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Abstract Undoped and Erbium-doped TiO, thin films
(Er:TiO, TFs) were fabricated on the n-type Si substrate
using physical vapour deposition technique. Field emission
scanning electron microscope showed the morphological
change in the structure of Er:TiO, TF as compared to
undoped sample. Energy dispersive X-ray spectroscopy
(EDX) confirmed the Er doping in the TiO, thin film (TF).
The XRD and Raman spectrum showed the presence of
anatase phase TiO, and Er,O; in the Er:TiO, TF. The
Raman scattering depicted additional number of vibrational
modes for Er:TiO, TF due to the presence of Er as com-
pared to the undoped TiO, TF. The UV-Vis absorption
measurement showed that Er:TiO, TF had approximately
1.2 times more absorption over the undoped TiO, TF in the
range of 300—400 nm. The main band transition, i.e., the
transition between the oxygen (2p) state and the Ti (3d)
state was obtained at ~3.0 eV for undoped TiO, and at
~3.2 eV for Er:TiO, TF, respectively. The photo respon-
sivity measurement was done on both the detectors, where
Er:TiO, TF detector showed better detectivity (DY), noise
equivalent power and temporal response as compared to
undoped detector under ultra-violet illumination.

< Aniruddha Mondal
aniruddhamo @ gmail.com

Department of Electronics and Communication Engineering,
National Institute of Technology Nagaland, Dimapur 797103,
India

Department of Physics, National Institute of Technology
Durgapur, Durgapur 713209, India

1 Introduction

In recent years, UV photodetectors have been studied for a
wide range of applications in the field related to military
applications such as flame detection [1] and other appli-
cations like optical communication [2] and astronomical
studies [3]. Previously, silicon photodiodes were used for
UV photodetection but it failed to detect UV light with
high sensitivity [4]. To overcome these limitations, wide
band gap materials was studied such as SiC [5, 6], III-
nitrides like GaN [7, 8], AlGaN [9] and most of the II-VI
compounds like ZnO [10, 11] and metal oxides like TiO,
and In,O3 [12, 13]. But the UV detectors fabricated by the
oxide materials are detecting both UV light as well as
visible light due to the presence of oxygen-related defects
[14]. Therefore, the responsivity in the UV region has been
decreased for such materials. TiO, is a wide band gap
semiconductor available in the form of Rutile (3 eV),
Brookite (3.13 eV) and Anatase (3.21 eV) as reported by
Coronado et al. [15]. It is used for various applications in
solar cell [16], biosensors [17], photocatalysis [18], cancer
therapy [19, 20] and UV detectors [21, 22]. For anatase
TiO,, the conduction band is mainly made from the
unoccupied Ti 3d states. Morgan and Watson [23] reported
that the O vacancy produced a single gap-state peak 1.5 eV
below the conduction band minimum for an anatase TiO,
which was due to the excess electrons occupied by the two
Ti 3d orbitals, where one of these occupied Ti sites was
near the vacancy and the second was present at the next
nearest Ti position. Split vacancy geometry was obtained
when oxygen from the nearest Ti sites moved towards this
vacancy. The authors further showed that the oxygen defect
reduces the optical band gap due to the d-d splitting
between the unoccupied and occupied Ti 3d states making
it susceptible to the visible light detection. To remove the
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oxygen defects and improve detectivity in the UV region,
TiO, has been doped with suitable elements. Rare earth
elements are studied extensively due to its optical proper-
ties. Er is one such rare earth element which has been
studied mainly for its upconversion properties [24, 25] and
in various applications such as Er-doped fiber amplifier
(EDFA) [26], lasers [27] and LEDs [28]. Recently, it has
been reported that the Er doping in In,O3 enhances the
band gap, UV sensitivity and removes the oxygen defect
simultaneously [29]. But there is no single report on the
Er:TiO, for the enhancement of UV detection sensitivity.

In this paper, we have reported the fabrication of
undoped and Er:TiO, TFs on Si substrate by electron beam
evaporator technique. The structural morphology of both
the TFs was studied using field emission scanning electron
microscope (FESEM) and energy dispersive X-ray spec-
troscopy (EDX) confirmed the doping of Er into the TiO,
lattice. The optical measurements showed the improvement
in UV light absorption for Er:TiO, as compared to the
undoped TiO, TF. Further, electrical measurements were
done on Si/TiO, TF/Au and Si/Er:TiO, TF/Au detectors
and showed improved detector characteristics and param-
eters for the latter case under UV illumination.

2 Experimental details

2.1 Synthesis of TiO, and Er:TiO, TFs and optical
detector

The TiO, and Er:TiO, TFs were deposited using e-beam
evaporation system (BC-300, HHV, India). The Er:TiO,
pellets were prepared by mixing one-third of Er,Oj
(99.995% purity, Equipment support company, USA) with
two-third of TiO, (99.995% purity, Equipment support
company, USA) with polyvinyl alcohol and hydraulic
pressed for 15 min. The silicon substrates were cleaned by
RCA method. The e-beam evaporation technique was used
to deposit 50-nm thick TiO, and Er:TiO, TFs on two
separate n-type silicon substrate at a constant rate of
evaporation of material ~0.12 nm s~' and the base pres-
sure of nearly 6.5 x 10~° mbar. The rate of deposition and
the thickness are monitored by the digital thickness mon-
itor (DTM) crystal present in the e-beam chamber. The as-
deposited samples were then annealed in muffle furnace
(KL-1500X, MTT Corporation) at 500 °C for 1 h. To fab-
ricate the detectors, Au contacts were deposited on the top
of undoped TiO, and Er:TiO, TFs. The Au material on the
TFs was deposited through aluminum mask hole of diam-
eter around 1 mm.

The FESEM (Carl Zeiss, sigma), EDX (ZEISS EVO-
MA10) and X-Ray diffraction (Rigaku Ultima IV; using Cu
Ko radiation) were done on the samples. The optical
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absorption measurement was performed on the samples by
a UV-Visible-Near-infrared spectrophotometer (Lambda
950, Perkin Elmer) using specular reflection method. The
vibrational modes of the system were investigated using
triple Raman Spectrometer (T64000, J-Y Horiba) using
Ar™ laser of 532 nm excitation wavelength. The current
(I)—voltage (V) characteristics and photocurrent spectrum
of the TiO, TF-based detector were investigated using a
Keithley 2401 source-measure unit and 300 W Xenon arc
lamp (650-0047) through a monochromator (Sciencetech
Inc., Canada).

3 Results and discussion
3.1 Structural and Raman analysis
3.1.1 FESEM, EDX and XRD analysis

Figure la, b shows the top view of FESEM image of
undoped and Er:TiO, film, respectively. It is observed that
the grain boundaries are well defined in case of undoped
TiO, TF but are broken when the TiO, is doped with Er.
This shows that the Er doping affected the morphology of
the pure TiO, material. The similar effects also have been
observed for the case of In-doped TiO, TF prepared by
e-beam evaporation technique [30].

Figure 1c shows the EDX spectrum of the undoped and
Er:TiO,. The undoped sample shows the presence of tita-
nium (Ti), oxygen (O,) silicon (Si), whereas Er:TiO,
sample, shows the presence of Er along with Ti, O, and Si.
The fact confirms the doping of TiO, with Er. Figure 2
shows the XRD pattern of the both undoped and Er:TiO,
thin film. In undoped sample the diffraction from Anatase
phase (101), (221), (105), (211), (215) [JCPDS 89-4921]
and (114), (204) [JCPDS 89-4203] of TiO, and in Er:TiO,
sample peaks for Er,O5 (024) [JCPDS 77-0777] and (156)
[JCPDS 77-0462] along with the TiO, peak is also
observed. Similar presence of Er,O; in XRD was also
observed by Bender et al. [31] for Er:TiO, nanostructures.
They reported the presence of Er,Ti,O; (ETO) too which
was prominent only for high amount of doping which was
not observed in our work due to less doping concentration
of Er. The grain size for both the undoped TiO, and
Er:TiO, films were calculated from XRD peaks using
Scherrer formula [32] given by Eq. (1):

K.
~ BcosO

(1)

where D is the grain size, K is the Scherrer constant (0.9), 1
is the wavelength of the X-ray (1.54 A) and f is the full
width half maximum (FWHM) of the spectrum taken in
radians.
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Fig. 1 Top view FESEM
images of a undoped TiO, TF,
b Er:TiO, TF and ¢ EDX
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Fig. 2 XRD patterns of undoped and Er:TiO, TFs on Silicon
substrate

The average grain size was observed to be around 22 nm
for undoped TiO, which reduced to 18 nm for Er:TiO,. For
(101) anatase plane it decreased from 18 nm for undoped
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FESEM: Er doped TiO,
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TiO, to 15 nm for Er:TiO,. This reduced grain size was
attributed to the disorder caused as a result of the substi-
tution of Er’" ions (0.0881 nm) in the Ti*" (0.0605 nm)
[33]. This verifies the doping of the TiO, film with Er.

3.1.2 Raman analysis

Figure 3 shows the Raman spectrum of the Er doped and
undoped TiO, samples. The Raman spectrum of undoped
sample shows the peaks at 143, 300, 512 and 635 cm ™.
The high intense peak at the 143 cm™' and the low intense
peak at the 635 cm™" are recognized to be close to the E,
modes of 144 and 639 cm ™! of anatase TiO, [34] and this
verifies the XRD results which shows that only the anatase
phase of the TiO, is present. The Si peaks at 300 and
521 cm™" are due to the silicon substrate. On the other
hand, the Raman spectrum of Er:TiO, shows peaks around
at 145, 170, 204, 211, 268, 300, 334, 343, 376, 402, 521,
597, 638, 695 and 745 cm~!. The peaks at 300 and
521 cm™! are also due to silicon substrate. The peaks at
145 and 638 cm ™' also corresponds to E, mode of TiO,
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Fig. 3 Raman spectrum of undoped TiO, and Er:TiO, TFs

(close to 144 and 639 cm™') but shows a blue shift as
compared to the undoped TiO, sample as reported else-
where [35]. The peaks at 334, 376 and 597 cm™' may
correspond to the E, + F, modes (334 cm™Y), F, mode
(379 cmfl) and F, mode (595 cmfl) of Er,0O;, respec-
tively [36]. Palomino-Merino et al. [37] have reported that
Er doping of TiO, imposed some new Raman bands which
they assumed to be due to some minor structural defor-
mation of the TiO, due to the incorporation of Er, which
may be the same reason that new Raman bands were
observed in our work.

3.2 Optical analysis

Optical absorption measurement was done at room tem-
perature for the Er doped and undoped samples (Fig. 4a).
The Er:TiO, shows large absorption in UV region
(300400 nm), which is enhanced by 1.2 times as com-
pared to the undoped sample.

The Tauc plot (ozhv)2 vs hv for both the undoped and Er
doped sample is shown in Fig. 4b. The extrapolation from

the linear part of the curves to the hv-axis shows the optical
band gap of ~3.0 eV for undoped TiO, and ~3.2 eV for
Er:TiO,, respectively. The band gap of 3.0 eV for undoped
TiO, indicates the main band transition between O (2p)
valence band to Ti (3d) conduction band [38], which is
near to the anatase TiO, band gap (3.21 eV). However, a
decrease in the band gap may be due to annealing as
reported by some other groups [39]. On the other hand, the
Er:TiO, shows the blue shift of 0.2 eV in the band gap
energy with respect to the undoped TiO, TF which is
similar as authors have reported for the Er doped In,O; TF
prepared in sol-gel technique [29]. The band gap
enhancement of TiO, due to Er doping may be due to the
increase in the conduction band energy level and decrease
in the valence band resulted from substitutional doping of
Er in place of Ti into TiO, lattice. The transition at around
2 eV for undoped TiO, and 1.8 eV for Er:TiO, may be due
to the sub-band gap related transitions, which related to
Ti** defects [40]. In case of sol-gel grown Er doped In,O5
the Ti>" defect has been removed with enhanced Er con-
tent into the lattice of In,O3 [29]. But in case of physical
vapor deposition (PVD) technique such removal of defects
has not been observed after Er doping. Therefore, it may be
concluded that the removal of defects from oxide semi-
conductor materials by Er is basically process dependent.
On the other hand the enhancement in UV light absorption
has been improved by the Er:In,O; TF as compared to
In,O3 TF detector.

3.3 TiO, TF and Er:TiO, TF as UV detector

The Au/TiO, TF/n-Si and Au/Er:TiO, TF/n-Si detectors
were characterized. Figure 5 shows the room temperature
current (I) vs voltage (V) characteristics for both the
detectors. The dark currents and photocurrents (under
white light excitation, 300 W Xenon arc lamp) of the
detectors were measured. The forward current density for
the Er:TiO, is high (5.2 x 107* Acm™2 at +1.5 V) as

Fig. 4 a Optical absorption, Y
b (ahv)? vs hv plot of undoped —-— Undoped TiO,
TiO, and Er:TiO, TFs - ——Er doped TiO,
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Fig. 5 I-V characteristics of undoped TiO, and Er:TiO, TF detectors
under dark and white-light illumination condition

compared to the undoped TiO, (2.9 x 107° A cm™ at

+1.5 V) under dark condition. This high forward current
may be due to the increase in defect states (because of the
breaking of grain boundaries after Er doping into TiO,
lattice) at the Au/Er:TiO, TF interface and corresponding
tunneling [41]. Under white light illumination in forward
bias for both the undoped and Er:TiO, TF based detectors,
a large number of photo-generated electron-hole pair
increases the number of majority carriers and ionizes the
interface states [42].

As a result the barrier height increases at the junction
and no effective changes in conductivity has been observed
of the detectors. Under reverse bias, holes are efficiently
trapped by the interface defect states which shrink the
depletion region [43] and allow tunneling of electrons. In
case of Er:TiO, detector the presence of large number of
traps at the Au/Er:TiO, TF interface produces efficient
trapping of holes and hence tunneling of electrons, and
therefore, the high conduction as compared to undoped
TiO, TF detector [42]. The reverse current of
—42x10*Acm?at —1 Vand —2.7 x 107> A cm™>
at —1 V were recorded for Er:TiO, TF and undoped TiO,
TF based detectors, respectively.

Figure 6 shows the detectivity (D”) and noise equivalent
power (NEP) vs applied voltage for both the undoped as
well as the Er:TiO, TF detectors at 340 nm. The NEP and
D* [44] are the figure of merits which are used to analyze
the noise performance of the photodetectors. The detec-
tivity is expressed as:

R,
D' = ——— 2
Vv 2qJ dark ( )

where Jg.« is the dark current density and R, is the
responsivity at a particular wavelength and is given as

x13
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Fig. 6 Noise equivalent power (NEP) and detectivity (D*) versus the
applied voltage at 340 nm for TiO, TF detector and Er:TiO, TF
detector

R = lohoo (3)
P opto
where, Iphoo 18 the photocurrent and Py, is the optical
power. The R, at 340 nm monochromatic light illumination
at —0.5 V were obtained as 226 and 1.9 mA W' for
Er:TiO, and undoped TiO,, respectively.
The NEP is expressed as:

VAVB

D*

NEP = 4)
where, A is the detector area and B is the bandwidth which
is assumed as 1 kHz in this case as flicker noise is the
dominant noise for frequency below 1 kHz for photode-
tectors [45]. The presence of oxygen defects and dangling
bonds gives rise to mobility fluctuations which is respon-
sible for the flicker noise in photodetectors [46].

Figure 6 shows that at 340 nm wavelength the detec-
tivity of the Er:TiO, is ~5 times more as compared to the
undoped TiO, at 10 V applied bias and the NEP is also
increased from 9.8 x 10~'" W for the undoped TiO, to
3.9 x 107° W for Er:TiO, TF detector which illustrates the
overall increase in the performance of the Er:TiO, TF due
to the incorporation of Er.

The photo-switching characteristics of undoped and
Er:TiO, at 340 nm at —0.5 V applied bias is shown in
Fig. 7. Rise time (7;) and fall time (7}) were obtained for
both the undoped TiO, and Er:TiO, detector. The T; is
defined as the time required by the pulse to increase from
10 to 90% of its peak value and the T} is defined as the time
required by the pulse to decrease from 90% of the peak
value to 10% [44]. At a wavelength of 340 nm, the
undoped TiO, failed to show any switching characteristic,
however, the Er:TiO, showed a better switching behavior
with a T, of 1.29 s and a T of 2.11 s. The current rising
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Fig. 7 Photoswitching characteristics of undoped and Er:TiO,
detectors at 340 nm

ratio (R,) is defined as the ratio between the maximum and
minimum current value of the detector in light on condi-
tion. The current value slowly rises from a minimum value
to maximum, due to the diffusion of carriers under light on
condition for longer time. The drift velocity of the carriers
is larger than that of diffusion velocity of the carrier. As a
result, the diffused carriers move slowly compared to drift
carriers and affects the temporal response of the detector.
The R, is 1.04 for Er:TiO, TF detector. The response time
of our detector is faster as compared to the TiO, NW
photodetector reported by Chinnamuthu et al. [47].

From the above experiment it can be concluded that the
incident optical power, which enable to produce the pho-
tocurrent by generating additional carriers into the Er:TiO,
TF detector is unable to activate the undoped TiO, detector.
So, the Er doped detector possesses photo-switching char-
acteristics at particular wavelength (340 nm) and applied
voltage of —0.5 V. The fact verifies the high detectivity of
the Er:TiO, detector at the same wavelength at 340 nm.

4 Conclusion

In summary, the physical vapor deposition technique has
been employed to fabricate undoped TiO, TF and Er:TiO,
TF on n-type Si substrate. The FESEM showed well-de-
fined grain boundaries for pure TiO, TF which were broken
in case of Er:TiO, TF due to incorporation of Er in TiO,.
The Raman scattering depicted new Raman bands in case
of Er:TiO, due to structural deformation of TiO, and
presence of Er,Oj; into the structure. The Er:TiO, showed
an enhancement in the main band gap to 3.2 eV from
3.0 eV (undoped TiO,) due to the increase in the conduc-
tion band level and decrease in the valence band energy
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levels as a result of substitutional doping of the Er in place
of Ti in TiO, lattice. From the opto-electronic measure-
ments it was observed that Er:TiO, showed an enhance-
ment in the detectivity ~ 5 times more as compared to the
TiO, at 340 nm wavelength. The better temporal response
with 7, =129s, Ty=2.11s was observed for the
Er:TiO, T-based detector as compared to TiO, TF detector.
Finally, enhanced photosensitivity was recorded for the
Er:TiO, TF detectors into UV region.
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