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Abstract 

In this paper we investigate the effects of doping in the local structure of SnO2 by measuring 

the hyperfine interactions at the impurity nuclei with the Time Differential Perturbed 

Gamma-Gamma Angular Correlations (TDPAC) method in addition to density functional 

theory simulations. The hyperfine field parameters have been probed as a function of the 

temperature in thin film samples. The experimental results reveal that 117Cd/In and 111In/Cd 

are incorporated and stabilized in the SnO2 lattice replacing the cationic site. Significant 

differences in the electric field gradient were observed from TDPAC measurements with both 

probe nuclei. Furthermore, the absence of a strongly damped spectra further indicates that 

implanted Cd atoms (for 117Cd/In probe nuclei measurements) easily occupy regular 

substitutional Sn sites with good stability. The simulated value for the electric field gradient 

obtained with the first oxygen neighbor removed is closer to the experimental value observed 

for 117Cd, which also indicates this configuration as stable and present in the sample. 
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Introduction 

Stannic oxide is a semiconductor with a bandgap of ܧ௚	~3.6	ܸ݁, which crystallizes in the 

rutile structure with tetragonal lattice and space group P42/mnm. In contrast to other oxides it 

has high transparency in the visible range and high electrical conductivity. Furthermore it 

also displays good chemical stability with high melting and boiling points and low production 

cost. Currently used as gas sensor, tin (IV) oxide is further applied as humidity sensor, 

transparent electrodes for solar cells, varistors, optoelectronic devices, capacitors, flat-panel 

displays, high capacity anode in lithium-ion batteries, and many other electronic devices [1-

3]. 

Similar to other semiconductors, defects and small concentrations of impurity dopants change 

the SnO2 conductivity by several orders of magnitude, being particularly sensitive to the 

presence of oxygen vacancies and interstitial Sn [1]. Together with the doping benefits, it is 

known that +2 valence elements lead to an increased extrinsic defects concentration mediated 

by oxygen vacancies. Cadmium doping in stannic oxide decreases the resistivity and 

enhances the performance for sensing molecules, particularly ethanol or H2 [4], with the 

sensitivity for H2S being enhanced by more than 20 times when compared with the pure SnO2 

[5]. It has been reported that when Indium acts as an acceptor dopant, compensating the 

unintentionally doped electrons, it produces an increase of the resistivity of SnO2 films [6]. 

However, experimental investigations in thin films deposited by the sol-gel technique by 

Sujatha et al. [7] show that n-type conductivity is present at In concentrations below 5 %.  

From the few examples presented above it is clear that the effectiveness of metal ion doping 

and manufacture processes in SnO2 are quite complex and an atomistic view on the structure 

may be elucidating. This motivated hyperfine interaction studies already in the late eighties. 

Desimoni et al. [8] studied the incorporation of In from 111InCl3 solution while forming SnO2 

from the Sn metal being oxidized during annealing treatments. They reported the signal from 

a substitutional site for 111In in a sample subjected to intense defect distribution centered at 

߱ொ ൌ 	35.6	ሺ1.8ሻ	Mrad/s, η = 0.40 and a minor component characterized by  ߱ொ ൌ

17.2	ሺ0.6ሻ	Mrad/s, η = 0.77 interpreted as small precipitates of In2O3. The definitions of ߱଴, 

߭ொ and η are given below. Renteria et al. [9] performed TDPAC studies on SnO2 thin films 

using the 111In/Cd probe identifying two Sn 2+ and 4+ oxidation states on different SnO and 

SnO2 phases. The hyperfine coupling frequency vQ1 = 117(1) MHz and η = 0.18(2) was 
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assigned to In/Cd in perfect lattice sites of SnO2, in agreement with previous results obtained 

by Wolf el al. (1986) in powder samples [10]. Ramos et al. (2010) and (2013) [11, 12] report 

two environments of the 111In probe atoms in the thin films and nano-structured powder SnO2 

characterized by hyperfine parameters ߭ொଵ ൌ 115	MHz and η ∼ 0.1, assigned to 111In probe 

atoms at substitutional Sn sites and ߭ொଶ ൌ 146	MHz	and 0,4 ≤ η ≤ 1 assigned to defects and 

disordered SnO2 phase. Muñoz et al. (2007) [13] performed TDPAC measurements in SnO 

pellets after the 111In diffusion observing one major fraction for Cd in a neutral charge state. 

The other fraction was also assigned to the cation-site but in the charge state q = + 1. 

In this paper, γ-γ TDPAC technique was used to measure hyperfine parameters in SnO2 thin 

films, complementing our previous systematic investigation of structural defects due to 

impurity doping from an atomic point of view [11, 12 and 14]. To our knowledge, no 

TDPAC measurements in SnO2 samples using 117Cd have been done before. 

TDPAC observables 

The charge distribution and magnetic moments around an atom generate electric field 

gradients, EFG, and/or magnetic fields, which interact with the electric quadrupole nuclear 

moments and/or the nuclear magnetic dipole moment of the probe nuclei leading to the 

hyperfine interactions. These interactions, which provide an atomic scale insight on the 

neighboring electronic and atomic environment of the probe atom, can be studied by common 

techniques like Mößbauer Effect, Nuclear Magnetic Resonance, and Nuclear Orientation. The 

advantages of the less-known nuclear radioactive Time Differential gamma-gamma Perturbed 

Angular Correlation technique [15] is that it works for many probe nuclei under ppm 

concentrations. The signal quality of the TDPAC technique is independent of the measuring 

temperature and the measurements are time differential on a nanosecond/microsecond 

timescale range. Consequently, investigations using the TDPAC technique provide 

information about electric field gradients and magnetic fields generated by the electronic, 

ionic, and spin distribution vicinity with high precision at any temperature. Therefore, probe 

sites, its interaction with point defects and phase transitions, the electronic dynamic and 

diffusion processes, can be studied.  

The Hamiltonian of the electric hyperfine interaction can be written in terms of ௭ܸ௭ and the 

asymmetry parameter ߟ in the form: 
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Ĥ௘௟ ൌ ቈ
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ଶ െ ܫሺܫ ൅ 1ሻ ൅ ቀ
ߟ
2
ቁ ሺܫା

ଶ ൅ ିܫ
ଶሻቃ 

(1).

If ܫା and ିܫ  are the nuclear angular momentum operators. TDPAC measures the perturbation 

function Rሺtሻ 	ൎ AଶଶGଶଶሺtሻ for different perturbation factors Gଶଶሺtሻ, as shown in Equations 2 

and 3 for spins 3/2 and 5/2 respectively: 

Gଶଶሺtሻ ൌ
1
5
ሾ1 ൅  ሻሿݐሺ߱ଵݏ݋4ܿ

(2)

Gଶଶሺtሻ ൌ ෍s୬ሺߟሻcosሺω୬tሻ
ଷ

୬ୀ଴

 
(3).

For nuclear spins 3/2 and 5/2 the observable ω୬ frequencies are given by ωଵ ൌ ω଴ ൌ

6ω୕ඥሺ1 ൅ ଶߟ 3⁄ ሻ and ω୬ ൌ 6ω୕ܥ௡ሺߟሻ respectively. The coefficient ܥ௡ can be numerically 

calculated for a known [14] ߟ. The coefficients s୬ denote the amplitudes of the transition 

frequencies ω୬ and are summations of Wigner 3j-symbols products running over the allowed 

magnetic splitting hyperfine states [16]. The axial asymmetry of the EFG tensor or deviations 

from it are described by the asymmetry parameter 	ߟ ൌ ሺ ௫ܸ௫ െ ௬ܸ௬ሻ/ ௭ܸ௭. The major 

component of the EFG tensor Vzz can be obtained from the observable spin dependent 

quadrupole frequency ω୕ for nuclear spins 3/2 and 5/2 by: 

     ω୕ ൌ
௘ொ௏೥೥
ଵଶ԰

; ω୕ ൌ
௘ொ௏೥೥
ସ଴԰

 (4),

with Q being the nuclear quadrupole moment. Further details about the TDPAC technique 

can be found in [15-16]. In this paper we focus on electric hyperfine interactions, since there 

is no evidence of magnetism involved in our studies. Nuclear quadrupole interaction is 

extremely sensitive to subtle local distortions and charge polarization, because the EFG is 

determined primarily by the electrons involved in the bonding with the nearest neighbors.  

Experimental methods 

SnO2 thin films were deposited on Si (1 0 0) p-type wafer using sputtering.  A 0.05 T 

magnetic field was applied to the target 10 cm away from the Si wafer substrate using the 

processing gases Ar (99.999%) and O (99.998%). The substrate temperature did not exceed 

363 K during the deposition and the thickness of the films was 100 nm. Some TDPAC 

spectra of the thin film using 111In have been previously published by some of us [12]. We 

have included the results in the present discussion for comparison. The 111In implantation was 
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performed at 160 keV at the Helmholtz-Institut für Strahlen- und Kernphysik (HISKP), in 

Bonn, for measuring the probing 245 keV state on 111Cd.  

The implantation of 117Ag radioactive ion beams was performed at the Isotope Mass 

Separator On-Line (ISOLDE) [17] at CERN at 30 keV with 1011 atoms/cm2 fluency. The UCx 

target was installed at the General Purpose Separator (GPS). The Resonance Ionization Laser 

Ion Source (RILIS) [18] was used to increase the beam purity and efficiency to 108 at/µC. 

The beam of the short lived 117Ag (t1/2 = 73 s) was implanted at the GPS low mass beam line. 

The fast, high energy --decay of 117Ag to 117Cd (t1/2 = 2.49 h) imparts a strong recoil of ~21 

eV re-implanting the 117Cd atom before it decays to the probing state on 117In. The daughter 

nucleus l17In has an excited state at 660 keV with Q = (-)0.59(1) b, t1/2 = 53.6 ns and I = 3/2 

being an excellent isotope for TDPAC measurements using the 89-345 keV gamma-ray 

cascade [19]. Alternatively, 111In (t1/2= 2.8 d) decays to 111Cd [19]. 

Defects produced during implantation of dopants result from knock-out changes of atomic 

positions merging together with an increasing concentration of point defects within a small 

space region. The 111In and the 117Ag were implanted at 12° and at 0° incidence angles, 

respectively. The rapid thermal annealing (RTA) process was applied to effectively recover 

the implantation damage at 873 K and 973 K for 111In and 117Ag, respectively.   

Results and Discussion 

117Cd(117In) : SnO2 thin film 

Fig. 1 shows the R(t) function obtained from TDPAC measurements at room temperature 

after implantation of 117Ag into the SnO2 thin film with subsequent annealing at 973 K for 5 

min in air. Results show evidence that 117In probe nuclei interact with two different local 

environments as revealed by the two observed frequencies ω01 = 391.5(5) Mrad/s (|Vzz1|= 

8.7(1) · 1021 V/m2) and ω02 = 50.2(4) Mrad/s, respectively, with different fractions of probe 

nuclei, f1 = 57.4 (1) % and f2 = 43.2 (1) % interacting with different EFG1 and EFG2. 

Experimental data were fitted with fixed η = 0 for both EFG. 

Since the probe excited state has spin 3/2, in the absence of magnetic field, there is only one 

observable frequency and 0 and η cannot be separately identified. Therefore, density 

functional theory was used with the full potential LAPW+lo method implemented in the 
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WIEN2k code [20], and with PAW method [21] implemented in the VASP code [22], to 

simulate the electric field gradient parameters at the In probe occupying a Sn substitutional 

site. The lattice constants were fixed in the experimental values of the pure compound [23], 

and all the free fractional atomic coordinates were optimized.  A 2x2x3 supercell (a=b=13.40 

Å, c=9.56 Å) of the SnO2 host was considered, where one of the Sn atoms was replaced by 

the In impurity. The GGA-PBE approximation for the exchange-correlation functional was 

used [24]. Table 1 shows the WIEN2k results for two different types of charge supercells: 1) 

a neutral In supercell and 2) when doped by one more electron (+1) accounting for In having 

the same number of shared electrons with the oxygen neighboring atoms as Sn.   

20 40 60 80 100 1200

-0.1

0.0

0.1

R (t)

t (ns)

117Cd(117In)

 
Fig. 1 – TDPAC spectrum of SnO2 thin film of 100 nm thickness using 117Cd/In and after heat 
treatment for 5 minutes in air at 973 K.  
 
 

Doping Vzz (1021 V/m2) ω଴ (Mrad/s) η 
neutral 6.87 308 0.24 

+1 electron 6.59 295.5 0.34 
 
Table 1: Electric field gradient parameters at In impurity substitutional at the Sn site in a 
SnO2 2x2x3 supercell. 
 
 
In order to check the results with a larger supercell and study the effect of vacancies, we 

considered a 3x3x3 supercell. In this case, we used the VASP code with the PAW method, 

which allowed faster relaxation and convergence. For the case of an impurity substitutional at 

the Sn site, we obtained Vzz = 6.42 · 1021 V m-2 and η = 0.52, which is close to the values 

found with the smaller supercell by WIEN2k. We conclude that the value converged with 

respect to the size of the supercell, and the remaining discrepancy may be attributed to 

limitations of the exchange-correlation functional, or to temperature effects not taken into 

http://dx.doi.org/10.1063/1.4983669


7 
 

account in this calculation. On the other hand, other configurations including defects such as 

oxygen vacancies may be favorable, as will be explored next.  

To study the possible effect of vacancies in the hyperfine parameters of the probe, we started 

with the previous supercell and additionally removed one oxygen atom. Three independent 

calculations were considered, where the removed oxygen is the first, second and third 

neighbor of the probes. The obtained results are, respectively: Vzz = -9.49 · 1021 V m-2 and η 

= 0.64; Vzz = 12.28 · 1021 V m-2 and η = 0.06; Vzz = 6.42 · 1021 V m-2 and η = 0.33. The 

removal of the first two oxygen neighbors, in the oxygen octahedron surrounding the 

impurity causes an increase of Vzz with respect to the result without vacancies, while for the 

third neighbor as vacancy the differences are much smaller, but the differences are not very 

large in any case.  Of the three cases, the one with the lowest energy is where the first 

neighbor is removed (the second neighbor has approximately the same energy, only higher by 

16 meV per supercell), but the third one has a larger difference of 0.52 eV. Interestingly, the 

value obtained with the first oxygen neighbor removed is even closer to the experimental 

value observed, which also indicates this configuration as stable and present in the sample.  

111In(111Cd): SnO2 thin film 

Figure 2 (a) shows the TDPAC spectra measured at different temperatures using 111In(111Cd) 

as probe nuclei implanted into SnO2 thin films, including some of them already published in a 

previous work [12].  The data show a significant damping in the modulations of R(t) 

functions. Figure 2 (b) shows the corresponding hyperfine parameters plotted as a function of 

the measuring temperature.  
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Figure 2 (a) R(t) spectra obtained for SnO2 thin film using 111In(111Cd) after RTA. The three 

bottom spectra were previously published [12]. Dashed green lines are a guide to the eye for 

R(t) = -0.05; (b) – Graphic representation of corresponding hyperfine parameters as a 

function of temperature. Solid lines are a guide to the eye and the shaded rectangles define 

zones of different states of rutile. 

To help the discussion, the hyperfine parameters obtained for the sites 1 or 2 are 

distinguished by EFG1 and EFG 2, respectively.   

Table 2 – Comparison of experimentally and theoretically obtained hyperfine parameters for 

the SnO2. 

Zone state η Vzz 
(1021 V/m2)

η  Vzz  
(1021 V/m2) 

Ref 

  Experimental Theory  

   EFG1    
A  semi-charged 0.57 (2) 5.59 0.56 +5.93 [25] 
B In2O3 embryos 0.74 (3) 5.62 0.78(5) 5.39 [8] 
C In2O3 embryos 0.76 (2) 5.54 0.77(5) 5.27 [8] 

D 
relaxed (PCM 
model) 

0.89 (2) 5.53 0.95 -5.96 [25] 

E semi-charged 0.54 (3) 5.62 0.56 +5.93 [25] 
   EFG2    
A  charged 0.15(1) 4.82 0.14 +5.47 [25] 
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B charged 0.12(1) 4.93 0.14 +5.47 [25] 
C neutral 0.21(1) 4.47 0.26 +4.77 [25] 
D neutral 0.24(1) 4.37 0.26 +4.77 [25] 

E 
new structural 
reorganization 

0.18(1) 6.29    

 

In Table 2 the hyperfine parameters of the thin films are displayed for each zone of possible 

electronic structure of environment around the probe nuclei. By comparing our results with 

those from previous works [8-14, 25, 26], we could associate the temperature dependence of 

the hyperfine parameters with different charge states, small indium oxide precipitates, and 

oxygen vacancies. For comparison, on the Vzz calculation we used the old Q value of 

0.83(13) b [27], although the most recent value is 0.683(20) b [28].  

Static quadrupole interaction of site 1 

The EFG1 yields smaller asymmetry parameters than EFG2 in all zones. Near room 

temperature, zone A, our results are in agreement with the ab initio calculations for a semi-

charged rutile state. An increase of η in the zones B and C was observed. This effect is 

probably due to very small In2O3 precipitates that did not fully achieve the complete structure 

of the oxide [8]. In addition, the values are similar to those in a particular case of In2O3 oxide, 

when oxygen vacancies in the neighborhood of Cd impurities are induced by the valence 

difference with respect to the cation, as previously reported for Cd impurities in In2O3 oxide, 

Vzz = 5.83x1021 V/m2 and η = 0.72 [26]. In the zone D the maximum η-value is observed, 

approaching both values: for a relaxed rutile cell simulated using the Point Charge Model, 

PCM, and the experimental result at around 373 K [25]. Zone E is particular, because the 

temperature achieved is equal or higher than the one used for the RTA. The hyperfine 

parameters are close to the ones obtained in zone A. Since every measurement took 4 to 

12 hours, it is plausible to consider every step as a long thermal treatment. Especially under 

nitrogen or in vacuum, it is likely that this affects the stoichiometry and/or resistivity of the 

films [29].  There are two zones, in which a fraction inversion takes place, zone C and E. The 

frequency distribution achieves its minimal value in zones B and C, and in general EFG1 

presents higher δ values than EFG2.  

Static quadrupole interaction of site 2 
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The Vzz and η of EFG2 in zones A and B are quite similar and can be compared to the 

charged state of rutile. In contrast, in zones C and D the signal can be assigned as the neutral 

charge state [25]. Since the measurement temperatures in zone E are higher than during the 

RTA, which precedes the measurements, this site presents the higher Vzz values. This can be 

seen as evidence of an oxygen diffusion process and is associated with the creation of several 

oxygen vacancies, resulting in a structure change to SnO [9]. Then the local structure around 

the probes undergoes new reorganization during the several hour time scale of the TDPAC 

measurement. 

The electric field gradient is very sensitive to the charge state of the probe nucleus 

neighborhood. 111Cd and 117In have different valence states (+2 and +3, respectively) which 

may result in different charge states when they act as dopant in SnO2, where the cationic Sn 

has the valence state +4. Therefore, we expected different EFGs measured values by these 

two probe nuclei, as observed in the experiments and confirmed by first-principles 

calculations. When a dopant has a smaller valence state than that of the resident cation in 

oxides, oxygen vacancies are possibly favored [26] particularly when the annealing is carried 

out under low pressure atmosphere. Furthermore, Cd needs an additional electric charge 

regarding In and measurements are foreseen, in which 111In is co-implanted with 111mCd by 

overheating the transfer line of the ISOLDE target [30]. This would allow to study more 

closely the formation or trapping of defects such as oxygen vacancies as a function of the 

temperature.  

Conclusion 

For all samples, the In/Cd atoms were located at substitutional Sn sites. Regarding 

applications, whether Cd/In substitutes Sn in the SnO2 lattice is an important question and 

measurements of the electric field gradient via TDPAC technique provided useful 

information as a function of temperature. The In or Cd have lower charge and greater ionic 

radius than the host cation causing a displacement of the coordinating O ions away from the 

Sn site center. Therefore, the sizes of the adjacent interstitial sites decrease. For 111In the 

effective annealing atmospheres were vacuum, but air in the case for 117Cd. Even if that 

would play a role, decreasing oxygen vacancies and reducing the mobility of Cd atoms, the 

absence of strong damped spectra further indicates that implanted Cd atoms easily occupy 

regular substitutional Sn sites with good stability. This leaves open the possibility to achieve 

electrical doping via Cd/In ion implantation. But this is also a probable consequence of the 
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careful control of the sample production and characterization of the doping method using 

diluted ppm concentrations of the probing atoms. The simulations performed with the 117Cd 

probe near to one oxygen vacancy show that when the vacancy is closer to the probe, the Vzz 

is closer to the experimental value. Since there was no result with smaller Vzz, the second 

fraction remains unexplained. 

The present work cannot answer all the observed phenomenology for the metallic Cd and In 

atoms in SnO2, but it further presents the view of an ideally diluted method, TDPAC, 

providing clear results and a systematics that can be refined upon new experiments to be 

performed under different annealing and sample composition conditions and morphologies. 

In this view the technique opens interesting perspectives for studies on SnO2 nanotubes and 

profit from the possibility of simultaneous 111In and 111mCd implantation at ISOLDE [30].  
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