t)/αp(0) ∼ ln(t/τ ) with τ ≈ 2×106 s was found. Such a logarithmic decay was already
investigated earlier for other photo-induced recharging processes including transition metal
impurities in III–V semiconductors [17]. The photo-induced hole conductivity (see figure 1)
decays in the dark in a similar way. However, the photo-induced V3+ → V4+ recharging
cannot be reversed optically (in contrast to, e.g., the V3+ → V2+ process in GaP:V [3]),
i.e. illumination with 0.4 eV < hνb < 1.1 eV does not accelerate the decay. To restore
the original state, the samples have to be warmed up to about 170 K. The V3+ → V4+

recharging is in both samples also accompanied by an increase of the photo-ionization
absorption at energies>1.2 eV.
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Figure 12. Dependence of the photo-induced changes on illumination energyhνexc measured on
sample PI 1535-A1. Open circles, photo-induced absorptionαp(0.77 eV) measured atT = 78 K;
open squares, V4+Ga EPR signal measured atT = 20 K. The data points are normalized to the
highest achieved one for both signals.

Figure 13. Dependence of the photo-induced changes on illumination energyhνexc on sample
PI 1391-E1. Open circles and squares as in figure 12; full circles,3A2 → 3T1(F) absorption
band of V3+

Ga measured atT = 78 K; crosses, V3+Ga EPR signal measured atT = 20 K. These
two sets of data points are normalized to their dark values.

4. Discussion

4.1. The2E→ 2T2 transition ofV 4+
Ga

The optical absorption experiments presented in section 3 clearly demonstrate that the
2E → 2T2 transition of V4+ is responsible for the broad triple-peaked absorption band
accompanied by two sharp lines with a distance of 23 cm−1. These lines were explained [7]
as due to the zero-phonon lines (ZPL) of the2E(08)→ 2T2(08) and→2T2(07) transitions
(crystal field splitting 10Dq = 6970 cm−1) and their distance as due to the Jahn–Teller
reduced spin–orbit splitting of the2T2 state. This interpretation followed that given for
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the two sharp lines separated also by about 25 cm−1 measured in the absorption spectra of
Ti3+ in GaP, GaAs, and InP. However, it was mentioned already in [7] that the Jahn–Teller
coupling strengthSτ estimated with this interpretation is smaller by an order of magnitude
compared with that derived from the temperature dependence of the triple-peaked absorption
band (Sτ = EJT /hωτ ≈ 10 for V4+, i.e. strong coupling, see section 3.1).

In the meantime, detailed investigations have been carried out on the2E → 2T2

transition of the isoelectronic Ti3+
Ga in GaP [18]. The splitting of the ZPLs of GaP:Ti3+

under uniaxial stress has unequivocally verified that the spin–orbit splitting of the excited
2T2 state into the07 and08 states amounts to only 3.3 cm−1. The theoretical analysis of
the stress splittings, which required to take into account the Jahn–Teller coupling of the2T2

state with bothτ2- and ε-modes up to second order, has shown that it is indeed a strong
Jahn–Teller coupling.

The V4+
Ga impurity (positively charged) attracts the ligand electrons stronger than the

isoelectronic Ti3+Ga (neutral), i.e. there is a stronger overlap of the d-orbitals with the p-orbitals
of the surrounding phosphorous ligands. This larger overlap results in a stronger coupling
to the lattice vibrations and a stronger sensitivity to lattice strains for V4+ compared with
Ti3+. The half-width of the individual ZPLs of GaP:Ti3+ are0 ≈ 0.5 cm−1 at T = 7 K
[18] whereas a value of0 = 5 cm−1 was found for the first sharp line of GaP:V4+. This
confirms the expected considerably larger broadening of the V4+ ZPLs due to the internal
random strains, especially as the investigated boules of GaP:Ti and GaP:V have been grown
by us in the same pulling machine with identical growing conditions.

The reduction of the07–08 spin–orbit splitting by the Jahn–Teller coupling should be
also larger for V4+ than for Ti3+ (3.3 cm−1). Therefore, it is reasonable to assume that the
sharp line at 6968.3 cm−1 of GaP : V4+ involves the two zero-phonon lines, i.e. the07–08

splitting is certainly smaller than 5 cm−1. It should be noted that the broadened ZPL of
V4+ in InP has been interpreted in the same way [6]. The second narrow line at 23 cm−1

above the ZPL at 6968.3 cm−1 has to be assigned to a transition into an excited vibronic
level of the2T2 state as it has been proposed for the second lines of Ti3+ in GaP and GaAs
[18].

4.2. TheV 3+/V 4+ donor level and photo-induced recharging

By the described experiments on differentp-type GaP:V:Zn samples, it has been proved
that the V3+

Ga/V
4+
Ga donor level is located within the gap as, on samples where the Fermi-

level is pinned by this V donor level, the spectroscopic features of both V3+
Ga and V4+

Ga could
be identified by optical absorption (internal transitions) and by EPR. The position of the
V3+
Ga/V

4+
Ga level estimated here (between 0.2 and 0.4 eV above the valence band edge) from

electrical and optical experiments is in accordance with the more exact valueEv + 0.25 eV
derived from DLTS- and DLOS-experiments on the same samples [8]. The V4+/V5+ level,
i.e. the2E ground state of V4+Ga , is located within the valence band, its position cannot be
estimated from the present experiments.

The broad photo-induced absorptionαp with onset below 0.4 eV, which is proportional
to the intensity of the photo-induced V4+ bands, can be assigned to the photoneutralization
transition

V4+
Ga + hν → V3+

Ga + holevb. (1)

This means that an electron is optically excited from the valence band into the V3+/V4+

level creating a V3+ in its ground state3A2 and a hole in the valence band. The strong
broad absorption in the region greater than 1.2 eV, the photo-induced increase of which is
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also proportional to V4+, is therefore assigned to transition (1) into the excited state3T1(F)
of V3+. These assignments are confirmed by the DLOS spectrum (σ 0

p (hν)) of the V3+/V4+

donor level (see figure 3 in [8]), which shows the onset of process (1) at 0.27 eV and the
same spectral dependence as found in absorption.

The identification of the V4+ state is also supported by the photo-induced recharging
experiments. From figures 12 and 13, it follows that the recharging is governed by the
excitation process

P5+
Ga + hνexc → P4+

Ga + holevb (2)

followed by the capture process

V3+
Ga + holevb → V4+

Ga. (3)

The photo-induced creation of P4+
Ga and its spectral dependence as seen in figures 12 and

13 are exactly the same as investigated by Kaufmannet al [19] on GaP:Zn. The maximum
content of phosphorous anti-site defects PGa in the investigated samples amounts to about
1–2× 1016 cm−3. This explains the result that the photo-induced V3+ → V4+ recharging
is complete in sample PI 1535-A1 ([PGa] > [VGa]) whereas it can only be partly achieved
in sample PI 1391-E1 ([PGa] < [VGa] cf table 1).
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