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Abstract 

The excitation process of rare-earth ions in oxide semiconductors for opti-
cal emission is thought to be related to defect levels within the band-gap of 
the host material. In order to improve understanding of the role defect le-
vels play in the energy transfer process, junction spectroscopy techniques 
can be used to investigate the electrically active emission centres. It has 
been reported that TiO2 is sensitive to humidity at low temperatures, such 
as those employed when conducting junction spectroscopy measurements. 
However, there are not many discussions how to prevent this effect and to 
improve the quality of measurements. After optimization of samples such as 
fabrication of flat surface and encupsulant for preventing external effect, 
temperature dependent-capacitance measurements (C-T) were carried out 
to characterise shallow traps formed within TiO2 band-gap. TiO2 and Sm- 
doped TiO2 thin films were deposited on SrTiO3(100) templates by laser 
ablaton and rectifying Ruthenium Oxide Schottky diodes deposited on the 
TiO2 surface by laser ablation. A Sm or Sm-related shallow trap was ob-
served in the Arrhenius plot of TiO2:Sm. In this paper, we show the opti-
mized sample fabrication/preparation process that stabilizes the junction 
spectroscopy measurements, even in the presence of humidity and we 
present initial results obtained on samples using these optimized processing 
techniques.  
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1. Introduction 

Rare-earth (RE)-doped wide band-gap semiconductors exhibit sharp and intense 
emission covering a wide (visible to near-IR) spectral range [1] [2] [3] [4] [5]. 
The direct (resonant) absorption cross-section of RE ions tends to be very small 
(and the resulting emission relatively weak) but (orders of magnitude more) in-
tense emission can result when the RE ions are indirectly excited, via the host 
material. The 4f electronic-dipole transition in RE ions is generally forbidden, with 
very weak (oscillator strength, f < 10−6) magnetic-dipole, and electric-quadrupole, 
type transitions [6] [7]. The spin-orbit interaction lowers the degeneracy of the 
RE ions to the order of 103 cm−1 and splits the (2S+1)L-terms into multiplets, where 
S is spin and L is orbital momenta. Each multiplet is many-fold degenerate, the 
lowering of which results from external effects such as local (crystal) electric or 
magnetic fields.  

It is thought that this improvement in emission intensity is the result of defect 
levels, within the band-gap of the host material, introduced by, and/or strongly 
coupled to, the RE species within the host crystal lattice [8]. In order to improve 
our understanding of the role that these energetically deep defect levels play in 
the energy transfer process, junction techniques, such as deep level transient 
spectroscopy (DLTS) and admittance spectroscopy can be used to investigate 
how such levels interact with the emission centres [9]-[14]. In order to do this, it 
is essential to fabricate either p-n or Schottky-type junctions with good rectifica-
tion/low leakage currents [15] [16] [17] [18]. In addition, especially for semi- 
insulating materials such as Titania (TiO2) sample quality (e.g. grain boundaries) 
and conductivity is key to improving practical devices [19]. In this paper, TiO2 is 
selected as a host material for Samarium (Sm), one of the rare-earths exhibiting 
red and infrared emission.  

To this end, here we report C-T analysis, evaluating sample quality with re-
spect to shallow defects in Sm-doped TiO2 thin films. Specifics of the device be-
haviour when cycling the sample temperature and vacuum pressures are dis-
cussed and further ways to optimize device quality/improve device longevity and 
stability under these conditions is also considered. 

2. Experimental 

Anatase-phase TiO2 thin films with and without Sm2O3 (1.0 wt%) were fabri-
cated on SrTiO3(100) substrates (7 - 10 × 10−2 Ω∙cm) by laser ablation. Note that 
SrTiO3 substrate was used as the backside Ohmic contact for the samples. The 
growth rate during deposition was carefully controlled by maintaining a tar-
get-substrate gap between 45 and 60 mm, which we have found previously to be 
optimum. A ceramic target was ablated by the third harmonic line of a neody-
mium yttrium aluminium garnet (Nd:YAG) laser (355 nm) with a laser fluence 
of 1 J/cm2. The atomic density of Sm dopant in the target was calculated to be 1.1 
× 1020 cm−3 and the thickness of the resulting thin films was approximately 900 
nm. Sample growth is also determined by oxygen pressure in the chamber, 
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which we have previously determined to be optimum at 1.5 × 10−2 Torr. Detailed 
information regarding the influence of oxygen pressure on TiO2 crystal struc-
ture/quality was reported elsewhere [20]. The fabricated samples were annealed 
at 500˚C for 1 h in an O2 atmosphere in order to activate the Sm3+ ions and in-
duce the formation of nanometer-sized TiO2 crystals. The Schottky barrier dio-
des (1 mm in diameter) were formed on the TiO2:Sm/SrTiO3 samples by laser 
ablating RuO2. Note that RuO2 was selected for forming the rectifying junction 
in n-type TiO2/TiO2:Sm because of its large work function, crystal (rutile) struc-
ture and thermal resistivity [21] [22]. 

Structural characterization was determined by x-ray diffraction (XRD), which 
confirmed that the samples were anatase-phase. Also, crystalline grain size was 
derived from a Scherrer analysis of the XRD peak width. Morphological (imag-
ing) analysis was carried out with a SUPRA40, Carl Zeiss Scanning electron mi-
croscope (SEM). Current-Voltage (I-V) characteristics were evaluated using a 
4140B pA meter/DC voltage source (HP). Capacitance-Temperature (C-T) mea-
surements were conducted using a 4192A LF Impedance Analyzer (HP), in order 
to evaluate the shallow defect levels formed in the TiO2 host. During these mea-
surements, a fixed reverse bias voltage of 0.25 V was used throughout. 

3. Result and Discussion 
3.1. Optimization of Sample Fabrication/Preparation Process for  

Junction Spectroscopy 

Figure 1(a) shows the surface morphology (via SEM) of TiO2:Sm sample fabri-
cated using a target-substrate distance of 45 mm. Droplets with a large range of 
sizes (from sub-100 to ~800 nm) can be seen in the image. For the sample fabri-
cated with the larger target-substrate distance of 60 mm, the slower growth rate 
helps achieve a smoother surface morphology. A smaller number of these drop-
lets is apparent on TiO2:Sm sample prepared with 60 mm separation compared 
to the sample fabricated with 45 mm separation as shown in Figure 1(b). It is 
suggested that the reduction of these droplets is caused by the lower kinetic 
energy arising from the slower growth rate when the target-substrate distance is 
larger [23] [24]. Crystalline grain size of these samples is derived from a Scherrer 
analysis of the full width at half maximum (FWHM) of XRD peaks. “Grain size” 
of the sample prepared with 60 mm separation was approximately 55 nm, whe-
reas the grain size was about 40 nm for the fabricated with 45 mm separation 
sample. This suggests that the sample fabricated with 60 mm separation has 
many pure TiO2 and Sm2O3 crystals which can be grown larger by annealing. On 
the other hand, the sample prepared with 45 mm separation, the thin film has 
droplets, clusters, and pure crystals. The droplets and clusters are not able to 
grow with heating so that its grain size was smaller than the sample prepared 
with longer separation. Larger grain size attributes to decrease in band-gap 
energy and resistivity due to reduced scattering centers at the grain boundaries 
[25] [26]. The films fabricated with 60 mm separation (and fewer droplets) were  
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Figure 1. SEM images of TiO2:Sm samples fabricated with the target-substrate distance d 
= (a) 45 mm and (b) 60 mm. 
 
also found to exhibit improved I-V and C-V characteristics, although, in spite of 
this, they were still found to be relatively unstable at low temperature.  

The sample showed reasonably small leakage current of 4.51 × 10−5 A at −2 V 
for junction spectroscopy measurements. Then, the cryostat was pumped up and 
cooled down to 100 K for obtaining I-V characteristics of the sample at low 
temperature. The rectifying Schottky junction disappears at low temperature 
which is more likely the Ohmic junction characteristic. This unstable electrical 
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property occurs every time samples are in a cooled cryostat. The exact cause of 
this remains uncertain but we suspect, (as a result of the sensitivity of TiO2 to 
humidity; TiO2 has been applied to hydrogen-related devices such as photocata-
lysis and hydrogen sensors because of its high sensitivity to humidity [27] [28] 
[29]) this is the result of humidity, which can lead to the formation of shallow 
surface states. This can cause dificulties, even when carrying out measurements 
at low temperature. Komuro et al. reported that the broad PL peak at 530 nm 
from TiO2:Er2O3 was observed at low temperature and suppressed luminescence 
from Er3+ ions which induced by both the H2O adsorption and the reduction 
process of TiO2 to Ti2O3 by UV illumination [30]. Also, authors noted careful 
protection of the sample surface against humidity and UV exposure was essen-
tial to avoid electrical degradation. To prevent these effects, the samples were 
encapsulated with dried photoresist. The samples with positive resist were irra-
diated by a Xe lamp through a mask with 1.0 mm diameter circles. Then, Au 
thin films were manufactured using thermal evaporation on the samples. The 
samples were washed in organic solvent for a lift-off process on Au thin films. 
Finally, for making electrode contacts, the samples with negative resist were il-
luminated by a Xe lamp through a mask with 0.5 mm diameter circles. With en-
capsulant, IV characteristic of the rectifying Schottky junction is preserved at low 
temperature. This process worked well for producing “low temperature-resistant” 
(stable) samples.  

3.2. Temperature Dependent-Capacitance Measurements for  
Estimation of Shallow Traps 

Figure 2(a) demonstrates temperature-dependent capacitance (C-T) of TiO2 
sample with photoresist coating at −0.25 V in the temperature range 150 to 400 
K. Capacitance increased from 128 to 240 pF with increasing temperature. Al-
though the data appears to indicate a broad peak, further increases in tempera-
ture were not possible to confirm this. In contrast, a broad peak around 350 K 
was observed in the C-T data for Sm-doped TiO2 as illustrated in Figure 2(b). 
Note that an anomalous point around 325 K is a fluctuation during the mea-
surement and it is not related to any defect states. TiO2:Sm sample exhibited a 
much larger capacitance, also with an approximate factor 2 increase, from 360 to 
700 pF with increasing temperature. This result indicates that doping Sm in-
creased the carrier concentration in the TiO2. The broad peak at 350 K for 
TiO2:Sm suggests the presence of an energetically shallow defect level is induced 
by the presence of Sm in TiO2. 

C-T curves of Figure 3(a) TiO2 and Figure 3(b) TiO2:Sm were replotted as an 
Arrhenius plot, (lnC against 1/kT) in order to evaluate the shallow levels formed 
in TiO2 host and demonstrated in Figure 3. This slope(s) associated with this 
data indicates the presence of several shallow donor activation levels for both 
samples. However, the presence of an inverted slope for the TiO2:Sm sample, 
especially given the applied bias, possibly indicates charge carrier type reversal in 
otherwise n-type TiO2, suggestive of the presence of a shallow acceptor level  
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(a) 

 
(b) 

Figure 2. Temperature dependence of capacitance of (a) TiO2 and (b) TiO2:Sm thin films 
in the temperature range 150 - 400 K with fixed bias voltage of −0.25 V. 
 
formed in this sample. Activation energies, determined from the fitting of these 
slopes are shown in Table 1. From the Arrhenius data, the activation energy of 
the shallow acceptor level which is described as “Highest T” in Figure 3(b), E1 of 
TiO2:Sm has been determined to be 0.039 ± 0.009 eV. From the range of “High 
T“, in Figure 3(a) and Figure 3(b), E1 of TiO2 and E2 of TiO2:Sm are evaluated 
as 0.035 ± 0.002 eV and 0.041 ± 0.001 eV. Finally, in the “Low T” range, E2 of 
TiO2 and E3 of TiO2:Sm are determined as 0.0047 ± 0.0018 eV and 0.0055 ± 
0.0045 eV. These results suggest that there is existence of couple of shallow do-
nor levels formed around 33 to 42 meV and 3.0 to 10 meV in TiO2 and TiO2:Sm 
samples. Also it is suggestive that the positive gradient shown in Figure 3(b) is a 
shallow acceptor level formed around 30 to 48 meV in TiO2:Sm. 
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(a) 

 
(b) 

Figure 3. C-T Arrhenius plots of ln(C) against 1/kT (a) TiO2 and (b) TiO2:Sm. 
 
Table 1. Activation energy calculated from Arrhenius data of TiO2 and TiO2:Sm. 

TiO2 EA (meV) TiO2:Sm EA (meV) 

E1 35.4 ± 2.3 E1 39.3 ± 9.1 

E2 4.72 ± 0.18 E2 41.5 ± 1.2 

 - E3 5.46 ± 0.45 

4. Conclusions 

Anatase-TiO2:Sm thin films were fabricated on SrTiO3(100) using laser ablation 
with two different target-substrate distances, 45 mm and 60 mm. The morphol-
ogy of TiO2:Sm samples were observed by SEM. Samples with 60 mm separation 
showed less droplets and clusters on the surface than those with d = 45 mm, 
which was also correlated with improved electronic properties. The room tem-
perature I-V characteristics of the rectifying Schottky junction appear to become 
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more Ohmic-like as the temperature is decreased. It has been reported that TiO2 
is sensitive to hydrogen at lower temperatures, however enough discussions have 
not been done especially about contacts and fabrication process for electrical 
measurements. Encapsulation of samples with photoresist was found to stabilize 
the TiO2 at lower temperatures. This makes TiO2 junction spectroscopy possible 
for these samples and the data obtained reproducible. 

Temperature dependent-capacitance (C-T) measurements were carried out in 
the range 150 - 400 K with fixed bias voltage of −0.25 V. The C-T curve of the 
TiO2:Sm sample revealed a broad peak around 350 K, whereas for TiO2, a gentle 
slope was observed. C-T data were converted to Arrhenius plots, (ln(C) against 
1/kT) to determine the activation energy of traps. One acceptor or compensating 
level and 2 donor levels were observed in the Sm-doped sample, with activation 
energies of 39.3 ± 9.1, 41.5 ± 1.2, 5.46 ± 0.45 meV, respectively. In the Sm free 
TiO2 sample, just 2 donor levels were observed, with activation energies of 35.4 ± 
2.3 and 4.72 ± 0.18 meV. It can be assumed that doping Sm formed shallow ac-
ceptor or possibly compensating trap in TiO2 host. 

In this paper, we showed how to optimize the sample fabrication process to 
stabilize TiO2 at lower temperatures, facilitating junction spectroscopy mea-
surements to prevent degradation by hydrogen. This has allowed us to discern 
subtle differences in the electronic properties of charge carrier traps, as a result 
of doping TiO2 with Sm. Doping with Sm appears to introduce a shallow accep-
tor level, which was not observed in the undoped TiO2.  
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