Materials Research Bulletin 120 (2019) 110585

journal homepage: www.elsevier.com/locate/matresbu

Contents lists available at ScienceDirect

Materials Research Bulletin

MATERIALS
RESEARCH
BULLETIN

Influence of thermal annealing on the properties of evaporated Er-doped

SDOZ

Check for
updates

Diego H.O. Machado, José H.D. da Silva, Américo Tabata, Luis V.A. Scalvi®

UNESP, Sdo Paulo State University, Department of Physics, FC and Graduate Program in Materials Science and Technology (POSMAT), Bauru, SP, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Tin dioxide

Resistive evaporation
Sol-gel

Erbium

Thin films

Er-doped tin dioxide thin films, deposited on glass substrates by a combination of sol-gel and resistive eva-
poration techniques, are investigated. The sol-gel route is used for powder preparation, which serves as material
source for resistively evaporated thin films. The annealing temperature influences the Er>* location, that reflects
on the photoluminescence (PL) related to >Hy;,,—*1;5,, and *Sz/5—*1;5,, Er®" transitions. The lower annealing
temperature, 300 °C, leads to PL emission, which vanishes for higher annealing temperatures. Annealing tem-

perature above 300 °C enlarges the crystallites and allows diffusion of Er ions into the sample, increasing the
population of substituted Sn sites. Then, the population of grain boundary located luminescent sites is decreased,
leading to higher conductivity concomitant with absence of PL signal. Evaporated SnO, films have the advantage
of a stable electrical signal and the deposition on hydrophobic surfaces. Emission of evaporated SnO, on GaAs
substrates is also shown, yielding the substrate influence.

1. Introduction

Tin oxide (SnO,) presents naturally n-type conduction due to oxygen
vacancies and interstitial tin atoms [1-4]. It has wide bandgap
(3.6-4.0eV), and the conductivity usually depends on the deposition
method [1-3], being moderate in the case of sol-gel routes, since the
grains are rather small [5], influencing the electron scattering. When
deposited by evaporation techniques the conductivity has similar
magnitudes of sol-gel routes [5,6], although, evaporated SnO, films
have a more stable electrical signal when compared to films deposited
by sol-gel-dip-coating. In addition, the evaporation technique allows
SnO, to be deposited on hydrophobic surfaces, which may become an
obstacle when the oxide film is deposited by chemical routes [7,8].
Further, the use of evaporation techniques allows for the use of shadow
masks, in order to achieve the desired sample/film design.

SnO, wusually crystallizes in the tetragonal rutile structure
[2,4,9-12] and presents transparency above 90% in the visible region
[2,10,11,13], properties that enable the use of SnO, for applications in
transparent conducting electrodes [14-16] liquid crystal and optoe-
lectronic devices [14,17-19], heat mirrors and solar energy conversion
devices [16,20]. Other applications can be found, such as gas sensor
[1,3,4,15,17,20-22], solar cells [16,20], lithium ion batteries [20],
photo catalysis [17,21,23] and supercapacitors [17,24]. Thin films of
this semiconductor oxide can be deposited by different methods such as
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magnetron sputtering [2,4,10,11,25], dip and spin coating by sol-gel
processes [1,5,7,19,26-29], chemical vapor deposition (CVD)
[2,4,13,22], spray pyrolysis [4,22], pulsed laser deposition [16], che-
mical bath deposition (CBD) [1] and resistive evaporation [4,6,22].

Nowadays there is ample interest in the study of new materials
prepared by the sol-gel route, which presents some advantages when
compared to other techniques, such as the facility of deposition in
complex forms, easy doping control and relative simple equipment
[26,27,30]. Although in this work resistive evaporation is preferred to
chemical routes for thin film deposition, the sol-gel solution is the
precursor for synthesizing the SnO, powder used in the evaporation.
Many kinds of dopants have been studied to improve the optical and
electrical properties of different devices applications [2,4,13,26,31].
Concerning rare-earth doping, the threefold oxidation state (RE>*)
exhibits luminescence due to 4f core transitions, which are practically
independent of the host matrix. In the case of Er**, these transitions
yield several emission lines from visible to infrared. In particular, the
transition at about 1540 nm coincides with the minimum optical ab-
sorption from silica based optical fibers [32,33], and is suitable for use
in optical amplifiers. Er**-doped materials are suitable in up-conver-
sion processes due to the Er** energy level configuration. Different
mechanisms explain the up-conversion, and among them, the most ef-
ficient is an excited state absorption (ESA) of individual Er®* ions or
the energy transfer involving two ions [26].
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The incorporation of Er®* into the SnO, matrix increases the re-
sistivity of the naturally n-type material when compared to films
without doping, because Er®* ions replace Sn** in the SnO, matrix,
leading to charge compensation with free electrons, since the Er®* ions
act as acceptors. Another effect that occurs in the incorporation of tri-
valent rare earth ions is an increase in the density per unit area of in-
tergranular potential barriers, since the doping decreases the size of the
crystallites, increasing the concentration of crystallites, causing the
decrease of the electronic mobility in the material [34]. The Er’*
transitions in the electromagnetic spectrum [26,19,35] are very sui-
table for several optoelectronic applications, such as displays [36],
amplifiers and lasers [19,37], among others [19,34-38]. Usually Er-
doped SnO€, can also be used in optical amplifiers and electro-
luminescent devices where electron-hole energy is transferred to
Er**ion [36,37].

In this work, Er®*-doped tin dioxide thin films produced through a
combination of sol-gel and evaporation route are investigated. In this
new route the sol-gel method is used for the powder preparation, in-
cluding the doping, and then the thin film is deposited by resistive
evaporation on different substrates. The role of the annealing tem-
perature for the morphological, optical and electrical properties, and
the influence of distinct substrates, are reported. The success of this new
route for the SnO, preparation is related to the visible light emission
from the samples in the form of thin films, a very suitable format for
integration in optoelectronic devices, along with simple electro-optical
excitation of Er** ion.

2. Experimental
2.1. Synthesis of thin film samples

Preparation of sol-gel tin dioxide (SnO,) solution was carried out by
using ErCl; added to SnO, solution to form SnO,:1at%Er>*. The Er-
doped SnO, powder was previously obtained by evaporation of solvent
in the sol-gel solution, and then, used in the resistive evaporation. The
deposition was carried out in a self-purpose built system having a re-
sistive molybdenum crucible as the evaporation vessel. Films were
deposited on soda-lime glass, quartz and GaAs substrates, as described
in Table 1. The residual pressure in the chamber was about 10 > torr.
The deposited samples were thermally annealed at 300 °C, 500 °C and
1000 °C, as also described in Table 1, which summarizers the given
labels and the conditions for obtaining the SnO, samples deposited by
resistive evaporation on different substrates.

2.2. Characterization

X-ray diffraction (XRD) analysis was performed by using a MiniFlex
600/RIGAKU in the 20-80° range in the powder mode. Metal contacts of
in were also deposited by resistive evaporation in a Edwards evapora-
tion system model auto 500. Scanning electron microscopy (SEM) and
X-ray dispersive energy (EDX) measurements were performed on a
scanning electron microscope of Carl Zeiss model LS15. Atomic Force
microscopy (AFM) measurements were performed on a Park Systems,
model XE7, which was operated in contact mode using CONTSCR 10 M

Table 1
Samples used in this work, deposited on different types of substrate, and sub-
mitted to distinct thermal annealing.

Sample Name Substrate Annealing temperature/time
$1000 Quartz 1000 °C/1hour

S500 Soda lime 500 °C/5hours

$300 300 °C/5hours

SO as deposited

GS1 GaAs as deposited

GS2 as deposited
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tips. Photoluminescence (PL) measurements were carried out using
excitation by a He-Cd laser (325 nm) and the signal was detected by a
GaAs photomultiplier detector. In these measurements, the sample
temperature was controlled by using a He-closed cycle Janis cryostat.

For voltage dependent current measurements (IxV) at different
temperatures, the samples were placed in a cryostat of He-closed cycle
APD - Cryogenics compressor. The resistivity data were calculated from
the measured IxV curves. Measurements were performed in the dark
and under the irradiation effect of different light sources: 1) He-Ne laser
(628nm) and 2) InGaN LEDs (440-460nm), and 3) He-Cd laser
(325 nm). The first light source has energy far below the SnO, bandgap,
whereas the second one has energy closer to it but still below the
bandgap, and the former has energy above the SnO, fundamental ab-
sorption edge. Electrical characterization measurements were per-
formed by using a Keithley 2400-C source meter.

3. Results and discussion
3.1. Structural and morphological characterization

X-ray diffraction patterns of SnO, films doped with 1at% Er>*, with
different thermal treatments, are presented in Fig. 1(a), while the
powder used in the evaporation is presented in Fig. 1(b). The analysis of
Fig. 1(a) shows that the diffractograms present the typical diffuse
profile of nanostructured materials. The four vertical blue lines stand
for planes of SnO, crystals with rutile structure (JPCD 2003 file 01-088-
0287). The sample annealed at 300 °C does not show any visible SnO5
peak, although some peaks are present. These diffraction peaks have
some correspondence with the (110) and (111) planes of SnO,, which
are located at 20 = 26.6° and 38.98°. The mismatches are +3% and
-0.049% respectively. So, there is a possibility that the observed peaks
are due to the film itself. Nevertheless, considering the large volume of
the soda-lime glass used as substrate, and the fact that the thermal
treatment used has a significant temperature as compared to the glass
transition point of this substrate material (564 °C), there is possibility
that these peaks can be due to a partial crystallization of the substrates.
Checking for the diffraction peaks, we have found very good agreement
of the observed peaks with the corresponding ones reported for mag-
nesium silicate forstensite (Mg,SiO4, Match Software, entry 01-075-
1448). The composition of forstensite is compatible with the soda-lime
glass composition. This explanation is also consistent with the fact that
the corresponding diffraction peaks are not observed when the film is
treated at 1000 °C since in this case the substrate used is not soda-lime,
but SiO,. In the diffractogram of the sample annealed at 500 °C, it is
possible to observe three SnO, small peaks, referring to the planes
(110), (101) and (211) of rutile structure, even though the peaks for the
possibly soda-lime glass substrate are still present. Several reports
[2,9,11] found similar peaks on SnO, films deposited by RF magnetron
sputtering. However, peaks corresponding to other sets of planes were
found in these reports, such as (002), (112), (200) and (301), but with
lower intensity. [2,10,11]. The method used here in the XRD mea-
surement is the powder method (geometry 26-0), so the peaks referring
to planes (002), (112), (200) and (301) may be weaker and hidden by
the substrate signal. For the diffractogram of the sample annealed at
1000 °C, these four peaks are clearly identified. They have higher de-
finition and intensity when compared to the sample annealed at 500 °C.
No peaks correlated to the rare earth doping Er®* were found, probably
due to its low concentration and dispersion in the films. It is possible to
observe that the increase in the thermal annealing temperature has a
strong influence on the crystallinity of the film. Ansari and coworkers
[22] used tin oxide commercial analytical reagent as a precursor for
evaporation on alumina substrate to evaporated SnO, and obtained
diffraction patterns related to the material Snz04, which did not occur
in the present case. The difference in the precursor may induce a dif-
ferent stoichiometry, leading to a different film crystallization and thus,
to distinct X-Ray diffraction peaks.
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Fig. 1. (a) XRD for thin films - samples S1000, S500 and S300. (b) XRD of
SnO,:1at%Er®* powder, obtained from sol-gel precursor solution, and used in
the resistive evaporation.

Fig. 1(b) shows XRD of SnO, powder doped with 1at% Er** an-
nealed at 1000 °C for five hours. The most intense peaks are identified,
and are in agreement with the SnO, with tetragonal rutile structure
(JPCD 2003 file 01-088-0287). It is important to mention that, similar
to the thin films diffractograms (Fig. 1(a)), no peaks were observed
regarding the erbium or any of its compounds in the powder matrix,
probably due to the low concentration and dispersion in SnO, matrix.

Fig. 2 displays UV- near IR transmittance curves for Sn0,:1% Er®™*
films annealed at 300 °C, 500 °C and 1000 °C. It shows that, except for
the treatment at 500 °C, as the thermal annealing temperature in-
creases, the film transmittance increases and the absorption edge shifts
to higher energies. It has been observed that annealing processes above
600 °C (as in the case of sample S1000) improves the transmittance
[11]. It is proposed that with increasing temperature, the Er>* ions may
disseminate into the film from interstitial sites to the substitutional
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Fig. 2. Optical transmission spectra for SnO,:Er films annealed at different
temperatures.

positions, as reported for Zn diffusion in SnO, [11]. It is important to
mention that the quartz substrate transmittance (Fig. 2) is well above
the transmittance of the film treated at 1000 °C (S1000), assuring that
although the thermal annealing temperature is high, the film remains
on the substrate surface, even though the evaporation temperature of
pure SnO, is lower [38].

The sample annealed at 500 °C is noticeably more opaque and ex-
hibits high roughness, beginning to peel off the substrate, which jus-
tifies the lower transmittance. The shape of transmittance curve is si-
milar to those reported for SnO, deposited on substrates heated to
about 500 °C [39]. It is important to mention that the sample S500
shows higher electrical conductivity, as will be seen, also justifying the
existence of donor-like defects in the sample [2,3,11,40], that may also
influence on the transparency of the sample.

It is observed that transparency is in the 80-90% range in the visible
region, which is in good agreement with the expected SnO, optical
transmittance [2,10,11], since this material is used for transparent
electrodes [1,3,14,18]. Sample S1000 which was submitted to the
highest temperature of thermal treatment presents the highest trans-
parency, and also has more evident XRD SnO, peaks, as seen in Fig. 1.
This suggests better crystallinity. The interference fringes present for
sample S300 allow for the evaluation of this film thickness [41], which
is 240 nm.

The scanning electron microscopy (SEM) image of the surface for
evaporated Er®*-doped SnO, samples without annealing (as-grown) is
shown in Fig. 3(a). The corresponding surface is rather smooth, with
minor presence of visible grains or agglomerates. On the other hand,
SEM images for the surface of Sn0,:1%Er® "annealed at 1000 °C, is
shown in Fig. 3 (b), and displays a high density of grains with sizes of
about 1-3 um, in good agreement with the report by Ansari and cow-
orkers [22], that obtained films by the resistive evaporation technique
with same dimensions particles. In our case, when tin oxide films were
deposited by resistive evaporation on top of a GaAs substrate, particles
acquire similar dimensions, but with greater particle spacing when
compared to SnO, deposited by sol-gel-dip-coating on top of GaAs [42].
No evidence is found of clusters in Fig. 3(a), indicating good film uni-
formity.

Fig. 4(a) shows EDX for sample S1000 scanned all over the surface.
In the left top figure, the image of the surface distribution of elements
Sn, O and Er placed together is shown. In the other images, the in-
dividual distribution of each element is shown, for the analyzed area (O
in green, Sn in red and Er in blue). Fig. 4(b) also shows EDX scanning,
for the sample S300. Then, as in 4(a), the elements Sn, O and Er are
placed together in the left top figure, and the individual concentrations
of each element for the analyzed area (O in green, Sn in red and Er in
blue) are shown separately.
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A uniform distribution of Sn (in red) and O (in green) elements are
identified for both samples, S300 and S1000, indicating good homo-
geneity of the film and the quality of the combined deposition tech-
nique. However, in the case of the Er, EDX image of the S1000 sample,
which was subjected to a high temperature of annealing, shows a higher
Er ion dispersion (Fig. 4a), when compared to S300 sample, which was
submitted to a lower temperature of annealing (Fig. 4b). Looking at the
EDX image of the sample S1000 it appears that the erbium ions have
disappeared from the region reached by the EDX analysis whereas the
EDX image of sample S300 shows a much more uniform distribution.
The higher annealing temperature increases the crystallite size, al-
lowing the Er ions to populate more lattice sites, substitutional to Sn,
instead of being located at grain boundaries. It apparently causes the
dispersion of erbium ions into the sample, preventing a larger number
of ions to be visualized in the EDX distribution image.

AFM micrographs for SnO, film deposited by resistive evaporation
on GaAs substrate (GS1 sample) are shown in Fig. 5. On the left side,
micrographs concern a 3D image and on the right side, the 2D surface
image. The root mean square (rms) roughness for this film was 6.3 nm,
which is very close to the values reported for films deposited by mag-
netron sputtering by Leng and coworkers [2]. The surface morphologies
of film deposited by resistive evaporation are quite regular when
compared to films deposited by dip coating (rms roughness of 10.3 nm)
[1,28]. For the sample GS1, where the SnO, layer is deposited on GaAs,
the average dimension of grains ranges from 100 to 150 nm, whereas
samples deposited by dip-coating on glass substrates present
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dimensions of the grains with magnitude of 30-50 nm with no evi-
dences of clusters [28]. The evaporation of the tin dioxide allowed for
an increase in grain size when compared to the dip-coating method.
Values of roughness (rms) could be decreased using more sophisti-
cated deposition techniques, such as PLD (0.6 nm) [16], CVD (1.81 to
0.259nm) [13,16], CBD (2.55 to 1.3nm) [1] or sputtering (0.26 nm)
[25]. It is important to mention that by using a GaAs substrate, which
has a completely different structure from SnO,, it creates stresses at the
substrate / film interface, which may influence the surface roughness.

3.2. Photoluminescence results

Figs. 6 and 7 show photoluminescence (PL) results for S1000, S500,
S300 and GS2 samples (samples with different annealing temperatures
and different substrates). A SEM top image of the junction GaAs/SnO.,,
and the corresponding sample diagram are also shown in Fig. 7. As can
be seen in the SEM image the surface is quite smooth, attesting to the
good quality of the heterostructure.

In the PL measurements, excited using the line 325 nm of a He-Cd
laser, it is possible to notice a broadband from 518.3 nm to 530.8 nm.
However, this band is only observed for the sample treated at 300 °C for
five hours (Fig. 6). In samples treated at 500 °C and 1000 °C, it was not
possible to observe any type of emission. This PL broadband is different
from the PL originated from SnO, matrix [43], which is blue shifted
compared to the present result, assuring that the observed transition of
Fig. 6 comes from the Er** ion. It may be result of the overlapped Er®™*
transitions  2Hijy0—"is,2  and  *S;»—*l;5»  respectively
[19,26,30,35-37,44-46]. All of these references found similar broad
bands for Er** emissions, even though they are more intense in some
cases. Excitation with a diode laser (532 nm line) does not lead to any
band in the photoluminescence spectra.

It is interesting to analyze Fig. 6 taking into account the EDX
scanning measurements (Fig. 4). The image of S300 shows much more
Er as compared to S1000. Then, when irradiating with the laser beam, a
higher number of Er centers will be excited in S300, justifying its
emission, and the absence of PL signal from the S1000.

Concerning Fig. 7, it can be observed that when there is a GaAs layer
below the SnO, film (sample GS2) the spectrum is somewhat different,
a emission is observed at 530.8 nm, which may be related to only one of
the Er®™ transitions (483/2—>4115/2), instead of the overlapped transi-
tions, which is seen only for the lowest temperature. This specific
emission is not observed for the other samples, suggesting that the GaAs
layer directly influenced the Er emission. It is interesting to mention
that rare earth emission in SnO, deposited on GaAs was previously
observed [42], and the rare earth emission is more evident for lower
temperature of annealing, that, unlike the present case, were associated
with the existence of Eu agglomerates on the sample surface. In the
present case, the GS2 sample, whose luminescence associated with the
Er ions is shown in Fig. 7(a), was not annealed. We believe that the
luminescence of GS2 sample may have similar reasons, i.e. related to a
low (or none) annealing temperature, which leads to concentrated
doping areas. We must recall that in the case of samples evaporated on
glass substrate (Fig. 6), the lower temperature of annealing (S300)
presented luminescence, in full accordance with this explanation.

The ?H;;,,—>*1;5,/, emission has been reported and maybe observed
when “S;, level is excited because the 2Hy; , level is populated from
the *S;,, level via a fast thermal equilibrium between these two levels
[27]. This observation is usually related with the up-conversion process
in sol-gel materials [19], which does not occur in GS2 sample, unlike
the G300 sample, where the ?H;;,,—"I;5/, emission is observed only
inside the broad band. The mechanism for emission originated from the
4S3/5—>"115,- transitions is related with multiphonon relaxation [26].
On the other hand, the low concentration of Er®* ions in SnO, nano-
crystals are excited by non-radiative energy transfer from the semi-
conductor nanocrystalline host [35].

In the present case, the higher annealing temperature apparently
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Fig. 4. Scanning EDX for evaporated Er-doped SnO, samples annealed at different temperatures.

causes the diffusion of erbium ions to substitutional Sn sites, leading to from GaAs/SnO, heterostructures unlike SnO, films deposited on glass
a much lower incidence of Er®*-reach regions (at grain boundaries), substrate, which do not show any emission until the thermal annealing
making the observation in the EDX scanning image difficult (Fig. 4). As temperature gets very high.

already has been mentioned, these results are different from Bueno and

coworkers [42], in the case of Eu-doped samples, where the existence of

rare-earth ion agglomerates on the top layer surface leads to emission
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Fig. 5. Atomic Force Microscopy images in a 2 um x 2 pm range for GS1 sample: (left) 3 D image, (right) 2D.
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Fig. 6. Photoluminescence at 15 K, of evaporated Er-doped SnO, samples, annealed at different temperatures (left). Photoluminescence of sample S300, measured at

different temperatures (right).

3.3. Electrical characterization

Concerning electrical measurements, Fig. 8 brings current versus
voltage (IxV) profile for samples S300, S500 and S1000 performed at
room temperature and pressure. In the inset of Fig. 8, the resistivity is
presented as a function of annealing temperature, evaluated from the
experimental data exhibit in the main figure. It can be seen that all the
samples present ohmic behavior. Further, they also exhibit very stable
signals in the measured voltage range, leading to precise reproducible
data. It is possible to observe that the sample with higher annealing
temperature (S1000) has a higher resistance, even though it presents
higher intensity of the XRD peaks, related to SnO, rutile phase (Fig. 1),
which suggests better crystallinity, and greater transparency (Fig. 2).
The observed effect is the decrease in the current for S1000 sample
using the same applied bias, in other words, a smaller slope in the IxV
curve. This is consistent with previous report, on thermal annealing
under vacuum conditions [29], which leads to higher conductivity. In
the present case, considering the thermal annealing under room at-
mosphere conditions, it is expected that the higher temperature leads to
higher amount of adsorbed oxygen species, increasing the resistivity.
Another hypothesis is that at temperatures close to 1000 °C, oxygen
atoms break the bonds in SnO, [47], and the effect is an increase in the
resistivity of the material. On the other hand, the EDX results (Fig. 4)

show that Er*2 ions diffuses into the sample, and considering the ac-
ceptor nature of this trivalent rare-earth ion, mainly when located at
subtitutional Sn*™ sites, it induces more charge compensation with the
free electrons in the SnO, matrix, contributing to the higher resistivity
of sample S1000. The sample annealed at 500 °C is the most conductive,
whereas the sample treated at 300°C has intermediate resistivity.
However, sample S300 presented the most intense PL (Fig. 5), which, as
already discussed is related to the presence of Er®* ions located at grain
boundaries (Fig. 4). Thus, it is expected that this sample is less resistive
than S1000 one, because the charge compensation with free electrons is
more efficient for substitutional Er®* ions than for grain boundaries
located ions. On the other hand, for sample S500, annealed at 500 °C,
the effect of larger crystallites is dominant in this case, because larger
grains (induced by higher temperature) lead to a lower grain boundary
scattering in this sample when compared to S300, yielding a higher
conductivity.

Fig. 9 shows current-voltage measurements for the samples S300
and S1000 carried out in the dark and under the effect of irradiation
with different light sources: 1) He-Ne laser (628 nm) and 2)InGaN LEDs
(440-460 nm). The inset on the right side also shows the effect of ir-
radiation with He-Cd laser (325 nm). Both samples present an ohmic
behavior in the dark and under optical excitation. Excitation with the
He-Ne laser leads to practically the same behavior, since this light
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Fig. 8. Current as function of voltage for evaporated Er-doped SnO, samples,
annealed at different temperatures. Inset: resistivity versus annealing tem-
perature. Line is drawn just as a guide to the eyes.

source has energy (1.97 eV) somewhat lower than the tin oxide
bandgap, and thus does not cause significant change in the conduction
of the samples. On the other hand, when excited with the InGaN LED
(2.75eV), the sample S300 was poorly stimulated (Fig. 4a), however,
sample S1000 (Fig. 4b) exhibits a significant increase in the current.
Such excitation was permanent, since the sample remained in this state
for days. In the sample $1000, Er** ions are mainly substitutional, as
already discussed, justifying the higher resistivity of this material.
When excited with the LED, the excitation energy (average 2.75V) is
close to the excitation energy of transitions from level *I15/2 to levels
4F5/2 (2.74 eV) and4F3/2 (2.79eV) [19] that suggests that this light
source may excite ions in the S1000 sample more efficiently. Then,
sample S1000 which is the most resistive in the dark, due to acceptor
Er®* ions, becomes the most conductive under light effect. Considering
that the excitation of Er®* ion promotes electron transfer to the SnO,
conduction band, they remain in a conductive state for a long time,
without decaying to the Er** ground state, justifying the permanent
effect on the conductivity. The effect of excitation of SnO, layers with
distinct light sources for the electrical properties has been explored
before [29], and it has also been reported a significant difference in the
decay of photo-excited conductivity [48] when the sample is undoped
or doped with Er** ions, the former present related centers with
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thermally activated capture cross section. The decay of photo-excited
conductivity is temperature and Er-concentration dependent. The cap-
ture barrier (Ec.p) has different values whether the defect is substitu-
tional to Sn** site or located at grain boundaries, being lower for
substitutional sites. A lower E_q, also means an easier photo excitation
to the conductive state, since the localization presents less electron-
phonon coupling for the substitutional site (S1000) than for the
asymmetric boundary layer sites (sample S300), justifying the higher
conductivity of the S1000 sample, after InGaN LED excitation. In the
inset of Fig. 9, it is possible to observe that excitation with the He-Cd
laser, the same used for PL excitation (Figs. 6 and 7) leads to a much
higher conductivity, associated with excitation of electron-hole pairs.
This effect is similar to the observed for Eu-doped GaAs/SnO, hetero-
structures, where the excitation were much more efficient when the
SnO, is the top layer, whereas the GaAs acts as a shield layer when
deposited on top of the heterostructure [49,50].

4. Conclusion

The combination of sol-gel and resistive evaporation techniques in a
new route to obtain Er-doped tin dioxide thin films on different types of
substrates produced effective results. EDX mapping confirmed that the
Er is uniformly dispersed on the films. It was observed that the optical
and electrical properties, as well as the Er distribution are highly de-
pendent on the thermal annealing temperature.

PL measurements show that the annealing temperature influences
the Er** emission: sample deposited on glass substrate and annealed at
300 °C shows a broad PL band due to overlap of emissions from Er®*
transitions 2Hyy/,—>*1;5/5 and *Ss/5—"I;5/5, whereas the sample an-
nealed at 1000 °C does not show any emission. This luminescence band
(and the absence of it) is related to the Er®* concentration on the dif-
ferent crystalline sites, as revealed by scanning EDX of the tin dioxide
surface. However, the luminescence seems to come from Er agglomer-
ates, which are more visible in the EDX mapping at lower annealing
temperature. When GaAs is used as substrate, only the emission related
to 453/2—>4115/2 transition is observed.

The diffusion of Er ions towards substitutional sites, provided by a
higher thermal annealing temperature, also causes higher electron
trapping, inducing lower conductivity for the higher annealing tem-
perature sample, increasing the recombination with free electrons from
the matrix. On the other hand, these trapped electrons are more

efficiently excited when compared to surface located ions.

Evaporated SnO; films have a more stable electrical signal when
compared to films deposited by sol-gel-dip-coating and provide some
advantages, such as deposition on hydrophobic surfaces, and the pos-
sibility of utilization of shadow masks. These properties are important
in order to achieve the desired structure pattern, and contribute to the
design and construction of more efficient optoelectronic devices.
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