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This work explored the potential of utilizing Lanthanum doped tin oxide Sn;_yLayO2 (x = 0.01 to 0.1) based
Metal-Semiconductor-Metal Ohmic photoconductors for optical memory applications making use of the persis-
tent photoconductivity (PPC) property. The structural, optical, and electrical properties of Snj_yLayO> thin films
deposited on glass substrates using the spray pyrolysis method, with a focus on the impact of lanthanum con-
centration on the photoresponse characteristics was investigated. Raman spectroscopy confirmed the presence of
oxygen vacancies and nanometric grain size in the films along with the typical Raman active modes of tin oxide.
The Sn** and La®" oxidation states in Sn;_xLayO as well as the contributions from lattice oxygen and oxygen
vacancies were identified using XPS. Photoluminescence studies revealed emissions in the UV, violet, blue, and
yellow regions, corresponding to tin interstitials, oxygen vacancies, and other defects, with intensity variations
based on La concentration. All films exhibited n-type conductivity, with La content influencing both resistivity
and carrier concentration. Photoconductivity measurements demonstrated enhanced photocurrent under UV
illumination, with La doping affecting energy levels and defect states. The SnggoLag.1002 film possessed a
photocurrent retention of nearly 64 % within a span of 10* s, showing that higher concentration of La favoured
the enhancement of retention of photocurrent for a comparatively longer duration. The significant persistent
photoconductivity requires the conditions like optically active materials, a built-in electric field to separate
electron-hole pairs, and defect states to trap carriers, which are all met by the prepared Sn;yLayO2 photo-
conductor with higher La doping levels, confirming the suitability of these films for practical use as optical non-
volatile memory elements.

1. Introduction

Recent studies have revealed that oxide semiconductors can perform
non-volatile storage tasks by harnessing the persistent photocurrent
(PPC) properties. These materials retain their conductivity patterns even
after the light source is removed, mimicking the retention of memory or
information storage. This property allows for the creation of connections
that can be programmed and adjusted based on light exposure. The
persistent photoconductivity effect of oxide semiconductors aids in
attaining slower decay and modulation of charge carriers effectively
conducive to long-term memory [1]. In the pursuit of finding an efficient
candidate for bringing this PPC effect to technology, metal oxides like
tin oxide are very suitable choices by virtue of their defect structure. Tin
oxide (Sn0O:), commonly known as stannic oxide, is an important
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material with a variety of applications due to its interesting electronic
and optical properties. It is a wide bandgap semiconductor with a band
gap of about 3.6 eV and rutile-type tetragonal structure [2]. It usually
exhibits n-type conductivity and transparency in the visible spectral
region. Due to its transparency and electrical conductivity, it is used in
applications such as transparent electrodes in displays, solar cells,
photocatalytic applications, lithium-ion batteries and supercapacitors. It
exhibits PPC due to its unique electronic and defect properties. The
concentration and type of defects, such as oxygen vacancies and tin
interstitials, significantly influence the degree of PPC. The PPC in SnO:
can be exploited for non-volatile memory devices, where data can be
stored in the form of persistent conductivity states [3]. Different stra-
tegies are employed for this, including extrinsic doping. The integration
of rare earth (RE) dopants further enhances these properties. The RE
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element Lanthanum (La) doping into SnO, lattice can influence the
electrical conductivity, or it may introduce additional charge carriers or
modify the band structure of the host. Moreover, Lanthanum oxide
(LazO3) is also used for non-volatile memories as they are expected to
crystallize above 400 °C in the hexagonal phase [4]. Thus, the inherent
photoconductivity of the metal oxide semiconductor, coupled with the
controllable doping of rare earth elements, can be analysed for their
effectiveness in optically programmable memories.

Despite being a versatile material with assured tunability via doping,
only a very few reports are available on doped SnO» thin films discussing
different aspects of photosensing behaviour. In literature, Viana et al.
[5] studied the PPC effect in individual nanobelts of SnO5 as a function
of temperature, in different atmospheres like air, helium, and vacuum,
and low temperature. It was observed that under UV exposure and at
temperatures of 200-400 K, there was enhanced photoconductivity, and
the photocurrent increased as either the temperature or oxygen con-
centration decreased. Tierney et al. [6] reported that PPC had been
observed in SnO; thin films prepared using RF sputtering upon illumi-
nation with a range of peak energies below band gap. They suggested
that more than one mechanism accounted for PPC by noting the
response patterns and the photocurrent decay as a function of photon
energy under vacuum and at atmospheric pressure at room temperature
as well. A model for photoconductivity at room temperature in nano-
crystalline SnO2 under illumination at energy below the fundamental
band gap of SnO, was proposed by Brinzari [7]. The study focussed on
electronic states situated at the bottom part of the band gap. These states
were found to be related to oxygen vacancies at surface and Sn-derived
electronic states. The study analysed the photoconductivity response
and decay using numerical simulation based on balance rate equations
for excited electrons and immobile holes. A correlation between the
optoelectronic and transport properties of SnO, nanowires and their
intrinsic defects pertaining to metastable state was investigated by Costa
et al. [8]. The metastable defect associated with the green-emitting
centre was found to be responsible for the anomalous behaviour
observed in the temperature-dependent resistivity curves of ohmic
single-nanowire devices when exposed to light. The photoconductivity
measurements revealed two activation energies for a single nanowire,
one with a value of 7 meV for temperatures below 100 K, consistent with
the small value obtained in the photoluminescence experiments for the
green-emitting centre, and the other with a higher activation energy of
220 meV for temperatures above 100 K. However, the application part of
PPC phenomenon stays rather unexplored in the case of SnO; yet. To list
a few similar works with other materials, Sun et al. [9] demonstrated a
reconfigurable optical memory based on a MoSy/quantum dots (QDs)
heterostructure, exploiting the unique photoelectric coupling effect be-
tween MoS; and QDs to induce continuous n-doping and generate PPC.
Similarly, Dai et al. [10] achieved giant photo-to-dark current ratios and
long-lasting PPC  in  phototransistors  using  amorphous
indium—gallium—zinc oxide and graphene nanosheets nanocomposites.
Gadelha et al. [11] illustrated the possibility of non-volatile photo--
memory in MoS; transistors, with high on/off ratios and long memory
retention, achieved via laser-induced doping and PPC. Abbas et al. [12]
demonstrated a transparent and flexible InyO3 thin film photo-memory
with high persistence, suitable for multilevel data storage. Dixit et al.
[13] observed long-lasting PPC in Au-coated CuO thin films, proposing
optical excitation for set and reset processes. Lee et al. [14] reported
giant PPC in VO, film devices for potential applications in optical remote
control of electronic devices like optical memories. These studies
showcase the versatility and potential of PPC across a range of materials
and device architectures for optical memory applications.

Thus, the objective of this study is to explore the influence of
lanthanum concentration on the structural, optical, and electrical
properties of Snj_yLayOy (x = 0.01 to 0.1) films deposited on glass
substrates using the spray pyrolysis method. By investigating the role of
La doping on oxygen vacancies, grain size, and defect levels, the
research aims to understand how varying La content affects the
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photoconductivity, resistivity, and carrier concentration of the films.
Special attention is given to the impact of La on the photocurrent decay
behaviour, with the goal of identifying the potential of these films for
use in optical memory devices due to their persistent photocurrent
response. Moreover, the utilization of rare earth doped tin oxide thin
films as the active material in Metal-Semiconductor-Metal (MSM)
Ohmic photoconductors is also explored.

2. Materials and methods

The Snj4LayOy (x = 0.01 to 0.1) thin films were deposited on
chemically cleaned glass substrates using spray pyrolysis technique and
the basic characterizations of the films are mentioned in elsewhere [15].
Additionally, the compositional analysis of two samples was carried out
using the X-ray photoelectron spectroscopy (HAXPES beamline). Raman
spectra analysis of a sample for confirming the structure was performed
using an excitation source of Nd-YAG laser working at a wavelength of
532 nm (LABRAM HR Horiba). The photoluminescence spectra of the
films were obtained at room temperature using the JASCO FP-8500
fluorescence spectrometer. Further, Ag electrodes were deposited on
the films using silver paste. The current-voltage properties of the sam-
ples were studied using a 2636B Keithley dual channel source mea-
surement unit. The relevant electrical parameters of the samples were
estimated using the Van der Pauw technique employed in the Keithley
3706A-S Hall card set-up. The photo-response studies were carried out
using the Scanning Spectrometer (Model No: HO-SP-SIOOM) detector
and a Keithley 2450 source meter. The other parameters of the mea-
surement are given in Table 1. The photo-response measurement set-up
is given in Fig. 1.

3. Results and discussion
3.1. Structural characterization

3.1.1. X-ray diffraction studies

The polycrystalline nature of all the Snj 4 LayO» (x = 0.01 to 0.10)
films was revealed by the X-ray diffraction patterns shown in Fig. 2 (a).
The films showed a preferred (1 1 0) plane orientation and the peak
positions confirmed the tetragonal phase of SnO5 upon comparison with
the mentioned JCPDS card data. The doping concentration till 10 at. %
did not cause for the presence of any impurity peaks within the limit of
XRD detection, denoting the successful incorporation of lanthanum ions
in the host matrix. The peak intensities were clearly influenced by the
amount of La in the host. The obtained average crystallite size of the
films varied between ~3 and 12 nm, respectively for 3 and 10 at.% La
doped films. The further details of the XRD analysis is available in our
previous report [15].

3.1.2. Raman spectra analysis

A typical Raman spectrum of the samples (Snj 4LayO; x = 0.03) is
given in Fig. 2 (b) which shows the signature peaks conforming to the
tetragonal rutile structure of SnO». For detailed information regarding
the structural aspects and representation of normal modes of vibration,
other sources can be referred [16-18]. In the Raman-active modes of
SnO,, the oxygen atoms vibrate while Sn atoms are at rest, which makes

Table 1
The details of the films and experimental set-up relevant to photoresponse
studies.

Illumination range UVA region

Power 60 mW/cm?

Bias voltage EAY

Ilumination time 60 s

effective area of exposure 0.6 cm?

Total area including contacts 1 cm?

Device type Planar Metal-Semiconductor-Metal
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Condition

UV source

=
N 4
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Sn,,Lla,0, thin film
with Ag contacts

Fig. 1. Schematic diagram of UV photodetection set-up.
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Fig. 2. (a) X-ray diffraction patterns of Sn; 4LayO, (x = 0.01 to 0.10) film (b)
Raman spectra of Sn; 4La,O5 (x = 0.03) film.

Raman spectroscopy particularly sensitive to variations in the oxygen
sublattice. The broad peaks observed in the Raman spectrum suggest a
high density of defects and the confinement of typical crystalline phonon
modes within nanocrystals. The broadened peak around ~462 cm™!
corresponds to the doubly degenerate mode E; mode denoting the
presence of single ionized oxygen vacancies [19]. Around 622 cm™!

peak A;; modes was observed, which is related to the non-degenerate
normal phonon modes. Similarly, B, mode was identified near to
773 cm™! that represented expansion and contraction vibration of the
Sn-O bonds. Beyond these signature peaks of bulk SnO,, the peak
observed at 565 cm ™! denoted the nanometric dimension of the grains in
the samples. The presence of this peak is typically not observed in the
spectra of single crystal or polycrystalline SnO5. This phenomenon is
attributed to the influence of surface phonon modes, which become
significant, especially when the crystalline size of the material is within
the nano regime. In this size range, the substantial surface-to-volume
ratio leads to pronounced surface-related effects also [20-23]. Addi-
tionally, peak in the range of 350 cm ™! and a small peak nearly at 664
cm ™! were also visible in the spectra. The relaxation of selection rules or
the appearance of Raman forbidden peaks give rise to Raman peaks
below 400 cm™! in small particles. In nanocrystalline SnO, systems,
Raman spectra may display novel modes due to the sensitivity of surface
properties to both oxygen vacancies and local disorders. Consequently,
the presence of specific modes in the Raman spectra confirmed the
nanometric nature of the prepared films.

3.2. Composition and surface morphology features

3.2.1. X-ray photoelectron spectra analysis

In Snj 4LayOy (x = 0.03) film, the XPS survey spectra showed peaks
corresponding to the elements tin (Sn), oxygen (0O), and lanthanum (La)
(Fig. 3 (a)). The Sn 3d peak in the XPS spectrum of the thin films
appeared at around 486.3 and 494.7 eV. This peak corresponds to the Sn
3ds,2 and Sn 3d3/; core levels and provides information about the
oxidation state of tin, respectively (Fig. 3 (b)). The O 1s peak represents
the oxygen atoms in the thin film and provides information about their
chemical environment and bonding. In the case of the O 1s peak in the
Sng.g7Lag 0302 film, deconvolution can help identify and analyse the
different forms in which oxygen is present in the material (Fig. 3 (c)).
The contribution to the O 1s peak included lattice oxygen (530.0 eV) and
oxygen vacancies (531.6 eV). Additionally, the presence of La>" ions in
the thin film was evident from the appearance of La 3d peaks in the XPS
spectrum [24,25]. The La 3d peaks were observed at binding energies
around 835.0 eV for La 345,72 and 851.4 eV for La 343,2 and confirms the
presence of La®" ions in the thin film [24] (Fi g. 3 (d)). The survey spectra
of Sng.gpLag.100z2 film is also given (Fig. 3 (e)). The signals corresponding
to La is more pronounced in the spectra as the La concentration is
comparatively very high in this sample. Further, the detailed scan of Sn
3d in the current study shows that the Sn 3ds,2 and Sn 3ds,, peaks were
situated at 486.0 and 494.4 eV, respectively, with the indication that Sn
existed in a chemical state of ‘+4’ in the sample (Fig. 3 (f)). The two
contributions that made up the O1s spectrum, as visible in the decon-
voluted spectra for Ols peak, reveals the presence of two different
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oxygen species in the sample (Fig. 3 (g)). The signal at 530.1 eV was
ascribed to the lattice oxygen and that at 531.7 eV to the vacancies of
oxygen. The positions of La binding energies are also marked in the
respective figures (Fig. 3 (h)). Shi et al. [26] reported that the XPS
patterns of La-doped SnO, showed signals corresponding to the “+4”
valency of tin ion and “+3” valence state of La ion. They reported that
these elements existed in the matrix as SnO5 and La;0O3. Reports on XPS
spectra of spray pyrolyzed La incorporated SnOy was also discussed by
Wang et al. [27].

The spectra in both cases for Sn3d did not show any peaks corre-
sponding to Sn** oxidation state. Also, very small shift in the peaks
existed. The binding interactions between La-O and Sn-O bonds lead to a
charge transfer effect, resulting in a modification of the electronic
environment around the Sn** species. In the Os spectra, the ratio of
oxygen vacancy to lattice oxygen (in terms of relative area) was larger in
the Snj xLayO» (x = 0.1) sample than that in the Snj4LayO3 (x = 0.03)
sample, showing that the concentration of La changed the distribution of
oxygen species in the samples.

3.2.2. SEM micrographs

The SEM images of the Sn; 4LayO; films showed clear indication of
the influence of la concentration on the surface morphological features
of the films (Fig. 4). The microstructures of these films were more or less
spherical at lower concentration, whereas, the films grown with higher
La ion content exhibited small dispersed particles and loose structures
which may be due to the low kinetic energy of the particles in the de-
posits. Such a morphology for La doped SnO- films was not noticed in
other related literature. The observed feature of separation of the thin
films into small islands gradually resulting in the agglomeration of very
small particles into coarser aggregates or patches was nearly similar to
the dewetting process [28]. Generally, dewetting arises as a result of the
interplay of unfavorable surface interactions and attractive intermo-
lecular forces. The nearly dewetted nature of the present films was un-
expected. However, controlled dewetting process can enhance the
inherent spatial correlations into a long-range ordering, wherein, objects
with a pre-defined statistical size and spatial distribution, can be ob-
tained starting from a homogeneous continuous system, such as a thin
film. This leads to the advantage of avoiding complicated and expensive
lithographical subtractive processes also. Moreover, there are recent
reports on dewetted material components being used in the fabrication
of photodetectors [29].

3.3. Photoluminescence spectra and defect distribution

The Snj 4LayO, films were subjected to an excitation of 265 nm (4.67
eV) for studying the influence of La concentration on the PL emission
from the films [15]. In SnO,, oxygen vacancies, tin interstitials or
dangling bonds formed during the growth of the films introduce
different defect levels within the band gap resulting in different emis-
sions [30]. The observed peaks exhibited different intensities with
change in La doping. Generally, the deconvoluted PL spectra consisted of
emission signals in the UV, violet, blue, and yellow regions, as reported
elsewhere [15]. However, a representative PL emission plot of
Snj xLayOs (x = 0.03 and 0.10) films is shown for reference (Fig. 5 (a)).
In this figure, the UV peak at ~359 nm resulted from donor-acceptor
recombination (denoted as UV1 in figure). Another UV peak (UV2 in
figure) observed around 375 nm was accounted the recombination of
deep trapped charges with the photo-generated electrons from the CB.
The luminescence centers created by interstitials of Tin produced peak
at about 425 nm in the violet range [31]. The decrease of emission in-
tensity due to lanthanide doping can be a consequence of the reduction
of crystalline size of the lower concentration La doped films. The
emission band at ~460 corresponds to luminescence in blue region
which is attributed to different oxygen vacancies [32]. Another peak
observed at 573 nm corresponded to yellow emission, which may be due
to deeper defect levels or traps existing in the band gap of the films [15].
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The estimate of the contribution of different defects in the film to the
overall PL signal is shown in Fig. 5 (b). It can be observed that, the
changes in the percentage of UV1 emissions were small and rather
decreased and increased following the increment in the La concentra-
tion, whereas, UV2 showed a reverse trend. It was noticed that the
maximum emission in this region was exhibited by the 6 at.% La doped
film, which can be considered as a medium level doping in the consid-
ered 1 to 10 at. % of La concentration. The violet emission due to tin
interstitials also almost followed the trend of UV2. The La®" ions have a
“+3” charge state, which can lead to charge compensation effects when
introduced into the SnO: lattice. This charge compensation can reduce
the formation of the typically positively charged tin interstitials. In
addition, the incorporation of larger La®* ions at higher concentration
can induce more lattice strain, which may energetically discourage the
formation of tin interstitials. While, the blue emission resulting from the
oxygen vacancies decreased in the medium level doping concentrations.
However, the yellow emission did not stick to a monotonic trend among
the contributions to the PL signal. The emission peaks at 3.57-3.30 eV
(348-375 nm) were ascribed to the shallow donor oxygen vacancy de-
fects by different groups [33-36]. The change of tin interstitials and
oxygen vacancies upon La doping was also discussed by Zhang et al. [37]
and Boomashri et al. [38]. It is interesting to note that the emission
corresponding to the deeper defects and traps in the yellow region is the
highest contributor in the list, which can be correlated to the persistence
of photocurrent, as discussed in the later sections.

3.4. Electrical characterization

All the Snj4LayOy (x = 0.01 to 0.1) samples showed linear I-V
behaviour with silver contacts (Fig. 6). Here, an unusual behaviour of
the nature of slope of the I-V plots could be noticed. A few possible
reasons for this are speculated at this point. In the I-V plot, the 1, 2 and 3
at.% La doped films have steeper slopes and the others show very less
slope (it also depends on the scale of the plot). Also, the interfaces be-
tween the thin film and substrate can significantly affect the transport
properties, leading to variations in slope. In the present films a dewet-
ting tendency was observed, which can be considered an interfacial ef-
fect due to change in dopant concentration. Another possibility may be
changes in grain boundary density which may cause scattering or po-
tential barriers and thereby tend to show non-linear behavior due to
carrier-carrier interactions. In the highly doped films, they may be the
possibility of scattering due to change in morphology. In addition,
doping can modify the surface states of the thin film, it can affect the
surface conductivity and possibly lead to variations in the I-V charac-
teristics due to different surface recombination velocities. The surface
states and defects act as recombination centers [15], so that if the sur-
face recombination velocity is high, many charge carriers recombine
before they can be collected or used, leading to lower output. In thin
films, where the surface-to-volume ratio is high, surface recombination
can shorten the effective carrier lifetime.

The Hall effect measurement of the samples showed that all the films,
regardless of the doping concentration, possessed n-type conductivity.
With the increase in the concentration of the dopant in general, the
resistivity increased, and carrier concentration dropped, whereas the
mobility variation was not monotonous (Table 2). The resistivity was
least for 3 at.% while the carrier concentration came up to 3.99 x 10'®
cm™3 for 6 at.% La doped film. The values of mobility were compara-
tively higher for lower doping cases (x = 0.01 to 0.03). The absence of a
systematic variation in the electrical parameters may be due to the
varying degrees of surface features of the films being sensitive to the La
concentration. Grain boundary scattering strongly influences the elec-
trical properties. The electrical and optical characteristics of SnO5 thin
films are also influenced by the location of dopants within the matrix. In
nanocrystalline systems, dopants exert an effect on the electric proper-
ties not only when they occupy regular positions in crystal structures but
also when they are distributed over the surface of nanoparticles. Some
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Fig. 4. SEM images of Sn;j 4LayOy (x = 0.01 to 0.1) films.
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Table 2

Estimation of different electrical parameters of Snj 4xLa,O» (x = 0 to 0.10) films.
Sample Composition Resistivity Mobility Carrier
number (Q cm) cm?/Vs concentration

(em-?)

LTO-1 Snpoolag o102  1.84 36.87 9.19 x 10
LTO-2 Sngoglago20s  42.79 2.30 6.32 x 10'¢
LTO-3 Sngo7Lages0z  1.30 10.25 4.68 x 10Y7
LTO-4 SnposlagosO2  8.15 1.62 4.70 x 10"
LTO-5 SnposlagosOs  16.81 0.90 4.10 x 10"
LTO-6 Sngo4lagos02  2.65 0.58 3.99 x 10'®
LTO-7 SngoslageyO2  58.60 0.28 3.68 x 107
LTO-8 SnpoolagesOs  2.33 16.57 1.61 x 107
LTO-9 Sngoilagee0z  31.80 0.45 4.32 x 10"
LTO-10 Sngeolag 1002  14.26 0.50 8.74 x 10Y7

dopants not only have an effect on the electric properties of SnO5 but
also retard the growth of SnO; crystallites and lanthanides are good
examples for this. Moreover, in morphological point of view, in metal
oxide thin films, sometimes a process called dewetting can occur due to
the high surface energy of the films and low adhesion to the substrate.
When dewetting occurs, as seen in the morphological features of the
films [15], the thin surface area of the film decreases, which leads to an
increase in the resistance of the film. It is a process where a thin film
breaks apart into isolated droplets due to a lack of adhesion to the
substrate or surface tension forces [39]. In earlier studies, it was found
that the electrical resistance of the samples increased with an increase in
the degree of dewetting [40]. The difference in the behaviour of the
conductivity upon doping of nanocrystalline SnO, with acceptor impu-
rities can be associated with the difference in the solubility of these
dopants in a crystalline matrix in combination with the characteristic
features of the formation of impurity states on the nanocrystallite sur-
face [41]. Upon doping La as acceptor in SnO,, La occupies the Sn site in
the matrix such that each La®" ions substitute Sn** ions and leads to the
formation of substituted lanthanum and may introduce oxygen va-
cancies at the surface. The considerable difference in the ionic radii of
these host and dopant ions cause for lattice distortion which can lead to
increased electric scattering and reduce the mobility of the carriers, thus
increasing resistivity as well [27]. Additives like lanthanum enhance
performance and, since the ionic radius of La®' is larger than that of
Sn**, lanthanum preferentially segregates at the grain boundaries.
Moreover, La may aid in enhancing adsorption, thereby improving the
barrier characteristics at these boundaries [42].

3.5. Photoresponse analysis

Semiconductor photodetectors generate electron-hole pairs when
illuminated by photons possessing energies equal to or exceeding their
band gap. These pairs can produce a photocurrent when separated by an
electric field, which is collected by the electrode of the detector. How-
ever, they can show certain properties while they are left in darkness
which also contributes to the overall photoconductivity behaviour. In
the absence of light, oxygen molecules adsorb onto the SnOy film sur-
face, forming ionized oxygen species and a negative charge barrier,
contributing to initial dark conductance. Upon UV exposure, electron-
hole pairs are generated in the surface of the film, driven by the built-
in electric field towards electrodes, enhancing photocurrent. Some
attribute this effect to metastable conductive states related to bulk ox-
ygen vacancies, acting as intrinsic doping. UV light desorbs oxygen
molecules and generates non-equilibrium carriers, contributing to
steady-state photocurrent by reducing surface charge and depletion
width.

The photoresponse characteristics of the Snj4LayO5 films upon 1-
min illumination with UV light is shown in Fig. 7 (a). Fig. 7 (b) shows
the normalized spectra in a short duration for better understanding. It is
clear that the nature of the photocurrent shown by the films were sen-
sitive to the La concentration. The dopant concentration influenced
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Fig. 7. (a) Variation of photocurrent with time of Sn; ,LayO5 (x = 0.01 to 0.10)
films and (b) Normalized photocurrent transient curves and (c) Dependence of
photosensitivity, dark current and photocurrent of Sn; 4La,O (x = 0.01 to 0.10)
films on doping concentration of La.

many key parameters involved such as the dark current, the time taken
for the rise of photocurrent, extent of photocurrent, the time taken for
the fall of the photocurrent and the decay behaviour. A general
decreasing trend of dark current with the increase in La content could be
observed, and rather similar trend was exhibited by the amount of
maximum photocurrent reached during the illumination (Fig. 7 (c)).
Fig. 7 (c) also shows the variation of photocurrent (difference between
the maximum current reached at illumination and the initial dark cur-
rent) and photosensitivity (the ratio between photocurrent and dark
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current) of the films according to the change in La concentration. The
photocurrent and photosensitivity initially increased till 3 at. % of La
doping, decreased in the case of medium level of doping. The highest
photocurrent was achieved at a doping level of 3 at.% (2.66 mA), which
was the film with the least crystallite size. However, the trend changes
thereafter, in the case of the photocurrent it further decreased with in-
crease in La concentration, whereas the photosensitivity rather followed
a general increasing trend, peaking at 10 at.% with a value of 1.5. This
anomalous behaviour can be linked to the unsystematic variations
exhibited by the electrical parameters by virtue of their different surface
features and trade-off between different defect concentrations. The
doping can modify the energy levels and band structure of the material,
creating favourable conditions for efficient charge separation and
transport. The introduction of dopant atoms can shift the energy levels,
create trap states, or alter the bandgap, leading to enhanced photoin-
duced charge transfer processes and improved photoresponse [43]. A
higher photosensitivity allows for more precise data recording in optical
memory devices, while a lower sensitivity can result in errors and
reduced data density. Similar observation related to the crystallite size
and speed of photoresponse was made by Ghosh et al. [44]. According to
them, a faster photoresponse decay was observed in the film with
smaller crystallite size with porous microstructure.

The rise times of the different films, defined as the time required for
the photocurrent to rise from 10 % to 90 % of the maximum photo-
current, are given in Table 3. Here, interestingly, it can be observed that
as the concentration of La in the matrix increased, the rise time initially
increased till 3 at.% and then decreased, showing an overall minimum at
6 at.%. At higher concentrations also the rise time showed an increasing
trend. That is, The 3 at. % and 10 at. % showed more time to increase the
photocurrent to its peak at the 60th second of illumination. The rise time
denotes the time taken for the filling of carriers, while the decay time
corresponds to the time taken for the release of carriers from the traps. A
fast rise time response can be attributed to the dominant rapid process of
photogeneration of electron-hole pairs. Depending on the doping level
and the resulting changes in carrier dynamics, the rise time may be
influenced through alterations in carrier transit times and recombina-
tion rates. The introduction of dopant ions led to shifts in the absorption
edge and changes in the energy band gap of the material [15]. As
observed, doping with La®" ions enhanced the defect states and trap
levels within the tin oxide lattice. The density and distribution of these
defects can influence carrier recombination processes and charge
transport mechanisms, thereby affecting the rise time of the
photodetector.

When the UV source was removed, electron—hole recombination
process dominated, and thus the conductivity started to diminish, whose
speed depended on different factors indirectly connected with the
change in La concentration. The fall time (time taken by the photocur-
rent to drop from maximum to 10 % of the maximum photocurrent)
could not be identified with in the present experimental conditions for
all the samples except 1 and 5 at.% la doped films (~609 and 794 s,
respectively). The decay behaviour of the films was interesting as
considerable differences could be noticed in the way the photocurrent
decayed once the illumination was turned off. A few observations came
into picture here. The decay curves showed initial sudden decrease to a
certain level of photocurrent and then followed slow or very slow decay
and did not come back to the initial dark current value. The decay curves
can be suitably fitted to perceive more information about the reasons for
the undergoing relaxation processes.

Most of the works on PPC of tin oxide reported decay curve fitting
using stretched exponential. For example, Brinzari [7] interpreted the
stretched exponential behaviour exhibited by the decay of photocon-
ductivity in terms of the structural and electronic disorder in the film,
which results in an asymmetric probability distribution of inter-grain
barrier heights and the distribution of the associated time constants.
Generally, stretched exponential decay occurs more rapidly than ordi-
nary exponential decay. Similarly, Viana et al. [5], Tierney et al. [6] and
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Table 3
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The rise time, relaxation time constants and percentage of photocurrent retention of Sn;_yLa,O» (x = 0.01 to 0.10) films.

Sample number Composition Rise time (s) Relaxation time (s) Percentage of photocurrent retained after 10* s (Theoretical)
T, Ty T3

LTO-1 Sng.g9Lag.0102 32,5 52.09 14.44 249.96 9.2%
LTO-2 Sng.ogLag.0202 41.5 20.11 161.01 540.93 18.2%
LTO-3 Sng.97Lag.0302 42.83 15.25 78.41 913.38 24.3%
LTO-4 Sng.06La0.0402 38.92 12.01 86.53 503.36 16.4 %
LTO-5 Sng.gsLag.0502 34.58 19.38 81.58 435.92 5.5 %
LTO-6 Sng.94La0.0602 23.96 12.91 59.74 432.21 10.8 %
LTO-7 Sng.03Lag,0702 39.98 14.65 83.62 911.72 30.6 %
LTO-8 Sng.g2Lag.0s02 38.32 27.16 720.23 - 63.1 %
LTO-9 Sng.91Lag.0002 42.29 6.92 74.92 622.90 411 %
LTO-10 Sng.goLag.1002 44.17 75.79 1375.82 - 63.8 %

Costa et al. [8] performed decay fitting using stretched exponential
decay function, whereas, in Al doped SnO; thin films, Selma et al. [45]
obtained photocurrent decay curve that fitted to a bi-exponential func-
tion with time constants representing a fast and a slow photocurrent
decay. They attributed the fast decaying to the recombination of pho-
togenerated electron-hole pairs, and the slow decrease to the
re-adsorption process. In the present case, however, the situation was
different. A satisfactory fit required at least three exponential compo-
nents for all the films except 8 at.% and 10 at.% doped ones. The best fit
for the photocurrent decay curves of Snj4LayO, films was obtained
using the functions given by:

t0-tosael ()] 4l (5] o
R ] B ) O | R

Here, I is the y-offset, the decay time constants are 71, T2, T3 and o1, o,
ag, denotes the pre-exponential factors. The decay time constants
respectively represent ultrafast, fast and slow decay process undergone
by the carriers (Table 3). The ultrafast decay component represents the
result of the recombination from surface defect states while the slow
process may be the result of band to band recombination or a donor-
acceptor pair recombination [46]. The slow decay may also be influ-
enced by spatially separated trapped carriers, which delay the recom-
bination due to the presence of potential barrier. The third component
may be related to the additional trapping centers [47]. In La doped SnO3
used as electron transport layer for planar hybrid perovskite solar cells
as reported by Xu et al. [25], time resolved PL spectra revealed
bi-exponential decay parameters, where the fast component indicated
defect trapping and the slow component was accounted for the recom-
bination life time. They observed that upon La doping, the average
lifetime reduced.

It is worth noting that, all of the Snj 4LayOs films, irrespective of their
dopant concentration, showed certain level of persistent photocurrent,
wherein most of the cases, the films took more than 1200s to come to at
least half of the initial dark current value. The presence of defects like
oxygen vacancies and tin interstitials were already evident from the PL
data. The oxygen vacancies can act as trap states for electrons or holes in
the material. Upon the termination of UV exposure, majority of the
electrons present in the CB recombine with the corresponding holes in
the VB. The remaining get deeply trapped at the recombination centers,
giving rise to PPC.

In SnO,, the n-type semiconducting nature originates from the oxy-
gen vacancies formed from the escape of 02 jons from crystal lattice
site. These vacancies occur when oxygen atoms are missing from their
regular lattice sites, leaving behind free electrons in the conduction
band. The missing oxygen atom creates a defect state in the crystal. This
defect state corresponds to an energy level that lies within the bandgap
between the valence and conduction bands. These defect states are often

referred to as donor levels because they can donate electrons to the
conduction band. The presence of these defect states means that the
material can absorb photons with energies lower than the actual
bandgap of SnO:. Due to this, less energy is required to excite an electron
from the defect state to the conduction band [48].

Each oxygen vacancy typically donates two electrons to the con-
duction band. The stabilization of oxygen vacancy defects takes place by
charge compensation mechanisms. They can either donate or capture up
to two electrons which characterizes them as electron traps. Neutral
vacancies, V, 0, can donate up to two electrons, while, V, * are donors or
capture only one electron, whereas, V,** cannot donate electrons but
can capture up to two electrons. These trap centers are related by the
following equations [8]: V,% < V,* +e and V,* < V,**+2e". Upon La
doping, La®* replaces Sn* in the SnO: lattice and La®* has one positive
charge less than Sn**. Each La® substitution make electrons to be
liberated from oxygen vacancies to balance the reduced positive charge
at the La® substitution sites for the purpose of maintaining charge
neutrality. This additional electron does not remain bound at the La®*
site but becomes a free electron in the CB and increases the number of
free charge carriers in the CB, thus enhancing the n-type character of the
material. This is also supported by the carrier concentration of the
Sn; _yLayO, films obtained from the electrical characterization [49].

At low La®* concentrations, introducing La®* creates isolated substi-
tution sites, where the La®* ions replace Sn* ions. As mentioned, the
charge imbalance can be compensated by existing or newly created
oxygen vacancies. In this case, the La doping can increase the number of
oxygen vacancies, as the lattice tries to maintain charge neutrality by
generating these vacancies. The increased oxygen vacancy concentra-
tion in La doped SnO: leads to enhanced PL emission, particularly in the
blue and yellow regions, which are associated with neutral and singly
ionized oxygen vacancies. However, the PL data showed that, the blue
emission attributed to oxygen vacancy showed a decreasing tendency till
medium level of doping. Here, another possibility may be that oxygen
vacancies can also lead to PL quenching, that is, a reduction in PL in-
tensity due to them acting as non-radiative recombination centers,
where excited electrons recombine with holes without photon emission
[50]. This non-radiative recombination can occur if there is a very high
concentration of oxygen vacancies or if they act as trapping centers that
hinder radiative recombination. This may be one reason for the general
decreasing PL intensity observed for the blue emission at medium level
doping. Moreover, the yellow emission involving traps can be specu-
lated to be also due to doubly ionized oxygen vacancy as this defect state
is typically deeper in the band gap compared to the singly ionized va-
cancy. Electrons trapped in these deeper levels are less likely to be
excited into the conduction band at room temperature, and the defect
acts as a much deeper donor. As it can be observed from the PL data, the
influence of signal from this emission has significantly contributed to the
overall photoluminescence intensity [51,52]. Whereas, at higher doping
levels, oxygen atoms are more likely to leave their lattice positions,
creating vacancies, especially at the surface, due to the already weak-
ened bonds there. However, at such doping levels, the material may
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reach a saturation point, where additional La** doping may not further
increase conductivity because of the formation of fewer oxygen va-
cancies and quenching, or the material becomes too heavily doped,
leading to possibilities of electron scattering or other defects that can
decrease mobility [53-55].

It also follows from the result of optical characterization wherein, the
Urbach energy was observed to be more in higher La doped samples,
peaking at 984 meV for 10 at.% La doped sample [15]. Further, it is
known that the Urbach energy is related to the density of localized states
within the bandgap. Higher Urbach energies generally indicate a higher
density of localized states and increased disorder in the material. That is,
the number of electronic energy levels or states within the bandgap of a
material is more in samples with more La ions. These localized states can
trap and influence the movement of charge carriers in the material [56].
When the photogenerated charge carriers are trapped in these states, the
recombination is further delayed. Hence, one major reason for the high
amount of persistence shown by the Sng ggLag 1002 film is the high value
of Urbach energy of the films. The PPC phenomena is also dependent on
the surface properties of materials, especially in nanomaterial-based
devices with a large surface-to-volume ratio, where the spontaneous
surface potential spatially separates the photogenerated electron-hole
pairs. Consequently, after the cessation of the photoexcitation, these
nonequilibrium carriers can continue to cycle across the transport
channel for an extended period of time before recombining, resulting in
persistent photocurrent.

Moreover, the surface oxygen vacancies can also contribute to the PL
signal. Since SnO: is often used in nanostructured or nanoparticle forms
(where surface-to-volume ratios are high), surface oxygen vacancies can
dominate the photoluminescence properties. The PL from surface va-
cancies may differ slightly in energy from that of bulk vacancies due to
changes in the local environment at the surface. At the surface, oxygen
atoms are more loosely bound compared to atoms in the bulk because
they have fewer neighbouring atoms to bond with. This makes surface
oxygen atoms more susceptible to removal, when oxygen atoms leave
the surface, they create oxygen vacancies, which are essentially surface
defects. These vacancies can lead to dangling bonds or under-
coordinated surface atoms, which significantly alter the material’s
electronic properties. The surface oxygen vacancies contribute free
electrons to the material, just like bulk vacancies, enhancing n-type
conductivity. The electrons released from these vacancies can increase
the surface conductivity, which is particularly important for thin films or
nanostructures where surface-to-volume ratios are high. Surface oxygen
vacancies make the material more chemically reactive because they
provide sites where adsorbates (like oxygen, water, or gas molecules)
can easily bond. Moreover, oxygen vacancies on the surface act as active
sites for the adsorption of molecules like oxygen (O2), which can also
influence photoresponse [57,58].

The oxygen vacancies can also lead to surface reconstruction, a
process where the arrangement of atoms at the surface changes to
minimize energy. This can result in the creation of new surface defect
structures also [59,60]. Besides, for higher doping concentrations in the
prepared films, as mentioned in SEM analysis, a property similar to
dewetting has been observed. Generally, dewetted surfaces refer to a
morphology where the film has pulled back resulting in fewer grain
boundaries compared to a film with small, closely packed grains-the
films with lower doping level in the present case. While there may be
some grain boundaries within the islands themselves, the overall con-
nectivity and number of interfaces may be lower compared to a film with
uniformly small grains [40]. At higher concentrations, the dopant can
induce stress or phase separation in the SnO, matrix, leading to a ten-
dency for the film to dewet. If the doping level is too high, it can disrupt
the continuity of the film and lead to the formation of islands as the
material tend to pull away from the substrate. Such nearly dewetted
morphology in the present Snj 4LayO5 (x = 0.07 to 0.10) films influence
their electrical properties. As, dewetted films often consist of isolated
islands or droplets, leading to reduced continuous pathways for charge
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carrier transport. This lack of connectivity can significantly lower the
electrical conductivity of the film, which was observed in the electrical
properties of these highly doped films. Also, the presence of interfaces
and boundaries in dewetted regions can scatter charge carriers, further
decreasing their mobility. The presence of a dewetted morphology can
create additional surface states or defects at the edges of islands which
can trap charge carriers, reducing the available charge for conduction.
The accumulation of trapped charges can lead to increased resistance in
the film also. However, dewetting may be advantageous for delayed
photocurrent decay in charge storage applications the introduction of
additional surface states that trap charge carriers can prolong the life-
time of the photogenerated carriers, leading to a delayed photocurrent
decay. The formation of islands or droplets is likely to increase the
surface area of the film which can provide more active sites for light
absorption and charge collection, enhancing the photosensitivity and
allowing for more effective charge storage. In dewetted structures, the
isolation of charge carriers due to physical separation, charge trapping,
reduced mobility, and localized fields all contribute to lower recombi-
nation rates, which extends the lifetime of photogenerated carriers. This
leads to a delayed photocurrent decay and enhances the ability of the
films to store and utilize charge over longer periods, which is particu-
larly beneficial in memory storage devices. However, achieving an
optimal balance between the benefits of dewetted morphology and the
challenges it presents is crucial for maximizing performance in practical
applications.

The decay time of persistent photocurrent (or retention time as in the
case of memory elements) is one of the most important criteria required
for sustaining information for a long period of time in a non-volatile
manner [10]. To further examine the viability of the prepared
Snj xLayOs films for long-term persistence, the theoretical extrapolation
of the obtained transient photocurrent curves beyond the experimental
duration 1200 s to 10,000 s was performed (Fig. 8 (a). It can be observed
that even after ~2.7 h most of the films are showing considerable
persistent photocurrent, ie, some amount of current is retained in these
films after a long time since the removal of the UV source. For better
understanding of the situation, the percentage of photocurrent retained
after 10000 s estimated as per the theoretical extrapolation of the decay
curve was calculated (Table 3). The Snj4LayOs films with La doping
concentrations near to 10 at.% showed more amount of retained
photocurrent, with 10 at.% La doped film possessing a maximum of
nearly 64 % of retention, which means that, more than 50 % of the
photocurrent can be stored for a long time in future. This marks the
suitability Snj xLaxO» of these films for memory applications.

Unfortunately, there are not many reports that give stress on the
importance of doping in the photoconductivity studies pertaining to
PPC, especially in binary metal oxides that pay attention to the different
experimental parameters involved. In a theoretical study based on the of
photoconductivity decay in Sb doped SnO thin films Floriano et al. [61]
suggested that compared to the Sb doped SnO5 with rare earth doped
SnOy thin films, the recombination process was found to be much
energy-consuming in the rare earth doped compound, as dopant ions
like Er®* and Eu®* behave as acceptors in such materials and also have
deeper energy levels. Selma et al. [45] observed that both the dark
current and photocurrent decreased with increase in Al concentration in
the case of Aluminium doped SnO; thin films. The study on
photo-response of Al doped ZnO multilayered thin films by Ganesh et al.
[62] revealed increase in the photocurrent upon doping, where the
photocurrent reached its peak value, nearly 50 times higher than the
dark current, in the case of 1.5 wt% Al doped ZnO. The photocurrent
decreased with further increase in Al doping, similar to that of the trend
observed in the present study. The rise time was shorter for the 1.5 wt%
Al doped films compared to other doped films but was, however, longer
than that of undoped ZnO.

In literature a few reports are available on the applicability of
persistent photoconductivity phenomenon in optical memory elements
with three or two terminal devices. For example, Sun et al. [9] fabricated
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Fig. 8. (a) The normalized photocurrent vs. time graph of Sn; 4\La,O5 (x = 0.01
to 0.10) thin films theoretically fitted using suitable exponential functions and
extrapolated to 10000 s after the removal of UV source (b) Representation of
different attributes of a typical material exhibiting persistent photoconduction
suitable for optical memory; ‘a’ and ‘b’ denotes the dark current and maximum
current obtained during illumination, respectively; t; and t, corresponds to the
time of beginning and cessation of UV illumination and t denotes time at any
instant of measurement of other related parameters.

a reconfigurable optical memory device using a MoSy/quantum dots
mixed-dimensional heterostructure with photonic programming and
electric erasing capabilities. They observed a unique photoelectric
coupling effect between MoS, and QDs, wherein light exposure resulted
in continuous n-doping of the MoS; channel even after exposure ceased,
leading to the generation of PPC. Similarly, Dai et al. [10] demonstrated
phototransistors featuring a large photo-to-dark current ratio and
long-lasting PPC using a nanocomposite of amorphous
indium-gallium-zinc oxide and graphene nanosheets synthesized via a
sol-gel technique. This long-lasting photocurrent with lifetime up to
years in the device can be used in applications including optical memory
due to its ability to precisely control the ON and OFF states. Also, report
from Gadelha et al. [11] demonstrated the possibility of obtaining a
non-volatile photomemory effect with high ON/OFF ratio in a field ef-
fect transistor architecture with high doping values achieved with laser
exposure. The binary photomemory was generated by virtue of PPC
effect pertaining to long memory retention time. Fortunately, this
application is not limited to complicated device configurations only. For
instance, Abbas et al. [12] reported photomemory of InpO3 thin films
prepared using sputtering method on glass and PET substrate that
revealed greater than 10* s of persistence, capable of retaining optical
information at room temperature. They also analysed PPC for multibit
data storage by programming with intensity, photon pulse etc. Dixit
et al. [13] observed long lasting PPC in Au coated CuO thin films suitable
for non-volatile optical memory application. The SET and RESET
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processes were established using optical excitation using deep UV illu-
mination and NIR excitation, respectively. Lee et al. [14] suggested that
the giant PPC observed in VO, thin film device prepared on corning glass
can contribute to realizing the optical remote controlling of electronic
devices like optical memories.

The summary of the features of a typical transient photoresponse of a
material showing PPC behaviour under different conditions under
suitable bias suitable for memory action is shown as a schematic dia-
gram in Fig. 8 (b). It shows three regions based on the condition of il-
luminations, viz, (i) the initial dark condition where illumination is
absent (ii) the duration of illumination and (iii) the condition after the
illumination is removed. The responses are the stabilization of dark
current (not necessarily included in some graphs), the emergence and
rise of photocurrent and thirdly, the decay of the photocurrent,
respectively. The first two regions correspond to the sensor action,
wherein the advent of the UV illumination is detected in the form of
proportionate increase in the photocurrent. Ionization occurs during this
phase. Further, the decay phase represents the optical memory action,
where the deionization occurs leading to the recovery of the condition
under dark. Further, there are several crucial factors for achieving sig-
nificant PPC. First, the transport channel materials must be optically
active and capable of efficiently converting incident photons into pho-
togenerated electron-hole pairs when exposed to light. Second, a spon-
taneous built-in electric field is necessary to spatially separate these
photogenerated electron-hole pairs, preventing their rapid recombina-
tion. Lastly, there should be numerous localized defect states that trap
one type of photogenerated carrier, allowing the other type to partici-
pate freely in the transport process [63]. Thus, the information can be
stored in the form of current states using an input light pulse. Such a
system can be easily programmed with an external bias voltage, by
varying the intensity, and adjusting the chopping frequency of light,
creating a non-volatile multilevel storage system. Interestingly, it can be
observed from the obtained results that these criteria, along with
long-lasting PPC are met by the present SnjyLayO, films in varying
degrees based on the amount of La ions incorporated in them. Hence, the
observed long-lasting persistent photocurrent in the present Snj.xLayO»
films especially in the higher doping cases can be extended for utiliza-
tion in optical memory components and related devices.

4. Conclusion

To summarize, this study investigated the structural, optical and
electrical properties of Sn;_yLayO2 (x = 0.01 to 0.1) films deposited on
glass substrates, deposited via spray pyrolysis, focusing on impact of
lanthanum concentration on the photoresponse characteristics of the
films. In the Raman spectra of Snj4LayOs (x = 0.03) film, the peaks
indicating oxygen vacancies and nanometric grain size were present
along with the typical Raman active modes of tin oxide. The XPS spectra
revealed the Sn** and La®" states of tin and lanthanum and the contri-
bution of lattice oxygen and oxygen vacancy in the films. The photo-
luminescence emissions exhibited by the Sn; 4LayOs films varied with La
concentration and showed signals in the UV, violet blue and yellow
wavelength regions corresponding to tin interstitials, oxygen vacancies
and other defects present in the films. All the Sn; _xLayO5 films indicated
n-type conductivity, with La concentration influencing the resistivity
and carrier concentration of the films. The silver electrodes rendered
Ohmic contacts in the films, as revealed in the linear I-V characteristics
of the films. The photoconductivity studies showed that UV exposure
enhanced the photocurrent exhibited by the films, influenced by La
doping which affected energy levels and defect states. The photocurrent
and photosensitivity trend varied with La concentration, and the
photocurrent decay behaviour of most of the films showed a need for tri-
exponential fitting indicating different decay time constants. The in-
crease in the La concentration in the films slowed down the photocur-
rent decay process extending to hours. Thus, the long-lasting persistent
photocurrent observed in the films with higher La doping concentration
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makes these films suitable for optical memory components and related

devices.
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