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Abstract 

ZnO single crystals doped with group-V elements have been grown from melt at high pressure. 
Dopants were introduced in several forms such as Sb2O3, P, As, Sb and Zn3X2 (X = P, As, Sb) in 
the high-pressure cell. Systematic studies of morphology were performed using optical microscopy 
and scanning electron microscopy. Crystal structure and lattice parameters were studied using X-ray 
diffraction and X-ray crystallography. Crystals exhibited distinct changes of size, shape and color 
compared to undoped ZnO melt-grown single crystals due to the dopants influence. X-ray 
photoelectron spectroscopy was used to determine valence states of group-V elements when 
incorporated in ZnO lattice. Photoluminescence, Raman spectroscopy and electron paramagnetic 
resonance spectroscopy were employed to investigate the nature of defects formed as the result of 
doping. Formation of VZn and VZn-complexes was confirmed and their concentrations were 
measured. Estimates of the number of VZn per one dopant atom showed that the ratio is noticeably 
higher than the one suggested for the shallow complex As(P, Sb)Zn-2VZn commonly regarded as 
responsible for acceptor properties in ZnO. 

1 Introduction 

ZnO is a II-VI n-type direct wide band gap semiconductor with and gap of 3.37 eV and large 
exciton binding energy of 60 meV at room temperature1-3. Such combination of physical properties 
makes ZnO an attractive material for various electronic applications such as ultraviolet light-
emitting diodes and laser diodes with low thresholds4-5. These semiconductor devices demand a 
stable p-n homojunction, which consequently requires creation of p-type conductivity in ZnO. 
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ZnO semiconductor properties are considered to be provided by certain native point defects (oxygen 
vacancies (VO) and interstitial zinc (Zni)6-7 or hydrogen impurities8 according to the common 
accepted point of view. However, the fabrication of stable and reproducible p-type ZnO has been 
difficult due to the self-compensation, the low solubility of the acceptor dopants (typically <1018 
cm-3) and large ionization energy (170–380 meV) of all probable acceptor dopants9-12. Among 
potential dopants for p-type doping of ZnO, the elements of group V (P, As, Sb) drew attention 
following the idea of doping with large-size-mismatched impurities leading to formation of the 
shallow acceptor complex Sb(P, As)Zn-2VZn

13. Such complexes contain the doping atom in the +5 
oxidation state substituting cation in contrast to previously considered substitution of anion in -3 
oxidation state14-15. Recently, there have been a number of reports on obtaining of p-type ZnO 
through doping with P16, As17 and Sb18-19. In those works, samples of ZnO were formed as different 
types of nanostructures: thin films, nanorods and nanobelts. 

While the absolute majority of works deal with physical techniques of thin film growth, a 
considerably smaller amount of papers describes doping of ZnO single crystal. Since performance 
of thin films is strongly dependent on their quality, which also tends to degrade with the 
introduction of dopants, a semiconductor single crystal would be a desirable object for investigation 
of electrical properties of the material. However, there are certain difficulties with obtaining single 
crystal of ZnO doped with group-V elements. Four methods are known for ZnO single crystal 
growth: hydrothermal, growth from the melt, vapor transport, and flux growth20 among which 
hydrothermal growth is the most commonly applied. Incorporation of a dopant, which is essentially 
an impurity, poses additional obstacles to growth of quality single crystal. Thus, doping with 
group-V elements during hydrothermal growth is difficult as there are almost no compounds stable 
at the growth conditions containing those elements in a cation form while incorporation in an anion 
form is unlikely due to a strong competition with OH- ions in a basic medium. Another problem is 
incorporation of self-compensating hydrogen impurities during hydrothermal growth. 

Previous attempts of doping ZnO with Sb using hydrothermal approach did not result in p-type 
conductivity21. The purity of crystals grown by vapor transport is superior in comparison with 
hydrothermal method. However, it is difficult to synthesize doped crystals because impurities 
impede the growth process in that case. Moreover, accessibility of dopant source might be an 
additional challenge. Instead of growing doped ZnO single crystals, there were attempts of 
introducing P22 and Sb23 via annealing of prepared single crystals in the vapor. An alternative 
approach of introducing dopant by ion implantation was realized for As24. The problems of the flux 
method are similar to the hydrothermal method and deal with incorporation of impurities from the 
flux25. The growth of bulk ZnO crystal from the melt could be preferential compared to other 
options but is complicated by the fact that the triple point of ZnO is 2248(25) K and 1.06 bar. 
Consequently, in order to maintain ZnO melt, it requires pressures of 50-100 bar, because at the 
melting point the substance evaporates with dissociation26. 

Previously, a technique of ZnO crystal growth by spontaneous crystallization from the melt at 
pressure of 4.2 GPa and temperature of 1800 K in a large-volume high-pressure apparatus was 
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developed27. Such an approach allows avoiding the problem of excessively high temperatures in the 
melt method while preserving its advantage of adding any desired impurity. Here we extend this 
technique for systems where various dopant sources containing group-V elements were added in the 
high-pressure cell along with ZnO. The method yields high quality single crystals suitable for 
studying fundamental properties of the material. 

 

2 Experimental 
 
The crystal growth was carried out at LSPM–CNRS in a specially designed high-temperature cell of 
a toroid-type high-pressure apparatus equipped with direct-current heating system. Details of 
pressure and temperature calibration have been described earlier28-29. The high-pressure cell was 
filled with ZnO microcrystalline powder (325 mesh, 99.9995% Alfa Aesar) mixed with one of the 
following dopants: Sb2O3 (99.999%, Sigma-Aldrich); Sb (99,999%, Sigma-Aldrich); Zn (99.999%, 
Sigma-Aldrich) + Sb; As (99,999%, Sigma-Aldrich); Zn + As; P (99.999%, Sigma-Aldrich); Zn + 
P. Zn + X dopants were taken in 3:2 atomic ratio as for Zn3X2 stoichiometric compounds to 
introduce the group-V elements in X-3 state. The powders were thoroughly grinded and then 
pressurized into a disk of 3.5 mm in diameter and 3 mm in height that was then gradually 
compressed up to 4.0 GPa and heated to 1700–1900 K with an average heating rate of 500 K/min. 
After holding for 1–2 min at the given temperature the high-pressure cell was rapidly (~300 K/s) 
quenched by switching off the electric power and then slowly decompressed. It is important to 
mention that no observable difference in the morphology and composition was found between 
quenched and slowly cooled samples. Therefore, in all experiments samples were rapidly quenched 
as it significantly shortens the duration of the experiment. 

Samples were recovered in the form of sintered discs, which were later destructed into individual 
crystals. The morphology of doped crystals was studied by optical microscopy on an Eclipse 600pol 
(Nikon) and scanning electron microscopy (SEM) on a Supra 50 VP (LEO) equipped with INCA 
Energy 450 Xmax 80 (Oxford Instruments) microanalysis system. X-ray diffraction (XRD) patterns 
were collected using Rigaku D/MAX-2500V/PC X-ray diffractometer with rotation anode (CuKα1 
radiation (λ = 0.15418 nm), scan step size of 0.02°). 

Undoped ZnO crystals grown from the melt are known to form lightly colored and nearly 
transparent nanorods of hexagonal shape due to a higher growth rate along the c-axis30. Crystals of 
ZnO doped in low (1-2 %) concentrations grow without a preferential growth orientation and with a 
relatively uniform size distribution often with deformed hexagonal facets and colors ranging from 
yellow-orange for the samples doped with Sb to black for the As-doped samples (Fig. 1a). As 
concentration of a dopant increases, samples demonstrate a tendency to form a blend of rod-like 
crystals very similar to undoped ZnO (but of a much smaller size) and colored deformed aggregates 
of crystals attributing to doped ZnO (Fig 1b). Addition of an impurity expectedly impedes crystal 
growth and leads to formation of smaller crystals. 
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Moreover, impurities may slow down normally accelerated growth along the c-axis causing crystals 
to have a shape with no preferential direction. A visible change of shape and color combined with 
no Sb-associated peaks on XRD patterns implies successful incorporation of the dopant in ZnO 
structure. Sometimes the resulting samples might represent a blend of orange spherical and dark 
rod-like particles (Fig. 1b), which indicates a non-uniform distribution of the dopant. This effect 
usually holds for higher concentrations of Sb (2-5%). 

Doping with P-based and Zn + X dopants often leads to formation of smaller (10-20 µm) 
crystallites with no apparent shape and abundant inclusions on the surface (Fig. 2b). Optically such 
samples look like particles with rough surface, and sometimes the color might differ within one 
particle suggesting polycrystalline nature of the latter. Given that there were no reproducibly 
obtained phosphorus-doped single crystals, P-doped samples were partly excluded from further 
studying. 

The size of crystals estimated from SEM and optical microscopy images varies for different 
compositions not exceeding 400 µm but is generally below 100 µm. That, in contrast to undoped 
crystals often reaching 1 mm in length, is expected since in the presence of an impurity the 
nucleation rate increases over the growth rate. Such effect is particularly noticeable for P-doped 
samples due to intense chemical interaction between ZnO melt and phosphorus: 

8ZnO + 2P → Zn3(PO4)2 + 5Zn                                           (1) 

that produces phosphate-anions capable of incorporation onto positively charged Zn-face surface of 
growing crystals leading to termination of the growth and formation of a polycrystalline product. 
Similar reactions are not possible for As and Sb due to the increase of metallic properties in the 
P-As-Sb group. 

In the case of low (1 mol%) concentration of dopants the synthesis yields pure ZnO phase with no 
detectable impurities with the exception of metallic Sb where a small amount of Sb is observed in 
XRD and EDX. In the case of P-doping XRD patterns (Fig.3a) reveal the presence of Zn3(PO4)2, 
which proves that reaction (1) indeed takes place in the high-pressure cell. Doping with Zn3Sb2 
interestingly leads to formation of ZnSb phase [ICDD 5-714] that can be observed in XRD patterns 
(Fig.3b). The change in atomic ratio between Zn and Sb compared to Zn3Sb2 implies that zinc 
partially incorporates in the ZnO structure. Effects of Zn-doping can be particularly seen in 
photoluminescence of such samples as discussed later. Additionally, powder XRD patterns may 
contain lines from dopant-unrelated impurities – primarily carbon and silicates from the material of 
the high-pressure cell. However, these impurities can be removed mechanically during crystal 
selection. Overall, information about the samples with the respective names, composition and 
results of powder XRD and morphology analysis is summarized in Table 1. The best results in 
regard of single crystal size were achieved by doping with elemental Sb and As reaching 200 μm in 
diameter. These crystals were also used to study dopant concentrations by EDX measurements. The 
average concentration in at least 10 crystals was found to be ~0.3 at% for both As and Sb. 
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The parameters of unit cells of 7 single ocrystals of zinc oxide doped with antimony (I), two single 
crystals of pure zinc oxide (II) and 1 crystal – zinc oxide doped with arsenic (III), have been 
determined. 

The diffraction data of ZnO:Sb, ZnO, ZnO:As were collected by using STOE diffractometer 
(Pilatus 100K detector, focusing mirror collimation, CuKα (1.54086 Å) radiation) in rotation 
method mode. STOE X-AREA software was used for cell refinement and data reduction. Data 
collection and image processing was performed with X-Area 1.67 software (STOE & Cie GmbH, 
Darmstadt, Germany, 2013). Intensity data were scaled with LANA (part of X-Area) in order to 
minimize differences of intensities of symmetry-equivalent reflections (multi-scan method). 

Unit cell parameters (I) are in the range a = 3.248–3.249(1) Å, c = 5.195–5.209(1) Å; (II) a = 3.243, 
3.246(1) Å; c= 5.209, 5.197 (1) Å; (III) a = 3.2454(2) Å; c = 5.1987(4) Å. Parameters remain the 
same for different initial concentrations of Sb. It is in agreement with the EDX results where 
concentrations were found to be ~0.3 at%. The average values of the unit cell volumes are 47.55(2), 
47.43(2) and 47.42(2) Å3 for (I), (II) and (III), respectively. 

Antimony-doped single crystals are of good quality and have a unit cell volume of 0.13 Å3 higher 
than pure zinc oxide. This is in agreement with the ionic radius difference between Sb3+ (0.76 Å) 
and Zn2+ (0.6 Å). Ionic radius of As3+ (0.58 Å) is very close to that of Zn2+, consequently, there is 
no noticeable difference in unit cell volume. 

 

3 Results and discussion 
 
3.1 . X-ray photoelectron spectroscopy 
 
The oxidation states of the dopant elements were studied by X-ray photoelectron spectroscopy 
(XPS) on a Kratos AXIS Ultra DLD spectrometer. Deconvolution of the spectra was performed in 
CasaXPS program package. There were two series of experiments: in the first one as-recovered 
discs were used, in the second one Ar+-beam etching was applied in order to study deeper layers of 
the material. The spectra from the surface of the samples are shown in Fig. 4. 

For ZSb01_1 and ZSb01_3, it was derived from the Sb3d3/2 peaks (Fig. 4a) that Sb has both Sb+3 
and Sb+5 oxidation states in the case of when Sb2O3 and Sb were used as dopant sources. In 
ZSb05_2 only the Sb+3 component was observed and its intensity is substantially lower than for 
other samples. As shown by XRD, most of Sb is bound in ZnSb intermetallic with a much lower 
crystallization temperature than ZnO, which might lead to significant inhomogeneity of Sb 
distribution in the sample. In the sample doped with Sb, the intensities of Sb+3 and Sb+5 components 
are close in comparison with the case of Sb2O3 doping where the Sb+3 component is dominating. 

The oxidation state of the dopant in samples doped with As and Zn3As2 determined from As3d peak 
was always found to be a mix of As+3 and As+5 oxidation states (Fig. 4b). While it is likely that As 
naturally forms (III) and (V) centers under synthesis conditions, it might also be due to reduction of 
As by electron beam during XPS measurements31. 
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P2p peaks of phosphorus in samples doped with P and Zn3P2 always fall in the range from 133.2 to 
134.3 eV (Fig. 4c) that corresponds to compounds containing P+5 oxidation state. While it is hard to 
predict the exact coordination of phosphorus in the samples, small shifts in peak position suggest 
that different forms of initial dopants might produce different types of P-based centers. In addition, 
there is a difference in phosphorus content determined by EDX between P- and Zn3P2-doped 
samples, similar to doping with Sb and Zn3Sb2, with a much lower phosphorus concentration in the 
latter (about 2.0 % for P-doped and 0.8 % for Zn3P2-doped samples) found by EDX. 

In the previous study23 we showed that doping of ZnO single crystals by Sb from the vapor in the 
absence of an external oxidant results in the ZnO structure containing exclusively Sb+5 when only 
surface layers are studied. One would assume that a different situation might hold for the bulk of 
doped ZnO. XPS spectra recorded with Ar+ etching support this idea revealing the presence of Sb+3 
and Sb0 in deeper layers of Sb2O3-doped samples and no Sb+5 component (Fig. 5a). 

Sb0 – the product of reduction of Sb2O3 by carbon of the graphite heater – is, in fact, responsible for 
the appearance of Sb+5 states in the surface layers. In32, it was demonstrated that atmospheric 
oxygen gradually oxidizes metallic Sb, which results in Sb+5 signal in XPS spectra. Note, that the 
Sb+5/Sb+3 intensity ratio is higher for ZSb01_3 in the initial spectrum than for ZSb01_1 (Fig. 4a) 
due to the availability of excess metallic Sb while in the case of ZSb01_1 the only source of Sb0 is a 
relatively small amount of reduced antimony, which is below detection limit of XRD. Therefore, 
Sb+5 states are created via atmospheric oxidation of metallic Sb while Sb+3 states stabilized both in 
ZnO lattice and in excess Sb2O3 are not susceptible to such oxidation. Interestingly, the binding 
energy of Sb(III) component of the Sb3d3/2 peak on the surface is 539.5 eV, which precisely 
corresponds to Sb2O3 while after Ar+ etching this energy increases to 539.7 eV (Fig. 5a). This 
observation indirectly proves incorporation of Sb in ZnO lattice where it forms impurity centers 
with oxygen coordination differing from its native oxide. 

The spectrum of Zn3As2-doped sample (Fig. 5b) demonstrates significantly increased As+3/As+5 
intensity ratio after Ar+ etching along with the appearance of As0 component that becomes exposed 
after the removal of the oxidized layer via etching, similarly to the Sb2O3-doped sample, though low 
intensity As+5 component can still be observed in this case. However, the P-doped sample contains 
only a P+5 signal (Fig. 5c) since it is the most stable oxidation state of phosphorus. 

3.2 Photoluminescence and Raman spectroscopy 
 
Photoluminescence (PL) spectra of the samples were measured at room temperature in air using a 
SOLAR TII MS 35041 grating monochromator equipped with a Hamamatsu CCD detector. The PL 
excitation was done by He-Cd laser (325 nm). 

A typical PL spectrum of ZnO single crystals doped with group-V elements or their oxides is shown 
in Fig. 6. The spectrum contains a very broad band of defect-associated luminescence that extends 
from about 400 nm to about 800 nm. The band has a discernible “shoulder” in the high-energy 
range, an absolute maximum around 600 nm and a long “tail” in the low-energy range. While the 
procedure of Gaussian deconvolution of PL bands is not always correct due to asymmetric nature of 
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individual bands33, in our case it is justified since the band is clearly composed of at least three 
bands of substantially different origin. 

Such a spectrum can be deconvoluted into three bands that can be assigned to so-called green 
luminescence (GL), yellow luminescence (YL) and red luminescence (RL) of ZnO. The slightly 
asymmetric GL band with the maximum around 490 nm (2.53 eV) and FWHM = 0.53 eV is very 
characteristic for ZnO and was observed many times in various ZnO-related materials34. This 
luminescence is commonly assigned to intrinsic donor-type point defects such as VO. The band of 
YL with a maximum around 565 nm (2.19 eV) was previously observed in melt-grown samples of 
ZnO35 and ascribed to deep VZn-related acceptors with the activation energy of ~0.4 eV. The shape 
of RL band varies from sample to sample but its maximum remains between 630 and 640 nm. 
Nature of red luminescence is less studied in the literature, according to36 it is probably due to 
defect complexes VO-Zni and VZnVO – both seem to be possible given the availability of excess Zn, 
which could be included in interstices and the presence of VZn suggested by both 
photoluminescence and EPR as described later. Additionally, there was no significant difference 
found in luminescence spectra recorded from only one single crystal and a collective of randomly 
selected crystals. The respective intensities of the bands and their maxima positions change slightly 
suggesting a certain level of inhomogeneity but the shape of the line remains similar. Doped ZnO 
single crystals generally exhibit a very high intensity of photoluminescence. Near band edge (NBE) 
luminescence can be observed at room temperature (Fig. 6, inset). The peak at 380 nm corresponds 
to the recombination of excitons; the peak at 393 nm can be attributed to the recombination of 
donor-acceptor pairs37-38. This confirms formation of acceptor centers in doped samples. 

In contrast, when doped with Zn3X2-type dopants the luminescence spectra change dramatically and 
exhibit only a single symmetrical violet-blue peak (Fig. 7) with the maximum between 410 and 430 
nm depending on the sample. Such luminescence in ZnO was previously attributed to Zni defects39 
that are formed in the presence of large quantities of Zn and seem to be the only type of defect 
presented in such samples. Moreover, the shape of the spectra is close to the one recorded for 
undoped ZnO melt-grown single crystals27 though the peak maximum is shifted in the blue region. 
The intensity of such luminescence is much lower and other types of luminescence are almost 
entirely extinguished. 

Backscattered Raman spectra were measured using a Horiba HR800 micro-Raman spectrometer at 
room temperature. Linearly polarized laser radiation with a wavelength of 488 nm was used for 
excitation. Typical Raman spectra are presented in Fig. 8. Peaks corresponding to single-phonon 
modes (A1(TO) at 380 cm-1, E1(TO) at 408 cm-1, E2

high at 437 cm-1) are clearly visible in the 
spectra40. 

Measurements carried out in polarized light (see Fig.9) showed that the intensity of these modes 
changes depending on the orientation of the analyzer. This dependence indicates that the samples 
under study are single crystals. 
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The A1(TO) phonon peaks are shifted by about 2.4 cm-1 towards lower wavenumbers for the sample 
doped with As (ZAs02_3) and Sb (ZSb01_3) as compared to the undoped one (inset in Fig. 8). It is 
known that in A1(TO) Zn and O atoms move in opposite directions along the C3 axis41. 

Following expression is presented in42 for this type of transversal optical phonons in long 
wavelength (phonon wavelength much longer than interatomic distance) continuum limit: 

𝜔𝜔𝐴𝐴1 = 𝑞𝑞√𝑁𝑁(𝜀𝜀∞+2)
3�𝜀𝜀0𝜇𝜇(𝜀𝜀−𝜀𝜀∞)

                                                (2) 

where q is the charge of ion; ε0 is the electric constant, 𝑁𝑁 =
𝑁𝑁++𝑁𝑁-

2
 is the mean concentration of 

positive and negative ions contributing to phonon mode with concentrations N+ and N_, 
correspondingly; 𝜇𝜇 =

𝑀𝑀+𝑀𝑀-

𝑀𝑀++𝑀𝑀-
 is the reduced effective mass of positive and negative ions contributing 

to phonon mode with masses M+ and M_, correspondingly; ε and ε∞ are the static and high 
frequency dielectric permittivity. Note, that expression (2) gives reasonable estimate for A1(TO) 
peak position k0=358 cm-1 in ZnO. For this estimate we took Millikan charge calculated for ZnO 
clusters q=0.9e (e is the elementary charge)43, ε∞ =n0

2=4 (n0 is the refractive index)44, ε=8.645. This 
shows applicability of the simplified expression (2) for A1(TO) mode. Suppose that dielectric 
permittivity is independent on ion concentration in static and high frequency limit. Then following 
relative shift of phonon frequency 

𝛥𝛥𝜔𝜔𝐴𝐴1
𝜔𝜔𝐴𝐴1

 and Raman peak position  
ΔkA1
kA1

 is expected for small 

variation of positive ion concentration  ΔN+
N

 . 

𝛥𝛥𝜔𝜔𝐴𝐴1
𝜔𝜔𝐴𝐴1

= 𝛥𝛥𝑘𝑘𝐴𝐴1
𝑘𝑘𝐴𝐴1

= 1
4
𝛥𝛥𝑁𝑁+
𝑁𝑁

                                                         (3) 

where ΔkA1 is the shift of Raman peak position caused by variation of positive ion concentration, 
ΔkA1 is the initial Raman peak position. Doping of ZnO with Sb and As leads to substitution of one 
Zn atom by Sb or As and possible creation of nV Zn vacancies per one As or Sb atom. Thus doping 
of ZnO with Sb and As should lead to reduction of concentration of Zn ions and frequency of 
A1(TO) phonon. For Sb or As content per one Zn atom equal to c relative shift of A1(TO) Raman 
peak can be estimated as: 

𝛥𝛥𝛥𝛥𝐴𝐴1
𝑘𝑘𝐴𝐴1

= −1
4

(𝑛𝑛𝑉𝑉 + 1)𝑐𝑐                                                        (4) 

For As in ZAs02_3 and Sb in ZSb01_3 samples c=0.003-0.005. For nV=2 this gives estimate of the 
shift of Raman peak 𝛥𝛥𝛥𝛥𝐴𝐴1 = (0.9 − 1.4) 𝑐𝑐𝑐𝑐−1. This estimate is in qualitative agreement with 
experiment but smaller than observed difference in Raman shifts of the A1(TO) mode in samples 
doped with As and Sb compared to the undoped sample. (inset in Fig. 8). Better agreement 
corresponds to nV=3.4-5.3. Thus, the Raman spectroscopy data are consistent with the creation of 
two Zn vacancies by Sb or As substitution. Substitution of Zn by Sb or As and creation of Zn 
vacancies should produce local vibration modes. Such effect was observed in46. We suppose that the 
intensity of such modes in our samples is at least 200 times smaller (ratio of Sb or As atom 
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concentration to Zn atom concentration) than intensity of ZnO peaks. This is below the sensitivity 
of our Raman spectrometer. 

 

3.3. EPR spectroscopy 
 
Electron paramagnetic resonance spectra have been recorded with an ELEXSYS-E500 (Bruker, 
Germany) spectrometer (X-band, the sensitivity up to 1010 spin/g) at stabilized temperature. The 
measurement temperature was kept at 130-300 K range with a Bruker ER 4112HV temperature 
control system. The concentration of paramagnetic centers (PCs) was evaluated using CuCl2·2H2O 
single crystal with known number of spins as the standard. Recorded EPR spectra are shown in 
Fig. 8. Estimates of PCs are listed in Table 2. 

For visual separation spectra are shifted in vertical direction. Spectra were normalized to the 
samples masses. For undoped ZnO sample only asymmetric signal with g-factor close to 1.955 has 
been observed. The ratio of positive peak to negative one is equal to 2.0 at 130 K and 2.3 at 180 K. 
An estimate of these paramagnetic defects is equal to 5.5·1019 spin/g at 130 K and 4.6·1019 spin/g at 
180 K.  

Asymmetry of the signal could originate from skin effect due to relatively high electrical 
conductivity of the sample47. In particular, skin penetration depth calculated for static electrical 
resistivity is about 50 μm, which is smaller than the size of the studied crystals. The high 
conductivity is also manifested via reduction of the quality factor of the spectrometer resonator 
from 3300 down to 2900 caused by insertion of the sample at 130 K. The variation of estimate of 
spins concentration with temperature could originate from thermal ionization of donors and increase 
of the sample conductivity. EPR signals with g-factor close to 1.96 in ZnO have been attributed to 
shallow donors in paramagnetic state48-51.  

For ZSb01_3, ZAs02_3 and ZSb02_1 samples two signals: with g-factors close to 1.955 and 
complex signal with g-factor between 2.001 and 2.012 have been observed. Concentration of 
paramagnetic centers with g-factor close to 1.955 have been estimated as 5.9·1019 spin/g, 3.2·1019 
spin/g, 5.4·1019 spin/g, respectively. For Sb and As doped samples signal with g-factor close to 
1.955 is more symmetric than in pristine ZnO sample likely due to lower electrical conductivity of 
these samples. Indeed no reduction of the quality factor of the resonator caused by insertion of these 
samples was observed at 130 K. Estimates of paramagnetic centers concentrations with g-factor 
close to 2.005 are 1.8·1017 spin/g, 3.1·1018 spin/g, 2.1·1017 spin/g for ZSb01_3, ZAs02_3 and 
ZSb02_1 samples, correspondingly. EPR signals with g-factor between 2.001 and 2.012 were 
previously attributed to zinc vacancies and their complexes48-49. Thus, EPR data points to the 
formation of zinc vacancies and their complexes in Sb- and As-doped ZnO. According to this 
interpretation doping of ZnO with As leads to more effective formation of zinc vacancies and their 
complexes than doping of ZnO with Sb at the same synthesis conditions. EPR data point to lower 
conductivity of doped samples compared to pristine ZnO. The decrease of conductivity could be 
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explained by compensation of shallow donors by zinc vacancies and their complexes acting as 
acceptors. 

Addition of the group-V elements into the high-pressure cell qualitatively affects the growth of ZnO 
single crystals even when taken in low concentrations. Expectedly, the method yields much smaller 
crystals compared to undoped ZnO. The size drastically depends on both the nature and the 
concentration of the dopant. It appears that doping with phosphorus is generally difficult at high 
temperatures due to its chemical activity leading to formation of phosphates, which quickly cause 
the cessation of the crystal growth before any sizable crystals could be formed. Doping with As and 
Sb – typical semimetals from the same group – has a similar effect on the growth. An increase of 
concentration naturally causes a decrease of the size practically yielding a polycrystalline product at 
the upper limit of the studied range of concentrations (5% in our case). The best results were 
achieved for elemental As and Sb for which the size of individual crystals reaches 200 µm. 
Additionally, use of 3:2 stoichiometric mixtures of Zn and a group-V element designed to emulate 
the X-3 state does not create X-3 centers in ZnO according to XPS, but negatively affects the growth 
yielding significantly smaller crystals compared to other sources of dopants taken in the same 
concentrations. 

While there is no direct way to prove that the group-V elements incorporate in the ZnO lattice, a 
complex of independent measurements practically provides an irrefutable evidence that 
incorporation indeed takes place. The main argument is EDX that not only detects the presence of 
the group-V elements but also allows to determine the actual concentration of a dopant in ZnO. 
Note, that a direct analytical approach is not applicable in this case as most of the dopant is 
solidified on the surface of crystals and not actually included in the lattice. The concentrations were 
consistently found to be ~0.3 at% when doping with As and Sb. Particularly valuable data was 
obtained in experiments where EDX spectra were recorded from a thin section from the middle part 
of a crystal. The concentrations were found to be ~0.2 at%, which is only very slightly lower than 
those from local parts of the surface. This value could be considered the thermodynamic solubility 
of As and Sb in ZnO at the synthetic conditions. 

Another proof of dopant incorporation is XPS after Ar+ etching that reveals formation of X+3 
centers. When substituting Zn in ZnO this impurities induce formation of VZn due to a large 
mismatch of ionic radii. The spectral methods including photoluminescence, EPR and Raman 
spectroscopy all prove that VZn and their complexes are formed as a result of doping. Moreover, 
EPR of As-doped ZnO contains a complex signal that corresponds not only to VZn but also to 
several VZn-complexes, one of which was determined as (VZn

-)2. A similar signal with g-factor 
between 2.001 and 2.012 was observed for ZSb01_3; however, its intensity was too low to reliably 
ascribe its components. Overall, it is highly likely that there are more VZn-based defect complexes 
that may or may not be associated with X+3 centers. This suggestion is also supported by the Raman 
study. The amount of VZn per one dopant atom estimated from Raman shift is significantly higher 
than 2 as one would expect for the simple As(Sb)Zn-2VZn acceptor complex. It implies a more 
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complicated nature of acceptor behavior of the group-V elements and its role in generation of VZn 
than formation of only As(Sb)Zn-2VZn complex. 

 

4 Conclusions 

The unique growth method of ZnO single crystals doped with the group-V elements from the melt 
at high pressure was proposed for the first time that allows direct introduction of the desired dopant 
in the structure due to its homogeneous distribution in the melt. Such doping causes distinct 
changes in size and morphology compared to undoped ZnO crystals grown from the melt. The level 
of doping was estimated from EDX data as 0.2-0.3 at%. Grown crystals exhibit shiny 
photoluminescence under UV excitation in the visible wavelength range that features a yellow band 
with the maximum at 565 nm, which as has been previously reported originates from VZn-associated 
acceptors. Estimates of VZn concentration from noticeable Raman shifts of A1(TO) peak show that 
the number of VZn induced per one atom of dopant is significantly higher than 2 as in 
As(Sb)Zn-2VZn complex. The EPR study demonstrates that other VZn-complexes such as (VZn

-)2 are 
generated as well, which does not happen without doping. The present result proves that such 
doping indeed creates acceptor centers in ZnO single crystals and implies that the acceptor behavior 
of the group-V elements in ZnO may be not only due to formation of As(Sb)Zn-2VZn shallow 
acceptor but also other acceptor complexes. 
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Table 1. List of the samples with the results of microscopy and XRD analysis. 

 

Sample name Composition, mol% Description Impurity phases 

ZSb02_1 ZnO + 2% Sb2O3 A blend of dark spherical (<50 
µm) and rod-like crystals (up to 
300 µm) with visible 
precipitation on the surface. 

Sb 

ZSb05_1 ZnO + 5% Sb2O3 Aggregated orange crystals, 
probably polycrystalline 

Sb + Sb2O3 

ZSb01_2 ZnO + 1% Zn3Sb2 Gray-white crystals with 
hexagonal faceting (d=20-80 
µm), 

Pure ZnO 

ZSb02_2 ZnO + 2% Zn3Sb2 Aggregated colorless crystals 
d=20-60 µm 

Sb + ZnSb 

ZSb05_2 ZnO + 5% Zn3Sb2 Small aggregated gray-white 
crystals (d=5-20 µm) 

Sb + ZnSb 

ZSb01_3 ZnO + 1% Sb Dark crystals, d=40-150 µm Sb 

ZP01_2 ZnO + 1% Zn3P2 Small (<20 µm) dark-gray 
crystals with drop-like 
inclusions on the surface; 
polycrystalline 

Pure ZnO 

ZP02_2 ZnO + 2% Zn3P2 Small polycrystalline dark-
orange aggregates 

Zn 

ZP05_2 ZnO + 5% Zn3P2 Small polycrystalline dark-
orange aggregates 

Zn+Zn3(PO4)2 

ZP01_3 ZnO + 1% P Small polycrystalline yellow 
aggregates 

Pure ZnO 

ZAs02_2 ZnO + 2% Zn3As2 Small dark crystals d=10-50 
µm 

As2O3 

ZAs02_3 ZnO + 2% As Dark crystals; d=50-200 µm As+As2O3 
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Table 2. Paramagnetic defects concentrations. 

 

Sample Type 1 defects concentration 
(g≈1.957), 1019 spin/g 

Type 2 defects concentration 
(g≈2.002), 1018 spin/g 

Undoped ZnO 5.5 (4.6 at 180 K) <0.05 

ZSb01_3 5.9 0.18 

ZAs02_3 3.2 3.1 

ZSb02_1 5.4 0.21 

ZSb01_2 1.5 <0.05 
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   (a) 

 

   (b) 

 

Figure 1 Optical microscope images of ZSb01_1 (a) and ZSb02_1 (b) doped with 1 and 
2 at% Sb2O3, respectively  
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   (a) 

 

   (b) 

 

Figure 2  SEM images of ZSb01_2 (a) and ZP01_2 (b) doped with 1% Zn3Sb2 and 1% 
Zn3P2, respectively. 
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 (a) 
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Figure 3 Powder XRD patterns of ZP02_2 (a) and ZSb02_2 (b). The insets 
display the patterns with ×40 magnification. 
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(a) 

(b) 

(c) 

 

Figure 4. XPS spectra of as-recovered discs. a – spectra of ZSb01_1, ZSb01_3, ZSb05_2, 
b – ZAs02_2, c – ZP01_3, ZP01_2. Blue and green lines correspond to +3 and 
+5 states of dopants, respectively. Purple lines correspond to O1s states. Red 
lines are integral fits of deconvoluted spectra. Black dotes represent experimental 
data. 
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(a) 

(b) 

(c) 

 

Figure 5 XPS spectra after Ar+ etching. a – ZSb01_1, b – ZAs02_2, c – ZP01_3. Blue 
and green lines correspond to +3 and +5 states of dopants, respectively. Dark 
yellow lines correspond to 0 oxidation state. Purple lines correspond to various 
O1s oxygen states. Red lines are integral fits of deconvoluted spectra. Black 
dots represent experimental data. 
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Figure 6 Room-temperature PL spectrum of ZSb02_1. Black symbols are experimental data 
(every fifteenth point is shown); solid curves – fit of GL, YL and RL (with respective 
colors) components of defect luminescence band. The upper spectrum shows 
luminescence from a collective of randomly selected crystals. The lower spectrum 
shows luminescence from one single crystal. The inset shows NBE luminescence in 
semi-log coordinates of the same sample recorded independently. 
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Figure 7 Room-temperature PL spectrum of ZSb02_2. The inset shows microluminescence 
of individual crystals. 
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Figure 8 Room-temperature Raman spectra of undoped ZnO single crystal (1), ZSb01_3 (2), 
and ZAs02_3 (3) samples. The inset shows A1(TO) peak. 
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Figure 9 Raman spectra of ZAs02_3 obtained with the analyzer for two directions of 
polarization of the exciting light, differing by 30º. 
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Figure 10 EPR spectra of ZSb01_2, ZSb02_1, ZAs02_3, ZSb01_3 and undoped ZnO 
single crystal recorded at 130 K. 

 


