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Abstract— Mobility enhancement in sputter deposited tin oxide 

due to its isoelectronic doping by germanium (Ge) is investigated 

here by experiments, which was validated by DFT simulation. 

Ge doping (20 W Ge target power) increased hole mobility to 

4.81 cm2/V-s and electron to 16.86 cm2/V-s, which were 

attributed to higher orbital overlap between the Sn s and Ge s 

orbitals 
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I. INTRODUCTION  

High-mobility metal-oxide-based transparent conducting 
oxides (TCOs) are the suitable materials for thin-film 
transistors (TFTs) [1] and optoelectronic devices [2], and 
they have been characterized by their higher drive current 
besides their visible light transparency. The latter can be 
realized due to wider bandgap of the TCOs. The oxides of tin 
especially its dioxide (SnO2) is a well-known TCO which had 
been demonstrated in the past to behaving as a n-type material 
[3]. However, monoxide phase of the tin oxide (SnO) which 
exhibits p-type character remained underdeveloped to some 
extent partly because of instability of the SnO and 
significantly lower hole mobility exhibited by the monoxide 
of tin [4].  
Enhancement of electron and hole mobilities in tin oxide was 
demonstrated in the past due to dopant incorporation 
accounting its atomic radii [5] and suitable enthalpy of oxide 
formation within the sub-lattice of the tin oxide [6]. However, 
bipolarity due to the same isoelectronic dopant, which is 
essential for the development of high mobility 
complementary p-and n-FETs, was never explored for the tin 
oxide as could have been suitable for the development of 
TFTs for CMOS and displays; yet, p- and n-character of the 
tin oxide were investigated for its relatively unstable undoped 
SnO [7] and stable (undoped and doped) SnO2 [8] - [9].  
The impact of isoelectronic doping in tin oxide by germanium 
(Ge) has been investigated here by experiments and DFT 
simulation, while Ge belongs to same group in the periodic 
table as tin (group - IV). Isoelectronic doping by Ge was 
shown to impact compressive strain in lattice leading to 
increased orbital overlaps between Sn 5s and Ge 5s, which 
were responsible for mobility increase of both carrier types.  

II.  MATERIAL DEPOSITION RECIPES 

Ge doped tin oxide films were deposited on sapphire using RF 
co-sputtering and by using 99.99% pure germanium (Ge) and 

tin (Sn) targets. The power for the sputtering Sn target was 
fixed at 100 W, while variable power was used for the Ge 
target (from 0 to 20 W)-based on Ge atomic % needed in the 
films. The optimal p-type SnOx:Ge [� = 1.17 – 1.42 based on 
XPS] was deposited due to O2 flow rate [O2/(O2+Ar)] of 
4.33%, while n-type SnO2:Ge was obtained for O2/(O2+Ar) = 
12%. As-deposited films were annealed (post deposition 
anneal- PDA) in nitrogen (N2) at 450°C for 1 hour. PDA films 

 

Fig.1. Measured XRD from post deposition annealed (PDA) p-type SnOx:Ge 
deposited with different Ge target power (labelled - Ge: target power) [(i) 
Ge:0W (undoped) (ii) Ge:10W and (iii) Ge:20W] 
 

 
 

Fig.2. Measured XRD from post deposition annealed (PDA) n-type SnO2:Ge 
deposited with different Ge target power (labelled - Ge: target power) [(i) 
Ge:0W (undoped) (ii) Ge:10W and (iii) Ge:20W] 
 



were designated as Ge:0W, Ge:10W, and Ge:20W, based on 
the Ge target power that had been employed at the time of 
sputtering.  

III.  RESULTS AND VALIDATION BY DFT SIMULATION  

Fig. 1 shows the XRD of SnOx:Ge for different Ge power, 
demonstrating (101), (002), (102), (200), and (211) crystal 
planes of SnO. Higher Ge doping (Ge:20W) broadened 
FWHM of some SnO peaks which could be due to GeO2 
phase.  For the optimized O2/(O2+Ar) = 12% we instead 
observed a dioxide phase of the tin (SnO2:Ge), and the 
respective XRD (Fig. 2) shows prominence of (110), (101), 
(220), (211), (310), (301), and (321) crystal planes of 
tetragonal SnO2. The isoelectronic dopant effect by the Ge 
(i.e., same valency of dopant and substitutional site) was 
assessed via the XPS. Spectroscopic peak deconvolution of Sn 
3d into Sn0, Sn+2 and Sn+4 (Fig. 3) shows a significant decrease 
of Sn+2 (from 82–67.07%) versus Ge power for [O2/(O2+Ar)] 
= 4.33%, while a decrease in Sn+4 is observed (from 73.5–
60.8% - Fig. 4) for O2/(O2+Ar) = 12% showing Ge+2 
substitution for the former and Ge+4 substitution for the latter 
recipe to the respective tin vacant sites of same valencies. Tin 

vacant sites could be created due to lower formation enthalpies 
of SnO (-281 kJ/mol) and SnO2 (-531.8 kJ/mol) and they could 
dissociate during PDA leaving behind tin vacant sites and Sn+2 
or Sn+4 cations at the interstitials. Increases of Sn0 were 
observed versus Ge power for both the [O2/(O2+Ar)] recipes 
(Figs. 3 - 4) representing a reduction mechanism at the 
interstitial sites by the electrons that were resulted by Ge 
atoms ionizing to either Ge+2 or Ge+4.  

Further deconvolution of Ge 3d spectroscopic peaks into the 

possible oxidation states (least χ2 fits) corroborates our 
hypothesis since Ge+2 was found to be significantly increasing 
(Fig. 3) for [O2/(O2+Ar)] = 4.33%, and on the other hand Ge+4 
was found to be increasing for [O2/(O2+Ar)] = 12% (Fig. 4). 
The presence of SnO2 for [O2/(O2+Ar)] = 12 % and SnO for 
[O2/(O2+Ar)] = 4.33% corroborates as to n- and p-type 
characters of the films which was further validated through the 
Hall measurements (Fig. 5(a)-(b)). Remarkably, Hall mobility 
(μH) was increased due to Ge doping for both the cases. 
However, concentrations of n and p showed a reverse trend 
(Fig. 5). Electron concentration reduces with Ge doping due 
to higher formation enthalpy of stable GeO2 (-580 kJ/mol) 
than SnO2 (-531.8 kJ/mol) which does not allow O2 to leave 
the lattice site for the oxygen vacancy (donor site) formation. 
Fermi energy level (EF) versus Ge doping for the SnOx:Ge 

 

Fig. 3. Measured Sn 3d XPS from p-type SnOx:Ge films fitted into Sn4+ 
(~486.6 and 495.9 eV), Sn2+ (~485.9 and 494.8 eV), and Sn0 (~484.8 and 
493.9 eV) spectroscopic peaks (a) Ge:0W (b) Ge:10W,  and (c) Ge:20W. 
XPS of Ge 3d from SnOx:Ge films further deconvolved into Ge2+ (~31.40 
eV), Ge3+ (~32.20 eV) and Ge4+ (~32.80 eV) (d) Ge:10W, and  (e) Ge:20W 
 

 

Fig.6. UV-photoemission spectroscopy (UV-PES) and UV-visible 
spectroscopy assessed energy band diagrams of SnOx:Ge showing 
conduction band (CB), EG, and valance band (VB) maximum and the work 
function with respect to the reference vacuum level (EVL). Energy offsets 
between the Fermi energy level (EF) and VBM are shown (a) Ge:0W, (b) 
Ge:10W and (c) Ge:20W 
 

 
 

Fig.7. UV-photoemission spectroscopy (UV-PES) and UV-visible 
spectroscopy assessed energy band diagrams of SnO2:Ge showing 
conduction band (CB), EG, and valance band (VB) maximum and the work 
function with respect to the reference vacuum level (EVL). Energy offsets 
between the Fermi energy level (EF) and CBM are shown (a) Ge:0W, (b) 
Ge:10W and (c) Ge:20W 
 

 
 

Fig. 4. Measured Sn 3d XPS from n-type SnO2:Ge films deconvolved into 
Sn4+ (~486.9 and 496.1 eV), Sn2+ (~486.6 and 495.7 eV), and Sn0 (~485.8 
and 494.8 eV) spectroscopic peaks (a) Ge:0W (b) Ge:10W  and (c) Ge:20W. 
Deconvolved Ge 3d from SnO2:Ge films into Ge0 (~29.78 eV), Ge2+ (~31.39
eV) and Ge4+ (~32.50 eV) (d) Ge:10W, and  (e) Ge:20W 
 

 

Fig. 5. Measured Hall mobility (μH) and carrier concentration (p: hole, n: 
electron) versus the Ge target power (a) p-SnOx:Ge  and (b) n-SnO2:Ge 



films (Fig. 6) was measured by UV-PES and EF was found to 
be nearer the VBM as contrary to how EF behaves in SnO2:Ge 
films (EF moves away from the CBM – see, Fig. 7).  

Especially for the interpretation of μH increase for both the 

carrier types versus Ge doping DFT simulations (Synopsis - 
QuantumATK®) were conducted for both SnOx:Ge and 
SnO2:Ge films. SnO (space group P4/nmm) and tetragonal 
SnO2 (space group P2/mnm) were simulated, and relative Ge 
doping to experiment (assessed by XPS signals measured on 
the PDA films) was introduced by substituting the Sn atoms. 
The unit cells of SnO and SnO2 were designed with (a=b=3.89 
Å and a=b=4.76 Å respectively) and c/a ratio were 1.271 and 
0.674 respectively. Their molecular structures with 3×3×2 
repetition (Figs. 8 - 9) were then optimized and simulated 

using a linear combination of atomic orbitals (LCAO) 
calculator. Perdew–Burke–Ernzerhof (PBE) exchange-
correlation, generalized gradient approximation (GGA), and 
pseudo potential method [projector-augmented wave (PAW)]. 
The density mesh cut-off in LCAO was set to 125 Hartree with 
broadening parameter of 300K for SnOx:Ge, and 1000K for 

SnO2:Ge respectively and 7×7×1 sampling grid was taken. 
Both indirect and direct band edges were found for the 
SnOx:Ge. However, direct band at the Γ-point was found to be 
better aggregable with the optical bandgap (EG) values that 
were determined by the UV-Vis spectroscopy performed on 
the PDA SnO2:Ge films (not shown). Fig. 10 (a) – (c) and Fig. 
11 (a) – (c) show DFT simulated orbital contributions to the 
partial density of states (PDOS) of SnOx:Ge and SnO2:Ge 
respectively. Earlier it was reported that Sn 5s and O 2p 
orbitals in SnO [10] and Sn 5s and O 2s orbital in SnO2 have 
their dominant roles to the respective p and n type characters 
[11]. While both Sn 5s and O 2p were found to contribute to 
the valance corroborating p-type character of SnOx:Ge, yet Sn 
5s was found to be outweighing to make the conduction band 
structure of SnO2:Ge.  We could not find a substantial role for 
O 2s in this regard.  

Table – I shows DFT simulated electron (me
*) and hole 

effective masses (mh
*) and both were found to be reducing 

with higher Ge doping. mh
* was found to be varying along the 

Γ→X, Γ→R and Γ→Z valleys in the E-k of the SnOx:Ge. 
Thus, it was taken at Γ→Z where EG was simulated to be the 
lowest, although EG did not exactly match with the 
experiments. It could be due to error in the estimation by 
gradient approximation which was involved for DFT. me

* was 
rather determined at the Γ-point for SnO2:Ge since its 
measured EG was found to be well correlated at the 
corresponding k-point. Note that, by default, QuantumATK® 
uses a 5-point finite difference (FD)-based central stencil with 
a distance of 0.001 Å-1 between the each k-point while 
approximating the double derivative for m* calculation.  

The decrease of effective masses of both the carrier types led 
to an increase of their mobilities, and Ge doping 

 

Fig. 8. Optimized geometric crystal structure with GGA correlation 
functional at 3 × 3 × 2 supercell of p-type SnOx:Ge (a) Ge:0W, (b) Ge:10W, 
and (c) Ge:20W 
 

 
 

Fig. 9. Optimized geometric crystal structure with GGA correlation 
functional at 3 × 3 × 2 supercell of n-type SnO2:Ge (a) Ge:0W, (b) Ge:10W, 
and (c) Ge:20W 
 

 
 

Fig. 10.  (a)- (c) QuantumATK® simulated partial density of states (PDOS) 
of Sn 5s, Sn 5p and O 2p for p-type SnOx:Ge for different Ge target power 
 

 

Fig. 11.  (a)- (c) QuantumATK® simulated partial density of states (PDOS) 
of Sn 5s, Sn 5p and O 2p for n-type SnO2:Ge for different Ge target power 
 

 
Table - I. DFT simulated effective masses of hole (mh

* for SnOx:Ge) and 
electron (me

* for SnO2:Ge) 
 

 

Fig. 12. QuantumATK® simulated partial density of states (PDOS) of Sn s, 
Ge s, and their overlap (scalar product) in energy (Sn s.Ge s) for p-type 
SnOx:Ge; (a)–(c) Ge:10W and (d)–(f) Ge:20W 
 



unequivocally had a role in it. DFT simulated PDOS of Sn s 
and Ge s while plotted in expanded scales for the optimized 
SnOx:Ge (Fig. 12) and SnO2:Ge (Fig. 13) show their increased 
overlaps (Sn s. Ge s) near the VBM and CBM respectively, 
and it explains the rationale of such mobility increase with Ge 
doping. Higher orbital overlap (Sn s. Ge s) could be resulted 
due to increased compressive strain in the tin oxide host lattice 

because of the Ge doping [12], which was determined from 
the WH fitting of the XRD data as were obtained for both the 
doping recipes (SnOx:Ge and SnO2:Ge) [not shown here]. 
Earlier it was claimed but in a different context of hole 
mobility increase by O2 partial pressure control at the time of 
SnO deposition that increased tin in the host lattice could be 
helpful especially for mobility increase of the holes because 
of orbital delocalization near the VBM [13]. For both the 
recipes tin (Sn0) was found to be increasing because of 
possible reduction mechanism at the interstitial sites as we 
discussed earlier with the context of XPS data (Figs. 3 – 4). 
Hence, principally it could also have a role for the observed 
hole mobility increase with Ge doping.  

IV. CONCLUSION  

Isoelectronic Ge doping in SnOx and SnO2 sizably increases 
orbital overlap between the Sn s and Ge s remarkably 
impacting hole and electron mobilities in the Ge doped tin 
oxide films. The proposed doping recipes were optimized and 
their favorable process impact on the carrier mobilities was 
further validated by comprehensive set of experiments and 
related DFT simulation.  
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Fig. 13. QuantumATK® simulated partial density of states (PDOS) of Sn s, 
Ge s, and their overlap (scalar product) in energy (Sn s.Ge s) for n-type 
SnO2:Ge; (a)–(c) Ge:10W and (d)–(f) Ge:20W 
 


