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ABSTRACT   

Modifying the properties of ZnO by means of incorporating antimony, arsenic or phosphorus impurities is of interest 
since these group V elements have been reported in the literature among the few successful p-type dopants in this 
technologically promising II-VI compound. The lattice location of ion-implanted Sb, As, and P in ZnO single crystals 
was investigated by means of the electron emission channeling technique using the radioactive isotopes 124Sb, 73As and 
33P and it is found that they preferentially occupy substitutional Zn sites while the possible fractions on substitutional O 
sites are a few percent at maximum. The lattice site preference is understandable from the relatively large ionic size of 
the heavy mass group V elements. Unfortunately the presented results cannot finally settle the interesting issue whether 
substitutional Sb, As or P on oxygen sites or SbZn−2VZn, AsZn−2VZn or PZn−2VZn complexes (as suggested in the 
literature) are responsible for the acceptor action. However, the fact that the implanted group V ions prefer the 
substitutional Zn sites is clearly a strong argument in favour of the complex acceptor model, while it discourages the 
notion that Sb, As and P act as simple “chemical” acceptors in ZnO. 
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1. INTRODUCTION  
To date, reproducible and controllable p-type doping and its theoretical understanding remains one of the key issues in 
the quest to realize optical and electrical devices based on the technologically promising II-VI compound ZnO. The 
group V elements nitrogen, phosphorus, arsenic and antimony have all been claimed in the literature as p-type dopants 
(for recent reviews on this subject see Ref. [1-5]). Even the heavy group V metal bismuth was reported to show acceptor 
action, although no p-type conduction could be achieved6. However, particularly in the cases of the heavy-mass group V 
dopants P, As, and Sb, which are in the focus of this paper, the exact mechanism of their acceptor action is still heavily 
debated, as will be discussed below.  

Arsenic7 and phosphorus8 were the first heavy-mass group V elements for which p-type doping of ZnO was reported in 
2000. In the meantime, As-doped p-type ZnO has been produced by means of pulsed laser deposition7,9-12, hybrid beam 
deposition13,14, evaporation and sputtering15, ion implantation16,17, radiofrequency (RF) magnetron sputtering18, and 
metal-organic chemical vapor deposition (MOCVD)19, and devices include ultraviolet (UV)14,17 and visual-infrared light 
emitting diodes (LEDs)19. Succesful doping methods for P include excimer laser processing8, diffusion20,21, RF sputter 
deposition22-26, molecular beam epitaxy (MBE)27, MOCVD28, and laser ablation29. However, so far mostly rectifying 
diodes have been demonstrated from p-ZnO:P8,21,24,25 and only weak electroluminescence in the visible8. 
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Sb as p-type dopant in ZnO has recently attracted considerable attention due to the wide range of optoelectronic devices 
that have been fabricated using MBE30-35 or MOCVD36 grown layers. While the first report37 of Sb-doped p-type ZnO 
using excimer laser processing dates back to 2002, the introduction of MBE growth for Sb doping followed later38-40, 
pursued by pulsed laser deposition41 and thermal oxidation42. The impressive list of devices based on p-ZnO:Sb layers 
now includes homo- and heterojunction photodiodes30,31, UV LEDs32-34,36, and UV lasers35.  

While there is little doubt that the relatively small N3− ion (ionic radius 1.46 Å) replaces an O2− anion (1.38 Å) in ZnO, 
acting as a singly ionized acceptor, the large size mismatch between O2− and the potential acceptor ions P3− (2.12 Å), 
As3− (2.22 Å) or Sb3− (2.45 Å) makes the simple substitution of O2− anions unlikely1,3. On the other hand, the much 
smaller radii of the triply positive ions P3+ (0.44 Å), As3+ (0.58 Å) or Sb3+ (0.76 Å) should favour the substitution of Zn2+ 
(0.60 Å) cations, resulting in donor formation. With respect to ionic size, another possibility seems to be the replacement 
of O2− by neutral As0 or Sb0, but this configuration would probably form a double donor. The radii of the corresponding 
ions in various configurations are illustrated in Fig. 1. Reaching beyond simple arguments of size, stability, chemical 
properties and oxidation state, density functional theory (DFT) indeed suggests that PO, AsO or SbO (i.e. replacing 
oxygen) act as deep centers and not as shallow acceptors43,44. Also based on DFT results, the experimentally observed p-
type behaviour was attributed to the formation of electrically active acceptor complexes of the type PZn−2VZn, AsZn−2VZn 
or SbZn−2VZn, first predicted by Limpijumnong et al44-47 for As and Sb and later by Shen et al12 for P, the “complex 
acceptor model”. While this concept is finding more and more acceptance6,16,18,25,28,32,36,38-42, it is strongly disputed by 
others who support the point of view that P, As or Sb in ZnO act as simple chemical acceptors that replace 
oxygen10,11,26,29,48, the “chemical acceptor model”. 

 

 

 

Figure 1. Ball model plots illustrating the ionic sizes of Zn, O, P, As, and Sb in zinc oxide. (a): In the undisturbed ZnO 
lattice, the bond length b = 1.953 Å between neighboring Zn and O atoms almost exactly matches the sum of the ionic 
radii of Zn2+ (0.60 Å) and O2− (1.38 Å), illustrating the comparatively strong ionic character of the bonds. Note that the 
structure has been rotated in such a way that the straight line connecting the central O2− ion with the leftmost Zn2+ ion 
lies within the horizontal plane. (b), (c), (d): The leftmost Zn2+ ion has been replaced with P3+, As3+, and Sb3+ ions of 
radius 0.44 Å, 0.58 Å, 0.74 Å, respectively, illustrating the relatively good size match between the triply positive group 
V ions and Zn2+. (e), (f), (g): P3−, As3−, and Sb3− ions with their large radii of 2.12 Å , 2.22 Å and 2.45 Å do not fit 
within the cage of the surrounding four Zn2+ ions. (h), (i), (j): In contrast, neutral P0, As0 or Sb0 atoms with their 
covalent radii of 1.06 Å, 1.20 Å, and 1.40 Å would fit within the cage of the surrounding four Zn2+ ions. 

 

In order to understand the mechanism of p-type doping in ZnO, experiments that reveal the lattice location of group V 
impurities are crucial. We have previously determined the lattice sites of ion implanted As and Sb in ZnO by means of 
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electron emission channeling from radioactive 73As49-52 and 124Sb52-53. In this contribution we review these results and 
present also new data on emission channeling experiments using the implanted radioactive isotope 33P.  

 

2. EXPERIMENTAL 
The emission channeling method54 uses radioactive probe atoms that have been implanted into a single crystal sample. It 
is based on the fact that charged particles from nuclear decay (in our case conversion electrons or β− particles) 
experience channeling or blocking effects along major crystallographic axes and planes. The resulting anisotropic 
emission yield from the crystal surface in the vicinity of axial and planar directions depends in a characteristic way on 
the lattice site(s) occupied by the probe atoms during decay. A typical emission channeling experiment is schematically 
illustrated in Fig. 2. 

 

 
Figure 2. Illustration of a typical emission channeling experiment using radioactive probe atoms implanted into a single 

crystalline sample. Note that the size of the single crystal is of course greatly exaggerated in comparison to the 
detector. Also, many atomic layers underneath the surface contribute to the channeling effect. 

 

For the experiments described below, c-axis oriented ZnO single crystals were implanted at room temperature with 73As 
(t1/2= 80.3 d), 124Sb (60.2 d) and 33P (25.3 d). While the sample implanted with 124Sb was a hydrothermally grown, Zn-
face oriented crystal obtained from CrysTec GmbH, the samples used for the 73As and 33P implantations were SCVT-
grown, O-face oriented crystals purchased from Eagle Picher Technologies. The production and implantation of 73As and 
124Sb were performed at CERN’s on-line isotope separator facility ISOLDE, where beams of radioactive Sb ions are 
produced by nuclear reactions of a 1 GeV proton beam with UC2 targets followed by resonant laser ionization55, while 
radioactive As is obtained using ZrO2 or Nb irradiation targets coupled to hot plasma ion sources. Since ISOLDE cannot 
produce phosphorus beams the isotope 33P was commercially obtained as a solution of phosphoric acid and implanted 
using the ion implanter of IKS Leuven. The chosen implantation conditions were a fluence of 2×1013 cm−2 with 60 keV 
energy for 73As, 1×1014 cm−2 with 30 keV for 124Sb, and 1×1015 cm−2 with 60 keV for the 33P implantation, all under 
angles of 7−10° with respect to the surface normal and collimated into a spot of 1 mm diameter. However, as was 
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obvious from the detected count rate during the emission channeling experiment, the 33P+ implantation had suffered from 
an unknown contamination with the same charge over mass ratio, so that only around 0.5% of the implanted fluence was 
due to radioactive 33P. Possible candidates for the contamination are the decay product of 33P, i.e. stable 33S, or (16O17O)+ 
molecular ions. The depth profile corresponding to the implantation conditions described above is in the case of 73As 
centered at a depth of 232 Å, with a straggling of 100 Å and an As peak concentration of [As]max ≈ 8×1018 atoms cm−3 or 
≈ 190 ppm with respect to [Zn]. The corresponding numbers for 124Sb are 119(45) Å, 
[Sb]max ≈ 9×1019 atoms cm−3 ≈ 0.2%. For the 33P implantation the profile is 468(220) Å with 
[P]max ≈ 9×1017 atoms cm−3 ≈ 20 ppm, however, with a roughly 200 times higher concentration of the unknown 
contaminant. 

The angular distributions of the emitted 42 keV and 52 keV conversion electrons resulting from the decay of 73As and of 
β− particles from the decay of 124Sb (endpoint energy Emax = 2.30 MeV, average energy <E> =378 keV) and 33P 
(Emax = 249 keV, <E> =77 keV) were recorded around the [0001], [−1102], [−1101] and [−2113] directions by means of 
a 3×3 cm2 sized 22×22 pixel position- and energy-sensitive Si pad detector56,57 at a distance of 30 cm from the sample. 
The angular resolution due to the size of the implanted spot on the sample and the position resolution of the detector was 
~0.16° (standard deviation). The measurements were all carried out at room temperature and taken in the as-implanted 
state and following various 10 min annealing steps in situ under vacuum (< 10−5 mbar). 

The evaluation of the probe atom lattice location was performed by quantitatively comparing the experimental angular-
dependent count rate with theoretical patterns for different lattice sites, using the two-dimensional fit procedure 
described previously56 and briefly outlined in the following. For each considered lattice site, the simulations result in 
two-dimensional patterns of electron emission probability, χtheo(θ,φ), where θ and φ denote polar and azimuthal angles 
from the channeling axis. These patterns are smoothed using a Gaussian of σ = 0.06° to account for that part of the 
experimental angular resolution which is due to the 1 mm beam spot on the sample. The size and shape of the detector 
pads, however, is taken into account during fitting by averaging over the simulated yield falling within the angular range 
(0.26°×0.26°) of one pad. Theoretical emission patterns are fitted to the experimental yields, χex, according to 

χex(θ,φ) = S [ƒ1 χtheo,1(θ,φ) + ƒ2 χtheo,2(θ,φ) + ƒ3 χtheo,3(θ,φ) + 1 − ƒ1 − ƒ2 − ƒ3] 

where S is a scaling factor common to all angles in one pattern, and ƒ1, ƒ2 and ƒ3 denote the fractions of emitter atoms on 
up to three different lattice sites. The random fraction, ƒR = 1−(ƒ1+ƒ2+ƒ3), accounts for emitter atoms which cause 
negligible anisotropies in emission yield, i.e. which are located in sites of very low crystal symmetry or in heavily 
damaged or amorphous surroundings. Thus up to seven fit parameters, S, ƒ1, ƒ2, ƒ3, x0, y0 and φ0, may be simultaneously 
optimized using non-linear least square fitting routines. Note that the parameters S, x0, y0 and φ0 are always needed in 
order to provide correct normalization of the experimental spectra and to achieve optimum translational and azimuthal 
orientation of the calculated patterns with respect to the measured ones. 

In the fit procedure, we considered theoretical patterns resulting from emitter atoms at substitutional Zn (SZn) and O sites 
(SO) with varying root mean square (rms) displacements, the main interstitial sites (Fig. 3) and a diversity of interstitial 
sites resulting from displacements along or off the c-axis49. The theoretical emission channeling patterns were calculated 
by means of the “manybeam” theory of electron diffraction in single-crystals54. The continuous electron spectrum from 
the β− decay was approximated in the calculations by a histogram with stepwidths of 25 keV electron energy up to 
800 keV, of 50 keV up to 1.4 MeV, and of 100 keV up to 2.3 MeV. The number of beams used was 16 up to 725 keV 
electron energy, 20 up to 950 keV and 24 at all higher energies. In order to describe the crystal structure of ZnO, we 
adopted the following model: lattice constants of a = 3.250 Å and c = 5.207 Å58, together with a Zn-O c-axis bond length 
of u = 0.375 c, as in an ideal wurtzite structure, and anisotropic rms displacements of u||(Zn) = 0.078 Å, u||(O) = 0.081 Å, 
u⊥(Zn) = 0.090 Å and u⊥(O) = 0.092 Å59, where u|| and u⊥ represent one-dimensionally projected rms displacements u1 
parallel and perpendicular to the c axis, respectively. Note that slightly higher values of the bond length parameter u than 
0.375 may be found in the literature, e.g. 0.382559 and 0.381960, and also the reported values for the room temperature 
rms displacements59-61 vary in the range u1(Zn) = 0.078−0.097 Å and u1(O) = 0.075−0.092 Å, however, it has been 
shown previously62,63 that the outcome of the manybeam simulations is not overly sensitive to small variations in the 
bond length parameter parameter u or the rms displacements u1. 
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Figure 3. The (11−20) (left hand side) and (01−10) (right hand side) planes in the ZnO wurtzite lattice, showing the location 
of substitutional Zn sites, substitutional O sites, bond center BC, antibonding Zn (AZ) and antibonding O (AO), 
interstitial “octahedral” (IO), “tetrahedral” (T) and “hexagonal” (HZ and HO). “-c” denotes sites within and “-o” off the 
c-axis. DZ and ADZ are interstitial sites which are coplanar with the Zn-O bonds, while SPZ1 and DO are sites which 
are displaced from Zn sites perpendicular to the c-axis along the a-axis. The filled yellow circles mark the approximate 
position of As within electrically active AsZn−2VZn complexes predicted by Ref. 44, for which calculated emission 
channeling effects are shown in Fig. 6 (m)-(p). 

 

Since electrons have high cross sections for scattering, electron emission channeling experiments always require a 
correction for electrons which are backscattered from the sample and the walls of the vacuum setup into the detector. For 
conversion electron emitters such as 73As the amount of elastically backscattered electrons can be corrected quite 
accurately by extrapolating the amount of inelastically scattered electrons at lower energies into a trapezoidal 
background that is subtracted from the conversion electron lines. In the case of 73As, this method was used and resulted 
in the subtraction of a background of 39%. For β− emitters such a procedure is not possible due to the continuous nature 
of the β− spectra. The background contribution was estimated in this case by means of Monte-Carlo simulations based on 
the GEANT4 code64, assuming isotropic electron emission from the radioactive source with energy distributions 
resulting from the β− spectra of 124Sb and 33P and taking into account the elemental composition and geometrical features 
of the sample, the sample holder, and the vacuum setup. The experimental 124Sb and 33P patterns were thus corrected by 
subtracting isotropic background contributions in the detector of 49% and 27%, respectively. 
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3. RESULTS 
3.1 Lattice location of implanted 73As 

Figure 4 (a-d) shows typical angular distribution patterns of conversion electrons within ±2.4° of four of the major 
crystallographic directions of the 73As implanted ZnO sample. While the patterns were measured following 300°C 
annealing they are quite similar to those obtained in the as-implanted state (shown in Ref. [50]) or after 600°C annealing 
(shown in Ref. [51]). The channeling effect along the [0001] direction [Fig. 4 (a)] indicates that the majority of the 73As 
probe atoms are located within the c-axis atomic rows. Fitting this experimental pattern by allowing only for probe atoms 
with positions centered within the c-axis rows and on random sites, resulted in the theoretical pattern shown in Fig. 4 (e), 
which corresponds to 94% of 73As probe atoms along the c-axis with an rms displacement of u1(73As) = 0.13 Å 
perpendicular to this direction. 
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Figure 4. Normalized angular distribution of conversion electrons from 73As→73Ge in ZnO following 300°C annealing 

around the [0001] (a), [−1102] (b), [−1101] (c) and [−2113] (d) axis. (e)-(h): best fits of the channeling patterns for 
each direction, corresponding to 94% of probe atoms aligned with the c-axis and 83%, 98% and 91% at SZn sites. (i)-
(k): Theoretical emission channeling patterns for 100% of emitter atoms on SO sites. (l)-(n): Theoretical emission 
channeling patterns for 100% of 73As on T sites. Note that the [0001] patterns for SO and T sites are not shown since 
they are identical to the pattern for SZn sites. 

 

It should be pointed out that c-axis patterns do not allow distinguishing between emitter atoms on SZn and SO sites since 
both are aligned with the [0001] axis, along with a number of interstitial sites, e.g. the T sites (cf. Fig. 3). However, the 
site preference of As becomes clear  when the [−1102], [−1101] and [−2113] experimental patterns are fitted in a similar 
way but allowing for emitter atoms on substitutional Zn and random sites. The resulting best fit theoretical patterns are 
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shown in Fig. 4 (f)-(h) and correspond to 83%, 98% and 91% at substitutional SZn sites with perpendicular 73As rms 
displacements of 0.11 Å, 0.13 Å, and 0.11 Å, respectively. Major fractions of emitter atoms on other high-symmetric 
lattice sites than SZn can be ruled out. The theoretical channeling patterns from emitter atoms on substitutional O sites 
and interstitial T sites are shown for comparison in Fig. 4 (i)-(n). They are clearly incompatible with the experimental 
patterns.  

In contrast to the experimental channeling patterns found in the as-implanted state and following 300°C and 600°C 
vacuum annealing, which could be very well fitted assuming only As on substitutional Zn sites and on random sites, 
following 900°C vacuum annealing an additional lattice site had to be introduced in the fits. Whereas the [0001] patterns 
remained relatively unaltered, showing that the probe atoms were still well-aligned with the c-axis, satisfactory fit results 
for the off-surface directions [−1102], [−1101] and [−2113] could only be obtained when also 73As atoms located within 
0.4 Å from tetrahedral interstitial T sites were allowed in the fits [Wahl 2005]. Note that the T sites are the major 
interstitial sites in the wurtzite structure that are aligned with the c-axis, making their [0001] emission channeling pattern 
identical to those of SZn and SO sites. 

In order to assess the possible fractions of 73As emitter atoms on substitutional SO sites and interstitial T sites, three-site 
fits were carried out, where, apart from random sites, fractions of emitter atoms on SZn, SO and T sites were 
simultaneously allowed in the fits. The results as a function of annealing temperature are shown below in Fig. 8 (a). 
Already in the as-implanted state 73% of emitter atoms were found on SZn sites and we have indications that part of the 
rest is located on interstitial sites out of the c-axis, but we were not able to identify which interstitial site it might be. 
Upon annealing at 300°C the fraction on substitutional Zn sites reached a maximum around 90%, decreasing somewhat 
following the 600°C anneal, while after 900°C annealing ~30% occupied the interstitial T sites. Note that the fitted  
fractions on SO or T sites are smaller than 5%, which is within the error bars of the accuracy of the method and hence not 
considered significant proof that these sites are actually occupied. The rms displacements from the ideal Zn positions 
were in all cases around 0.07−0.17 Å, i.e. somewhat larger than the thermal vibration amplitude of the Zn atoms 
[Fig. 8(d)].  

 

3.2 Lattice location of implanted 124Sb 

Figure 5 (a)-(d) shows the angular-dependent emission yield of β− particles from 124Sb measured following annealing at 
200°C around the four crystallographic directions of ZnO mentioned above. The fact that prominent channeling effects 
are observed for all four axial directions and for the major planes can only be explained by a large fraction of emitter 
atoms on substitutional sites. Note that the emission channeling effects due to the β− particles from 124Sb are 
considerably narrower than in the case of the conversion electrons from 73As→73Ge. This is due to the fact that the 
angular width of channeling effects decreases with increasing particle energy E roughly proportional E−1/2. The best fits 
of theoretical patterns to the experimental data that allow for a fraction of emitter atoms on only one highly symmetric 
lattice site with the remainder on random sites, are shown in Fig. 5 (e)-(h). They were obtained for 65% of 124Sb aligned 
with the c-axis, and 53%, 56% and 55% at substitutional SZn sites. The root mean square (rms) displacements 
perpendicular to the corresponding channeling directions, u1(124Sb), which gave the best fits were 0.11 Å, 0.12 Å, 
0.17 Å, and 0.17 Å. As has been pointed out above already, emission channeling patterns resulting from emitter atoms on 
other lattice sites are distinctively different from the SZn site patterns and patterns calculated for 124Sb emitter atoms on 
SO sites are shown in Fig. 5 (i)-(l). Calculated patterns for a number of interstitial sites are shown: for T sites in 
Fig. 5 (m)-(p), for IO sites in Fig. 6 (a)-(d), for DO sites sites in Fig. 6 (e)-(h), for ADZ sites sites in Fig. 6 (a)-(l), for 
S→AZ-c 0.5 sites (halfway between SZn and AZ-c) in Fig. 6 (m)-(p). Note that halfway between SZn and AZ-c (indicated 
by filled yellow circles in Fig. 3) is the approximate position of As within electrically active AsZn−2VZn complexes 
predicted by Ref. 44, which would probably be similar in the case of Sb. The experimental results are clearly not 
compatible with the majority of 124Sb occupying any of these sites. 

Figure 8 (b) below shows the fitted fractions of Sb emitter atoms as a function of annealing temperature when SZn as well 
as SO and interstitial T sites were allowed in the fit. The fitted fractions for Sb on SO or T sites are never larger than 5-
6%, which is at the detection limit of the technique for this isotope (note that around half of the count rate resulted from 
scattered electrons). On the other hand, the fitted fraction of Sb on Zn sites is around 50-60% for annealing temperatures 
up to 600°C and then drops to 20% following 900°C vacuum annealing. The derived values for the rms displacements of 
124Sb [Fig. 8 (e)] are generally somewhat larger but close to those for Zn atoms at room temperature. 
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Figure 5. Normalized angular distribution of β− yields from 124Sb  in ZnO following annealing at 200°C around the (a) 

[0001], (b) [−1102], (c) [−1101] and (d) [−2113] axis. (e)-(h): Best fits of the channeling patterns corresponding to 65% 
of 124Sb aligned with the c-axis, and 53%, 56% and 55% at substitutional SZn sites, respectively. (i)-(l): Theoretical 
emission channeling patterns for 100% of emitter atoms on SO sites. (m)-(p): Theoretical emission channeling patterns 
for 100% of 124Sb on T sites. Note that the [0001] patterns for SO and T sites are identical and that they differ from the 
SZn best fit only with respect to the maximum yield.  
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Figure 6. Theoretical emission channeling patterns for 100% of emitter atoms on (a)-(d): interstitial IO sites, (e)-(h): 

interstitial DO sites, (e)-(h): interstitial ADZ sites, (e)-(h): interstitial S→AZ-c 0.5 sites, i.e. halfway between SZn and 
AZ-c. The locations of these four sites are indicated in Fig. 3. Note that halfway between SZn and AZ-c (indicated by 
filled yellow circles in Fig. 3) is the approximate position of As within electrically active AsZn−2VZn complexes 
predicted by Ref. 44. 

 

3.3 Lattice location of implanted 33P 

As has been pointed out already above, the lattice location experiment with 33P suffered from the fact that the 
implantation of 33P+ was accompanied by a 200 times more intense unknown contaminant with the same charge over 
mass ratio. This had the following two consequences. First of all the electron count rate from this sample was much 
lower than for the other two samples, which made it impossible to do measurements with good statistics for a whole set 
of annealing steps. In addition, the relatively high implanted fluence caused radiation damage to the sample, which is 
most likely responsible for the rather small anisotropies seen in the 33P patterns. The combination of relatively poor 
statistics and weak anisotropy means that the the fits of the emission channeling patterns are associated with larger error 
bars than in the cases of 73As and 124Sb presented above.  

Despite these limitations the recorded patterns, shown in Fig 7 (a)-(d) following annealing at 600°C, give clear evidence 
that P prefers to occupy substitutional Zn sites. Best fits [Fig 7 (e)-(h)] were obtained for 68% of 33P aligned with the c-
axis, and 40%, 39% and 40% at substitutional SZn sites. The root mean square (rms) displacements perpendicular to the 
corresponding channeling directions, u1(33P), which gave the best fits were 0.13 Å, 0.07 Å, 0.09 Å, and 0.06 Å. Due to 
the relatively large error bar of the 33P data, the three-site fits with SZn, SO and T site fractions for this isotope often 
resulted in relatively high negative fractions for emitter atoms on T sites, and hence these fit results could not be 
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considered relevant. Correspondingly only two-site fits for fractions of 33P on SZn and SO sites are presented, the results 
of which are shown in Fig. 8 (c). 
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Figure 7. Normalized angular distribution of β− yields from 33P  in ZnO following annealing at 600°C around the (a) [0001], 

(b) [−1102], (c) [−1101] and (d) [−2113] axis. (e)-(h): Best fits of the channeling patterns corresponding to 68% of 33P 
aligned with the c-axis, and 40%, 39% and 40% at substitutional SZn sites, respectively. (i)-(k): Theoretical emission 
channeling patterns for 100% of emitter atoms on SO sites. (l)-(n): Theoretical emission channeling patterns for 100% 
of 33P on T sites. Note that the [0001] patterns for SO and T sites are not shown since they are identical to the pattern for 
SZn sites. 

 

4. DISCUSSION 
 

4.1 Comparison of the lattice location of P, As and Sb as a function of annealing temperature 

As can be seen from the compilation of data in Fig. (8), for all the group V impurities investigated the largest fraction on 
regular lattice sites occupies substitutional Zn sites. On the other hand, the fitted fractions on SO sites are at maximum 5-
6%. However, such small fractions are at the detection limit of the emission channeling technique, which is illustrated by 
the fact that the fitted fractions of 73As and 124Sb on SO sites become a few percent negative following TA=900°C. This is 
of course not physically possible but the result of statistical uncertainty in the fitting procedure. It is hence doubtful 
whether any 33P, 73As or 124Sb emitter atoms actually occupy the SO or T sites if the corresponding fractions are not 
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clearly above ~10%. The rms displacements for As on SZn sites as derived from the best fit results, are on average 
somewhat larger but close to those reported in the literature for Zn atoms at room temperature, u1(Zn)=0.078−0.097 Å59-

61. The rms displacements u1(73As) and u1(33P) tend to show greater scatter but in all three cases the impurity rms 
displacements from the ideal SZn sites are within a factor of two of the Zn rms displacements.  
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Figure 8. Fractions of 73As (a) and 124Sb (b) on substitutional Zn (SZn), substitutional O (SO), interstitial T, and random sites 
as obtained from three-site fits as a function of annealing temperature. and 33P (c) The best fit values for the rms 
displacements of the 73As (d), 124Sb (e) and 33P (f) emitter atoms from ideal SZn sites, perpendicular to the four 
measured crystallographic directions, and derived from the same type of fitting procedure. The two dashed lines in 
panels (d-f) indicate the range of room temperature rms displacement values of Zn atoms reported in the literature. 

 

4.2 Relevance of current results with respect to the acceptor model of As in ZnO 

Unfortunately our experiments cannot settle the interesting issue whether substitutional P, As and Sb on oxygen sites 
(“chemical acceptor model”), as is often assumed10,11,26,29,48, or PZn−2VZn, AsZn−2VZn, and SbZn−2VZn complexes 
(“complex acceptor model”)12,44-47 are responsible for the acceptor action. The fact that implanted P, As and Sb prefer the 
substitutional Zn sites is clearly a strong argument in favor of the complex acceptor model. However, since the 
channeling effect is not suitable to characterize the immediate neighbourhood of the probe atoms and we hence cannot 
probe whether the substitutitional PZn, AsZn and SbZn are paired with one or more vacancies, we cannot fully confirm the 
structural AsZn−2VZn model. The Zn site character of P, As and Sb can be understood from the large size-mismatch of 
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P3−, As3− and Sb3− with O2− but the good match between P3+, As3+ and Sb3+ and Zn2+ (0.44 Å, 0.58 Å, and 0.74 Å vs 
0.60 Å). If these oxidation states were assumed, the overwhelming majority of P, As and Sb would most likely act as 
double acceptors in implanted samples, unless they would capture two Zn vacancies and be transformed into acceptor 
complexes. Within these complexes they would be subject to lattice relaxations12,44-47. For instance, two structures were 
proposed for the AsZn−2VZn complexes44. If the complex is triply negatively charged, As should be 4-fold O-coordinated 
and remain relatively close to the ideal Zn lattice position. Though, this position was considered to be thermally unstable. 
On the other hand, in a neutral or negatively charged complex (the un-ionized and ionized acceptor, respectively) As 
should be 5-fold O-coordinated and relax along the c axis, around 0.4−0.5 Å or halfway from the ideal Zn position 
towards the anti-bonding Zn site (cf. Fig. 3). However, what we find is that the rms displacements of the probe atoms 
from the ideal substitutional Zn sites are relatively small, thus excluding the possibility of large lattice relaxations other 
than breathing mode relaxations. In the case of 73As, our results also showed that following vacuum annealing at 900°C a 
significant fraction of 73As probe atoms (almost 30%) was found within 0.4 Å from interstitial T sites. It is known that 
annealing ZnO above 500°C under O-poor conditions can result in O loss and thus change the stoichiometry in the near-
surface region1. Given the relatively shallow depth profile of the implanted As, part of the implanted probe atoms may 
therefore have reacted for instance with O vacancies upon annealing at 900°C, forming a complex. However, this 
complex is probably also not the AsZn−2VZn proposed by Limpijumnong et al44-45, for which they predicted an As 
position halfway from the ideal Zn position towards the antibonding Zn site (AZ-c in Fig. 3), i.e. ~0.4−0.5 Å from SZn. 
Our oxygen-poor annealing conditions should not favor its formation and in addition we found the As within 0.4 Å from 
interstitial T sites, i.e. ~1.6 Å from SZn. 

On the other hand, while we have proven that the majority of P, As and Sb prefer occupying Zn sites, which is certainly 
not an encouraging perspective for these heavy group V elements a chemical dopants, we do not have any information 
with respect to their electrical activity in our samples. This issue is of particular relevance, since it has for instance been 
reported that not more than 5-13% of incorporated As can be electrically activated in ZnO13,15,16. The maximum 
concentration of As in our implanted sample (≈ 8×1018 atoms cm−3) is comparable with the As concentration used in 
most other studies. Although we are sure that in our case less than 5% of the implanted As and Sb occupied O sites, it 
cannot be excluded that by means of using different doping techniques, e.g. doping during MBE growth, around 10% of 
the group V impurities might be incorporated on O sites and thus be responsible for the p-type conductivity reported in 
the literature.  

Furthermore, chemical similarity certainly also plays a role in determining impurity lattice sites. For instance, the 
electronegativity of P, As and Sb is 2.1, 2.0, and 1.9, which is closer to Zn (1.6) than to O (3.5), illustrating the metallic 
and semi-metallic character of Sb and As, respectively. We have also carried out lattice location experiments of 73As in 
GaN51,65 and found that As acted as an amphoteric impurity, i.e. it occupied both Ga and N sites roughly at a ratio 50:50. 
In GaN, whereas the ionic radii of As3+ and Ga3+ are also well-matched (0.58 Å vs 0.62 Å), the anion size-mismatch 
between As3− and N3− (2.22 Å vs 1.71 Å) is considerably smaller than in ZnO. The 1.0 difference between the 
electronegativities of As (2.0) and N (3.0) is also smaller than the difference of 1.5 difference between As and O but still 
larger than the 0.4 difference between As (2.0) and Ga (1.6). However, despite of these simple considerations, which 
would also suggest that As replaces the Ga cations, apparently the chemical similarity between As and N is strong 
enough in order to allow for roughly half of it to be incorporated on N sites. The amphoteric character found for As in 
GaN therefore provides an argument in favour of the possibility of the existence of minority AsO acceptors in ZnO, since 
obviously the size-mismatch on anion sites, which is less pronounced in GaN but still present, is not able to completely 
prevent As from occupying anion positions in GaN. We may therefore conclude that the question of the nature of the P, 
As and Sb acceptors in ZnO is certainly still open for discussion. 

 

5. CONCLUSION 
We find, in contrast to what one might expect from their nature as group V elements, that P, As and Sb do not occupy 
substitutional SO sites in ZnO but mostly substitutional SZn sites. Possible fractions of P, As or Sb on O sites in our 
experiments, if existing at all, could at maximum have been a few percent. The heavy group V elements in ZnO are thus 
interesting examples for impurities where the major impurity lattice site is determined by ionic size rather than their 
position in the periodic system. While our results cannot settle the interesting issue whether substitutional P, As or Sb on 
oxygen sites or PZn−2VZn, AsZn−2VZn or SbZn−2VZn complexes are responsible for the acceptor action, the fact that 
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implanted P, As and Sb prefer the substitutional SZn sites is clearly a strong argument in favour of the complex acceptor 
model, while it discourages the notion that P, As and Sb may act as efficient “chemical” acceptors in ZnO. 
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