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Abstract
High-temperature diffusion doping has been used for the introduction of active cobalt ions in calcium orthovanadate 
Ca3(VO4)2 single crystals (CVO). The test samples have been produced from nominally pure Cz CVO single crystals. 
High-temperature diffusion conditions have been optimized for the obtaining of doped optical quality single crystals in 
open or closed zone annealing. The diffusion coefficients of cobalt ions have been calculated for different conditions. 
Temperature regime, process time, diffusant type were defined. The samples have been annealed at 1150–1300 °C for 
24–48 h with Co3O4, Ca10Co0.5(VO4)7 and Ca3(VO4)2 : 2 wt.% Co3O4 as diffusants. The diffusion direction has been 
parallel or perpendicular to the optical axis of the CVO crystal. The diffusion coefficients have been calculated to be in 
the range of 2.09 · 10-8 – 1.58 · 10-7 cm2/s. The diffusion activation energies have been determined to be 2.58 ± 0.5 and 
2.63 ± 0.5 eV for the [001] and [100] directions, respectively. The maximum cobalt concentration in the doped CVO 
crystals has been found to be 2 · 1020 cm-3. The absorption spectrum of the diffusion doped Ca3(VO4)2 : Co samples has 
exhibited absorption bands typical of the Co2+ and Co3+ ions. It has been shown that the intensity ratio between the 
characteristic absorption bands varies depending on crystal obtaining technique. The optical anisotropy of the crystal 
increases with dopant concentration.
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1. Introduction

The fabrication of active elements for solid state lasers 
and laser systems having good performance in a wide 
spectral range is based on the synthesis of doped high 
optical quality single crystals. Calcium orthovanadate 
Ca3(VO4)2 single crystals possess a number of properties 
finding applications in laser engineering:

–  possibility of introducing laser activator ions in con-
centrations providing the efficient laser radiation genera-
tion [1–5];

–  high efficiency nonlinear laser radiation conversion, 
high radiation resistance and Raman gain [6];

–  high-temperature ferroelectric crystal with a specif-
ic domain structure [7].

Earlier [8, 9] the concentration series of Ca3(VO4)2 : Mn 
and Ca3(VO4)2 : Co crystals were grown and it was shown 
that the growth of crystals with high transition metal con-
centrations is a complex task requiring the bulk growth 
rate be significantly reduced.

Multiple methods of dopant introduction into as-grown 
crystals have been developed, e.g. radiation doping, ion 
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implantation, gaseous, liquid or solid state diffusion 
methods. The obtained semiconductor crystals has been 
studied most thoroughly, and they are widely used, e.g. 
for the fabrication of solar cells [10, 11]. A2B6 matrices 
diffusion doped with transition metals (Cr2+, Fe2+) are 
well-known as materials for laser engineering [12–15]. 
However, diffusion processes in oxide crystals has not 
been studied sufficiently yet. Diffusion of active ions in 
lithium niobate, yttrium vanadate and garnets was studied 
[16–19]. The typical diffusion rates in those crystals are 
quite low, resulting in small impurity penetration depths. 
The fabrication of large-size doped crystals is a time-con-
suming task. It should be noted that ion implantation and 
radiation doping processes often deteriorate the crystal 
structure of doped regions and generate thermal defects. 
The formation of crystal regions with the desired dop-
ing impurity distribution and arrangement is typically 
achieved via additional heat treatment (annealing) [8]. 
The high-temperature diffusion method can be used for 
the introduction of doping impurities into nominally pure 
crystals. The impurity sources can be compounds in solid, 
liquid or gaseous states (diffusants). Diffusion can occur 
from a permanent external source or from a finite sur-
face source. Diffusion obeys Fick’s laws [20]. Impurities 
are characterized by diffusion coefficients D. The higher 
the diffusion coefficient D, the faster is diffusion and the 
shorter time is required for synthesizing an activated lay-
er with the desired thickness. Longer diffusion produces 
a concentration plateau corresponding to the impurity 
solubility limit. However, in most cases the actual impu-
rity distribution has a complex profile since the diffusion 

coefficient depends on vacancy/impurity concentrations 
and on deviation of the diffusion coefficient temperature 
dependence from Arrhenius’ law. The key requirement to 
actively doped oxide materials is a highly homogeneous 
dopant distribution in the crystal. Studies of the actual 
structure of diffusion-doped crystals and the processes 
occurring therein require taking into account the diffusion 
coefficients of intrinsic ions and impurity atoms. Calcium 
orthovanadate Ca3(VO4)2 (CVO) crystals are of interest 
for studying diffusion processes. CVO crystals have a 
whitlockite structure, crystallizing in the non-centrosym-
metric space group R3c [21, 22]. Their structure contains 
six different Са2+ cation sites four of which are occupied, 
one is vacant and one is half-occupied. Thus, the presence 
of a large number of cation vacancies provides the pos-
sibility of isovalent and heterovalent substitutions with-
out changing the space group R3c which is important for 
the formation of the desired properties. CVO is known to 
have a high ionic conductivity which increases even fur-
ther in the presence of trivalent ions in the structure [23].

Cobalt is of interest as an activator ion since it can have 
different oxidation degrees (Co2+/Co3+/Co4+) and occupy 
tetrahedral and octahedral sites in CVO due to its small 
ionic radius [9] thus providing the possibility of modi-
fying the luminescent properties of the material. Co2+ 
doped CVO crystals can provide for passive Q-factor 
modulation due to nonlinear transmittance [24]. The aim 
of this work is to study the possibility of CVO : Co fabri-
cation using high-temperature diffusion annealing in co-
balt oxide and calcium/cobalt vanadates having different 
chemical compositions.

b

Figure 1. (a) Appearance of CVO crystals and (b) diffusion doping schematic in (left) open zone and (right) closed zone

 a



Modern Electronic Materials 2024; 10(1): 11–18 13

2. Experimental

Solid-state high-temperature diffusion method was used 
for dopant introduction into CVO single crystals. The test 
samples were made from Cz-grown high optical quality 
nominally pure CVO crystals. The ~12 × 10 × 2 mm3 
sized CVO crystal samples were placed in a ceramic con-
tainer filled with diffusant, i.e., a cobalt ion containing 
compound. High-temperature diffusion doping of the 
CVO crystals was carried out using two diffusion tech-
niques (Fig. 1):

–  in an open zone (the crystal is placed on powdered 
diffusant and exposed to air);

–  in a closed zone (the crystal is completely covered 
with diffusant powder and does not contact with air).

The annealing temperature was varied between 1150 
and 1300 °C, and the annealing time, from 24 to 48 h. 
Diffusion occurred parallel and perpendicular to the 
C axis. For open zone annealing, a diffusing ion concen-
tration profile forms, allowing one to calculate the dif-
fusion coefficient. Closed zone annealing provides for 
the maximum doping ion concentration in the crystal and 
eliminates volatile component loss (in the case consid-
ered, vanadium). After annealing the sample was slowly 
cooled in order to avoid the generation of thermal stresses 
and cracking.

The diffusants were selected using the following cri-
teria:

–  sufficient cobalt content;
–  melting point is higher than effective diffusion 

annealing temperature (approx. 1200–1300 °C for 
Ca3(VO4)2);

–  no introduction of extrinsic ions;
–  no chemical transformations at working tempera-

tures, until the annealing temperature.
Of all the calcium, cobalt and vanadium compounds, 

only Ca3(VO4)2 : 2 wt.% Co3O4 meets the above criteria, 
and it was used in our earlier single crystal growth exper-
iments [9]. Diffusion annealing was also carried out in 

Co3O4 and Ca10Co0.5(VO4)7 media, but those compounds 
interact with the sample surface during annealing. Cobalt 
oxide Co3O4 undergoes chemical decomposition with ox-
ygen release at above ~950 °C:

2Co3O4 → 6CoO + O2↑,

and the Ca10Co0.5(VO4)7 compound which is close to 
Ca3(VO4)2 by composition has a whitlockite struc-
ture  [25] but undergoes intense oxidation at 1300 °C. 
In either case the sample surface is strongly damaged. 
However, the use of the above diffusants provides for 
higher doping ion concentrations in the test samples. 
Compounds having lower melting points [26, 27] were 
not used.

The concentration profiles of the main elements and 
the transition metal along the crystal were monitored 
using energy dispersion X-ray spectroscopy (EDXS) 
with an AZtecENERGY Analytical Systems attachment 
(Oxford Instruments) on a JSM5910-LV scanning elec-
tron microscope (JEOL) at a 20 kV acceleration voltage. 
The polished samples were coated with an electrically 
conducting carbon layer before the tests. The reference 
was a Ca3(VO4)2 single crystal with an X-ray proven 
phase purity, the verified unit cell parameters being close 
to those reported earlier [8]. The Ca, V and Co concentra-
tion determination errors were 0.05, 0.06 and 0.03 at.%, 
respectively.

The absorption spectra were studied at room tempera-
ture on a CARY-5000 spectrophotometer.

3. Results and discussion

3.1. Diffusion coefficient calculation

Earlier studies of manganese diffusion in CVO [28] 
showed that annealing at below 1050 °C does not ensure 
efficient impurity penetration in the crystal bulk since the 
diffusion coefficients are very low. Diffusion at above 
1300 °C causes thermal etching of the wafer surfaces 
thus significantly reducing their quality. Furthermore, 
high-temperature annealing generates point defects (va-
cancies and interstitial atoms). Therefore the optimum 
diffusion annealing temperature range for CVO crystals 
was chosen at 1150–1300 °C.

The room temperature cobalt ion depth profiles in the 
CVO crystals can well be seen from the experimental 
absorption spectra. The measurement points were ex-
actly selected using special 1.5 mm diam. diaphragms. 
Figure 2 shows the absorption spectra of cobalt ions in 
the CVO samples.

The cobalt ion diffusion profile in CVO after open-zone 
diffusion annealing is described by the second Fick law 
which depends on annealing conditions. Our experimen-
tal conditions are best described by a monodimension-
al model of diffusion from a thin layer to a semi-closed 

Figure 2. Cobalt ion absorption spectra for CVO samples 
as a function of diffusion distance, taken with 1.5 mm diam. 
Diaphragms: (1) x = 2 mm, (2) 3.5, (3) 5 and (4) 6.5
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space. The diffusion equation for those conditions is as 
follows [20, 29]:

	 (1)

where C(x, t) is the impurity concentration at the depth x 
and the time t; M is the number of particles per unit area; 
D is the diffusion coefficient.

The following expressions can be obtained from 
Eq. (1) for similar time t and different penetration depths 
x1 and x2:

 

	 (2)

Thus,

	 (3)

The parameter (lnC(x1) – lnC(x2))/(x1
2 – x2

2) = tg(δ) 
can be determined from the dependence ln(C) = f(x2), 
where x is the distance from the diffusion source and C 
is the cobalt ion concentration per 1 cm3 of crystal bulk. 
Figure 3 shows examples of the obtained dependences.

Cobalt diffusion coefficients in CVO were determined 
from Eq. (3) and the calculated lnC(Co) = f(x2) tangents.

3.2. Chemical composition of doped crystals

The chemical compositions of the as-diffusion annealed 
crystals were determined using energy dispersion X-ray 
spectroscopy (EDXS). The depth profiles of the main el-
ements and cobalt are shown in Fig. 4.

It can be seen from Fig. 4 that the cobalt concentra-
tion decreases in depth from 0.25 ± 0,02 at.% to zero. 
The calcium concentration increases from 22.85 ± 0.06 to 
23.02 ± 0.06 at.%, i.e., by 0.27 ± 0.06 at.%, whereas the 

Table 1. Cobalt diffusion coefficients calculated for different CVO sample annealing conditions

Diffusion direction Annealing temperature 
(°C)

Annealing time 
(h)

Diffusion coefficient 
(cm2/s)

D C, layer Ca3(VO4)2 : 2 wt.% Co3O4

1150 48 (2.09 ± 0.3) · 10-8

1200 48 (4.21 ± 0.6) · 10-8

1300 32 (1.58 ± 0.1) ·10-7

D C, layer Ca10Co0,5(VO4)7 1300 24 (1.51 ± 0.1) ·10-7

D||C, layer Ca3(VO4)2 : 2 wt.% Co3O4

1150 48 (2.37 ± 0.3) · 10-8

1200 48 (4.66 ± 0.6) · 10-8

1250 48 (9.74 ± 1.2) · 10-8

Figure 3. lnC(Co) = f(x2) dependences
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vanadium concentration remains constant. The cobalt 
concentration changes to the same extent as the calcium 
concentration, i.e., cobalt ions substitute calcium ones 
but do not substitute vanadium ones. The slight oxygen 
depletion can be caused by vacancies generated in the 
presence of Co3+ ions in the crystal. It was shown earlier 
for Ca3(VO4)2 : Mn crystals synthesized using diffusion 
annealing under similar conditions [28] that manganese 
diffusion into the CVO crystal changed both the calcium 
and vanadium concentrations. Thus, unlike cobalt, man-
ganese enters both the cation and the anion sublattices. 
The different behavior patterns of those transition metal 
ions can be accounted for by manganese ability to take on 
an oxidation degree of 5+ thus facilitating its incorpora-
tion into VO4

2- anions.
According to EDXS data, the maximum cobalt con-

tent in the CVO crystals, i.e., 0.29 at.% (2 ˑ 1020 cm-3), 
was achieved via closed zone annealing of Co3O4 at Т = 
1300 °C for 24 h. Doping of Ca3(VO4)2 : 2 wt.% Co3O4 
provided for a highest Co concentration of 0.15 at.% in 
the crystals. The maximum cobalt concentration in the 
crystal Cz-grown from Ca3(VO4)2 : 2 wt.% Co3O4 melt 
was 0.1 at.%.

3.3. Diffusion activation energy

Diffusion coefficient has the following diffusion tem-
perature dependence [20]:

	 (4)

where Ea is the activation energy; k = 8.617 · 10-5 eV/K 
[12] is Boltzmann’s constant; T is the temperature, K; 
D0 = µβ2exp[S/(kT)] is the pre-exponential factor; S is the 
activation entropy; m is the structure-dependent geomet-
rical factor; β ~ 3 · 10-8 cm is the unit jump length [20]. 
Equation (4) allows one to evaluate the activation energy 
and the pre-exponential factor.

It follows from Eq. (4) that

	 (5)

	 (6)

The parameter [lnD(T1) – lnD(T2)]/(1/T1 – 1/T2) = 
tg(δ) can be determined from the dependence lnD = f(1/T) 
(Fig. 5).

Figure 4. Depth profiles of main elements (a) V, (b) Ca, (c) O and (d) Co for Ca3(VO4)2 : Co sample annealed in open space with 
Ca10Co0.5(VO4)7 powder at 1300 °C for 24 h

a b

c d
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The diffusion activation energy as determined from 
Fig. 5 and Eq. (6) depends but slightly on the diffu-
sion direction (parallel or perpendicular to the optical 
axis) and is 2.58 ± 0.5 and 2.63 ± 0.5 eV for D C and 

D||C, respectively. The diffusion activation energy Ea 
of semiconductor crystals is known to be about 3–4 eV 
for vacancy mechanism and about 0.6–1.2 eV for in-
terstitial mechanism [29]. As a rule, the smaller the ef-
fective ionic radius of the doping ions, the more read-
ily it diffuses in the crystal lattice and hence the lower 
Ea. Thus, the calculated activation energies for the case 
considered suggest that the cobalt diffusion mechanism 
in the test crystals is combined. The diffusion activation 

Table 2. Ionic radii of manganese and cobalt as compared with 
those of calcium and vanadium [30]

Ion Ionic radium 
(nm) Ion Ionic radium 

(nm)
Octahedral site Tetrahedral site

Ca2+ 0.1 V5+ 0.036
Mn2+ 0.067

Mn5+ 0.033
Mn3+ 0.058

Co2+ 0.065
Co4+

0.040 (not 
found in 
crystal)Co3+ 0.055

Figure 5. lnD = f(1/T) dependences for CVO crystals after 
open-zone diffusion annealing at 1150, 1200, 1250 и 1300 °C 
for (1) D||C and (2) D C

Figure 6. Absorption spectra of doped Ca3(VO4)2 : Co crystals for (a) E||C and (b) E C orientations: а: (1, 2) Ca3(VO4)2 : 1 and 2% 
Co3O4, respectively, Cz-grown; (3–5) Ca3(VO4)2 : 2 % Co3O4, open zone diffusion annealing at (3) 1150, (4) 1200 and (5) 1250 °C 
for 24 h; (6) Ca3(VO4)2 : 2 % Co3O4, open zone diffusion annealing at 1300 °C for 32 h; (7) diffusion from Co3O4, 24 h, 1300 °С; 
b: (1, 2) Ca3(VO4)2 : 1 and 2 % Co3O4, respectively, Cz-grown; (3–5) Ca3(VO4)2 : 2% Co3O4, open zone diffusion annealing at 
(3) 1150, (4) 1200 and (5) 1250 °C for 24 h; (6) diffusion from Co3O4, 24 h, 1300 °С

a

b
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energies for  Ca3(VO4)2 : Mn in our earlier experiments 
[28] differed significantly depending on sample orienta-
tion (3.3 ± 0.4 eV and 1.7 ± 0.4 eV for the D C and D||C 
directions, respectively). Since the ionic radii of manga-
nese and cobalt are quite close (Table 2), the new data on 
cobalt diffusion require additional studies.

One can assume that small-sized Mn5+ ions contrib-
ute to manganese diffusion since they can readily diffuse 
over interstitial sites.

3.4. Spectroscopic studies

The absorption spectra of the Ca3(VO4)2 : Co crystals 
fabricated by diffusion annealing in open zone were 
compared with those of CVO doped by cobalt during Cz 
growth (Fig. 6).

One can separate characteristic absorption bands in the 
absorption spectra at 570 and 740 nm and in the 1200–
1800 nm range. Studies of Cz-grown Ca3(VO4)2 : Co 
crystals showed that post-growth annealing at 850 °C 
increases the absorption band at 570 nm, while vacuum 
annealing, on the contrary, increases the absorption bands 
at 740 and 1200–1800 nm [9]. One can assume that the 
570 nm absorption band is caused by Co3+ ions whereas 
the 740 and 1200–1800 nm ones, by Co2+ ones. It can be 
seen from the spectra shown in Fig. 6 that the 570/740 nm 
and 570/1200–1800 nm absorption band intensity ratios 
differ between the crystals after diffusion annealing in 
Co3O4, Ca3(VO4)2 : 2 wt.% Co3O4 and the Cz-grown 
ones. After annealing in Co3O4 the absorption bands typ-
ical of Co2+ are the strongest. One can assume that the 
crystal is under slightly reducing conditions for closed-
zone annealing. After Cz growth, the strongest absorption 
band is the 570 nm one which is typical of Co3+. The test 
crystals also have a 2825 nm absorption peak typical of 
OH– groups.

Earlier studies of fluorescence spectra for 
Ca3(VO4)2 : Co crystals [9] showed that 532 nm excitation 
produces a 1170 nm fluorescence peak for Cz-grown and 

diffusion annealed crystals. The broad IR fluorescence 
peak is attributed to Co2+ ions. The fluorescence extinc-
tion kinetics can be represented as a sum of two compo-
nents with lifetimes of 13 ms (corresponding to Co2+) and 
3 ms (attributable to Co3+). It was concluded from the 
results that the crystal has two types of octahedral optical 
centers with different octahedral distortions.

4. Conclusion

High-temperature diffusion doping was for the first time 
used for fabrication of cobalt ion doped calcium ortho-
vanadate crystals. The cobalt diffusion coefficients were 
determined for different temperatures, and the diffusion 
activation energies were calculated. Cobalt diffusion rate 
is shown to depend but slightly on diffusion direction in 
the test material. It was assumed that cobalt diffusion 
in CVO crystals occurs by both interstitial and vacancy 
mechanisms.

The absorption and fluorescence spectra of the doped 
crystals suggest the presence of both Co2+ and Co3+ ions. 
High-temperature diffusion annealing in Co3O4 increases 
the 700 and 1500 nm absorption peaks which are typical 
of Co2+ and provides for the maximum cobalt concen-
tration in the crystals (2 · 1020 cm-3). Ca3(VO4)2 : 2 wt.% 
Co3O4 proved to be a solid state diffusant protecting the 
sample surface during annealing. The cobalt concentra-
tion in the doped crystal is 1.5 times higher that in the 
crystal Cz-grown from same-composition melt.
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