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H I G H L I G H T S  

� Investigation of photo-induced electrical transport under gas influence in SnO2. 
� Influence of Er3þ surface ions on adsorption of charged oxygen species. 
� Photo-induced room temperature effects on gas adsorption in heterostructures.  
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A B S T R A C T   

Er-doped SnO2 thin films are produced by a combined technique where films are deposited by resistive evap-
oration from a precursor powder obtained by sol-gel. Films are deposited on different substrates and analyzed 
concerning the electrical conduction on different directions. The film conductivity (parallel to the surface) 
changed significantly when exposed to light, even though the photon energies are below the SnO2 bandgap 
energy (InGaN LED, 2.75 eV). The SnO2 films present distinct trapping characteristics when exposed to oxygen or 
carbon monoxide, in agreement with the behavior of metallic oxides, suggesting that surface defects act as 
adsorption sites. The photo-excitation is rather lower for a GaAs/SnO2 heterostructure sample where the GaAs 
layer is deposited by sputtering, since the direction of polarization (through the interface barrier, perpendicular 
to the sample surface) does not lead to significant increase in the sample current. When the bottom layer is a 
GaAs crystal wafer, the current magnitude increases drastically under the InGaN LED excitation. The results 
reported here contribute to the understanding of electrical transport and the influence of gas adsorption on 
evaporated SnO2 films deposited in diverse configurations on distinct substrates, and contributes to gas sensing 
applications.   

1. Introduction 

Tin dioxide has wide application in gas sensors, because it is sensitive 
to many sort of gases, including reducing gases (e.g. acetone, hydrogen, 
ethanol, methanol, carbon monoxide, nitrogen monoxide, ammonia and 
hydrogen sulfide) and oxidizing gases (e.g. oxygen, nitrogen dioxide, 
H2O2, H2SO4, ozone). Many of reducing and oxidizing gases can also be 
toxic gases (CO, NO2, H2S, NH3) [1,2]. Good efficiency has been found 
more recently for SnO2 gas sensors in the form of nanoparticles [3–7]. 
This referenced gas sensors are based on undoped tin oxide nano-
particles, which present low sensitivity and long response-recovery 
time. It is related to fact the that SnO2 nanoparticles tend to agglom-
erate easily, making it difficult to diffuse gas molecules on the 

semiconductor surface [3]. The material surface area and the shape of 
agglomerates present on the surface strongly influence the gas detection 
performance. Small size, large surface area and uniformly dispersed 
nanoparticles can easily adsorb gas molecules and improve gas detection 
properties [3]. 

Recently, many different techniques have been used to produce 
advanced SnO2 geometries and shapes. As examples, SnO2:Rh nano-
fibers were produced by electro-spinning technique [7], SnO2 nano-
sheets were prepared by hydro-solvethermal treatment [8], 
Pt-decorated SnO2 nanoneedles were synthesized by hydrothermal 
method [9] and Au/SnO2/RGO nanocomposites, with SnO2 nano-
particles, were prepared by one-step wet chemical method [10]. These 
geometries for SnO2 gas sensors have shown improvements in gas sensor 
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properties for distinct gases such as carbon monoxide, acetone, form-
aldehyde and ethanol. Another interesting feature concerns the use of 
light to induce improvements in the sensor performance A close-packed 
SnO2 monolayer array film composed of nanospheres with hollow 
structure was used as sensing platforms under UV-light irradiation, and 
exhibited excellent sensing performances for NO2 gas with a detection 
limit of 100 ppb [11]. An ultrafast response/recovery speed at room 
temperature is also obtained. A visible-light activated room temperature 
gas sensor based on perylenediimide (PI)/SnO2 nanoparticles hetero-
junctions show significantly enhance the sensing performance for NO2 
detection with high sensitivity and high selectivity [12]. Amorphous 
ZnSnO3 shows outstanding UV sensitivity and gas-sensing property at 
room temperature [13] which can be combined in order improve the 
efficiency. In general, gas sensors based on optimized and modern ge-
ometries such as WO3 nanocrystals, ZnO nanowires, In2O3 or SnO2 
nanoparticles have good performance, but have some disadvantages 
such as high operating temperature (in the range 170–200 �C for H2 and 
about 200 �C for CO detection), leading to high power consumption and 
integration difficulty [4,5]. 

Many techniques have been explored to deposit tin oxide thin films, 
among them: dip and spin-coating via sol gel [2,14–17] and resistive 
evaporation [14,17,18]. The latter method has some advantages such as 
large deposition area, multilayer structure deposition and rather lower 
cost when compared to other techniques such as pulsed laser deposition 
(PLD) and molecular beam epitaxy (MBE). In this work, SnO2 films were 
produced by a combination of two thin film deposition methods: the 
solution is produced by the sol-gel route and the thin film deposition is 
accomplished by the resistive evaporation technique, using the powder 
obtained from drying the sol-gel solution. 

Concerning the incorporation of Er3þ in the SnO2 matrix, in addition 
to providing luminescence, it increases the material resistivity when 
compared to undoped films, as Er3þ ions replace Sn4þ in the SnO2. This 
substitution leads to charge compensation with free electrons, origi-
nated from the naturally n-type matrix, as Er3þ ions act as acceptors. 
Another effect that occurs when incorporating trivalent rare earth ions is 
the increase in intergranular potential barrier densities per unit area, 
since the dopant decreases the crystallite size [19], increasing the 
crystallites concentration. The resulting effect is a decrease in the elec-
tronic mobility of the material [20]. Then, both effects: the reduction in 
free carier concentration and the reduced mobility contribute to an 
effective lower conductivity. 

The presence of traps in SnO2 is very common and plays a funda-
mental role in the sample electrical performance. A capture barrier is 
evaluated from a model for photo-induced conductivity, the same sort of 
experiment used here, yielding 100 meV forSnO2:0.1% Er and 148 meV 
for SnO2:4% Er, suggesting defects with lattice relaxation between 
distinct charged states [21]. More recent and advanced geometries of 
SnO2 matrix also reveal the relevance of trapped charge. Nanoflowers 
geometry is characterized by a lower density of surface traps in the 
bandgap since they present very high crystallinity [22]. Consequently 
SnO2 nanoflowers have higher Fermi energy and higher conductivity, 
since more electrons populate the conduction band. 

Decay of photoinduced conductivity has already been performed for 
GaAs/SnO2 heterojunctions, however, GaAs films were deposited by 
resistive evaporation and SnO2 was deposited by sol-gel dip coating on 
the GaAs layer. Electron capture was observed due to intra-bandgap 
defects in the SnO2 layer, as well as possible electron trapping at the 
GaAs/SnO2 interface at temperatures below 100 K. In addition to Eu3þ

centers (the rare-earth doping used in that report) and oxygen vacancies, 
this heterostructure also had areas of Eu3þ clusters on the surface of the 
SnO2 layer, contributing to electron scattering [23]. Measurement of 
photoinduced current decay may also be performed in a gaseous at-
mosphere, with optical excitation concomitant with the change of at-
mosphere. For the heterojunction of SnO2:Sb with TiO2 in O2 
atmosphere, an improvement in the gas detection properties perfor-
mance after illumination was observed, contributing to increase the 

adsorption centers on the surface of the exposed TiO2 layer [24]. 
In the present work, distinct light sources (He–Ne laser and InGaN 

LED) are used to excite carriers concomitant with gas adsorption on the 
top SnO2 surface, and the current decay is exploited using the decay of 
the photo-induced conductivity. It is expected that the InGaN LED can 
excite SnO2 intra-bandgap defects, and electron-hole pairs and defect 
states in GaAs, since the photon energy is low enough to penetrate to the 
bottom layer. The aim of this work is the contribution to understanding 
of the combination of photoexcitation and distinct gas atmospheres to 
the electrical transport in evaporated SnO2 deposited onto distinct 
substrates. We expect that the knowledge on the combination of photo- 
induced electrical transport under distinct gas adsorption helps in the 
design of gas sensing applications with operation at room temperature, 
in the near future. 

2. Experimental 

2.1. Samples production 

The sol-gel solution of tin dioxide was produced by using ErCl3 added 
to SnO2 solution, in the appropriate proportion, to form SnO2:1 at%Er3þ. 
It was accomplished by mixing pentahydrate tin tetrachloride 
(SnCl4⋅5H2O) and erbium chloride (ErCl3), to obtain a final concentra-
tion of 1 at% Er in relation to tin dioxide. In this solution, concentrated 
NH4OH was added until the pH was raised to 11. The suspension was 
placed in semipermeable membranes, subjected to dialysis against 
distilled water for approximately ten days, in order to eliminate Cl� and 
NH4þ ions, so that the final pH of the solution is approximately 7. Once 
the solution was ready, the SnO2: Er powder was obtained by evapo-
rating the solvent from the sol-gel solution, and then, using the powder 
in the resistive evaporation procedure. The deposition was carried out in 
a self-purpose built system with a resistive molybdenum crucible as the 
evaporation vessel. SnO2 films were deposited on soda-lime glass, a- 
SiO2, sputtered GaAs film (heterostruture GaAs/SnO2) and onto GaAs 
wafer crystal grown using vertical temperature gradient freezing 
method (VGF), fabricated by Wafer World Inc., Florida, as described in 
Table 1. The residual pressure in the evaporation chamber was about 
10� 5 torr. The evaporated samples deposited on glass were thermally 
annealed at 300 �C, films deposited onto a-SiO2 substrate were treated at 
1000 �C, as also described in Table 1, while films deposited on GaAs 
(both forms) were not annealed. Table 1 summarizes the conditions for 
obtaining the SnO2 samples deposited by resistive evaporation on 
different surfaces, and corresponding labels. Some basic characteriza-
tion data using this combination of sol-gel route and resistive evapora-
tion technique was published recently [25]. The samples illustration 
(SnO2 thin film and heterojunction GaAs/SnO2) is shown in Fig. 1. 

2.2. Current excitation and decay under gas influence 

Samples were introduced in an adapted cryostat which allows gas 
incidence upon manipulation correct of valves. The reported data in this 
paper are obtained according to the following procedures, which are 
better visualized in Fig. 2: 1) a fixed potential (a voltage of 30 V was 

Table 1 
Samples used in this paper: SnO2 deposited at different surfaces and with distinct 
thermal annealing.  

Sample Name Substrate Annealing temperature/time 

S10(*) a-SiO2 1000 �C/1 h 
S3(*) Soda lime glass 300 �C/5 h 
HET1(**) a-SiO2 (on a sputtered GaAs film) as deposited 
HET2(***) VGF grown wafer as deposited  

* Model can be seen in Fig. 1 top left. 
** Model can be seen in Fig. 1 top right. 
*** Model can be seen in Fig. 1 bottom. 
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chosen for all samples) is applied on the samples, under vacuum con-
ditions (about 10� 4 Torr) until the current becomes stable. The current 
through the sample is measured parallel to the surface, according to 
Fig. 1 (top left) for samples S3 and S10, using a Keithley electrometer 
model 6517A. For the heterostructure samples (HET1 and HET2), the 
current is measured perpendicular to the sample surface, according to 
Fig. 1 (top right and bottom). The voltage is applied using the voltage 
source of the same Keithley device. As the measured current was stable, 
the vacuum was sealed and the desired gas was released in the system, in 
the dark. The current was monitored over a period of time (Fig. 2(a)); 2) 
Concerning the procedure involving light irradiation, a stable signal of 
electric current in the sample was again awaited and after that, the 
sample was irradiated with a light source. During the process the current 
is monitored until it reaches 5 min of excitation by the light source. At 
this time the current practically reaches saturation in most of the situ-
ations. Then, this excitation time was fixed as standard for all the 
measurements. At the same moment that the illumination of the sample 

is removed, the desired gas is released into the system or not, while the 
current decay is measured over a period of time, according to Fig. 2(b). 

These electrical characterization measurements were then, carried in 
different atmospheres: vacuum, CO2-rich or O2-rich, performed for 1% 
Er3þ doped SnO2 evaporated films and GaAs/SnO2:1% Er3þ hetero-
structure (HET1). It is worth mentioning that the system pressure when 
inserting the gas was 1 atm, as verified in the gas pressure meter. It is 
expected because the gas fills completely the cryostat chamber, almost 
instantaneously. 

Concerning the normalization procedure, it consists in dividing all 
the measured values of current by the maximum value just before 
allowing the gas inside the chamber. In the case of high light excitation 
the maximum normalized value is 1, because light irradiation is 
removed concomitant with gas release. However, in the cases where 
light does not causes a high influence (or in the dark), the maximum 
value may be higher than 1, which means that the gas injection may 
increase slightly the initial conductivity. 

Fig. 1. Sample representations: (top left) evaporated SnO2 films/soda-lime or silica glass substrates; (top right) GaAs/SnO2 films deposited heterostructure; (bottom) 
heterostructure of SnO2 film on VGF GaAs substrate wafer. 

Fig. 2. Representation of the experimental procedure of the current as a function of time under O2 and CO2 atmospheres influence (a) without light excitation and (b) 
light excitation. 
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2.3. Scanning electron microscopy 

Scanning electron microscopy (SEM) and X-ray dispersive energy 
(EDX) measurements were performed on heterostructure samples on a 
scanning electron microscope of Carl Zeiss model LS15. Before the 
measurements, a thin layer of gold was deposited on the sample surface 
to avoid charging effect and as consequence it prevents distortion on the 
images. 

3. Results and discussion 

3.1. SnO2 evaporated thin films 

Fig. 3(a) shows normalized current-time data measured in the dark 
under three distinct atmospheres: vacuum, 1 atm of CO2 or 1atm of O2, 
for sample S10. The inset of this figure shows the measurement in actual 
values of current. Applied voltage is 30V, leading to very low values of 
current, in the order of nA. Note that prior to time “zero” the sample is 
maintained under vacuum conditions. Fig. 3 (b) and (c) present the 
excitation and decay of the photoinduced current for sample S10 per-
formed under the same three conditions of Fig. 3(a): vacuum, CO2 or O2 
atmosphere, but in this case concomitant with photoexcitation using the 
He–Ne laser and the InGaN LED sources, respectively. The inset in Fig. 3 
(c) displays actual current values. It is important to notice the magnitude 
of the current after excitation with the InGaN LED (inset of Fig. 3(c)), 
since the current values are about 12 times the value in the dark, for the 
time zero of decay process. This result assures that the LED has an 
intense effect in the electrical transport excitation, even though the 
photon energy is below the bandgap energy of SnO2. Then, only intra-
bandgap states are excited, and no electron-hole pair creation is ex-
pected in the SnO2 layer. 

Results of excitation and decay for all the samples reported in this 
paper are summarized in Table 2, at the end of this section. Allowing gas 

incidence in the initial vacuum conditions of the S10 sample, leads to an 
initial increase in the conductivity for CO2 and O2 atmospheres, corre-
sponding to stimulus of 2.0% for O2 and 2.4% for CO2, in the electrical 
conduction with a instant response to gases. After the initial increase, 
the electrical conduction decreases more slowly corresponding to 0.7% 
and 1.2% for O2 and CO2 atmospheres, respectively, about 50 s after the 
initial increase, which is stabilization time of the sample current. Quick 
stimulus was also obtained by Z. Jie et al. [6] analyzing response and 
recovery time of SnO2 films exposed to acetone and alcohols. In that case 
this response time is related to fast reaction rate between acetone and 
adsorbed oxygen species. It suggests the existence of chemisorbed 
negative oxygen ions on the surface of the SnO2 film. The presence of 
previously adsorbed charged oxygen is also relevant for CO2 adsorption, 
as discussed below. In the case of Table 2, the electrical conductivity of 
SnO2 decreases considerably when exposed to oxygen, although O2 
adsorption is low, as expected from metal oxides. This suggests that only 
surface defects act as adsorption sites. In addition, adsorbed species can 

Fig. 3. Excitation and normalized decay of current as a function of time under different conditions for sample S10: (a) in the dark and vacuum, and under influence 
of CO2 and O2 atmospheres. Inset: actual current values, applied voltage: 30 V; (b) same atmosphere conditions, but excited with He–Ne laser and (c) same at-
mosphere conditions, but excited by InGaN LED. Inset: actual current values. 

Table 2 
Photo-induced excitation and current decays under different atmospheres, rep-
resented in terms of the percentage change in conductivity.     

S10 (%) S3 (%) HET1 (%) 

Dark Excitation O2 2.0 7.3 0.4 
CO2 2.4 8.6 0.6 

Decay O2 0.7 9.8 1.1 
CO2 1.2 9.9 1.7 

He–Ne Excitation O2 2.1 1.6 0.4 
CO2 5.8 – 0.3 

Decay O2 0.9 7.9 1.1 
CO2 4.7 2.0 0.9 

InGaN Excitation O2 721 100 6.1 
CO2 676 144 5.4 

Decay O2 8.2 16.4 3.7 
CO2 21.6 22.1 3.1  
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be attributed to various forms of oxygen adsorption such as O2, O2
� , O�

and O2� [26]. Even in the case of CO2 adsorption, the presence of pre-
viously adsorbed charged oxygen forms is necessary to accomplish the 
adsorption of oxygen dioxide [27–29]. The sensor resistance varies 
under exposition to CO2, which depends on the reaction between the 
surface oxygen species and gaseous CO2 molecules. 

Leite and coworkers [30] observed that Nb2O5 doped SnO2 nano-
particles presents shorter response time and higher conductivity than 
pure SnO2 films when using gaseous ethanol to test the device. As in this 
case, the films had a signal stability after a certain time under the 
controlled atmosphere. Chowdhuri and collaborators also reported [31] 
that resistance decreases with time when films of SnO2 spread with CuO 
nanoparticles on the surface, are subjected to the atmosphere of 20 ppm 
of H2S, being more efficient for gas detection than undoped SnO2 film. 
This is the opposite of our case since H2S and ethanol are reducing 
agents (oxide sample has resistance decrease with time) whereas O2 and 
CO2 are oxidizing agents (resistance increase with time). 

Fig. 3(b) and (c) shows photo-induced excitation and decay of the 
photoinduced current for sample S10 performed under vacuum, and in a 
CO2 or O2 atmosphere, in this case with concomitant photoexcitation 
using the He–Ne laser (628 nm) and the InGaN LED (450 nm) respec-
tively. The experimental procedure was described in the previous sec-
tion and be summarized as follows: while still in vacuum the sample was 
illuminated (with one of the light sources mentioned above) for 5 min. 
Given the elapsed time, the illumination was turned off and at this very 
same moment either CO2 or O2 gas was released into the system 
chamber. 

Although both sources have energy below the SnO2 bandgap, the 
sample response is quite different. When excited with the He–Ne laser, 
the S10 sample has behavior similar to the one in the dark, with CO2 gas 
stimulus being slightly higher than O2 stimulus (Table 2). The decay in 
this case is similar to the dark, although slightly higher: 4.7% in CO2 and 
0.9% in O2. The irradiation with the InGaN LED leads to a very effective 
carrier generation with average excitation of 7 times higher compared to 
the dark conductivity. In this case, the observed decay is 21.6% for CO2 
and 8.2% for O2, taking into account the 50-s interval after gas incidence 
(current stabilization time). This result shows that, although both light 
sources have energies below the SnO2 bandgap, the InGaN LED has a 
higher influence on sample excitation, ionizing intrabandgap states with 
higher intensity. Moreover, it is evident that, regardless of the light 
source, the CO2 gas has much more significant influence on electron 
capture in the sample. 

It can be seen in Fig. 3 (b) and (c) that as the light source energy is 
being irradiated on the sample, there is an increase in its conduction, 
and the maximum value of the current obtained for excitation with the 
InGaN LED was 13.45 nA (about 7 times higher compared to the dark 
current), whereas for the He–Ne laser it was 1.77 nA (5.8% higher than 
the dark current). These light sources release electrons in the device, 
primarily from the SnO2 surface states to the conduction band, leaving 
out positively charged sites that will be able to adsorb oxygen molecules 
in the form of negatively charged O2

� , O2
� or O� species [26]. Gaseous 

species that are adsorbed on the SnO2 surface, as time goes by, capture 
electrons from the conduction band and as consequence, the conduc-
tivity decreases. Electron capture is governed by intra-bandgap defects, 
which have been optically ionized. CO2 species are more effective for 
this purpose as shown in Fig. 3(c), where the decay rate in CO2 atmo-
sphere is much more efficient. It seems that the presence of previously 
adsorbed charged oxygen forms is also necessary to accomplish the 
adsorption of carbon dioxide, as recently reported [27,29]. The resis-
tance increase (conductivity decreases) for long times, observed in 
Fig. 3, is related to reaction of CO2 molecules with adsorbed charge 
oxygen species on the surface, which comes from the air and are not 
completely eliminated. However, the exact mechanism of room tem-
perature interaction under the presence of light is still an issue for future 
investigation. 

Fig. 4 shows scanning electron microscopy (SEM) for samples S3 and 

S10. It is clearly observed that there is an increase in the sample 
roughness with increase in the annealing temperature. 

The adsorption of oxygen causes the granular surface of the n-type 
SnO2 to be covered with negatively charged oxygen particles [32], as 
schematically shown in Fig. 5. It leads to electron trapping from the 
SnO2 bulk, leading to the formation of a charged layer at the SnO2 grain 
boundary, concomitant with a potential barrier at the grain interface. 
Based on this phenomenon, the gas sensor ends up operating with high 
resistance, and in this case, the effect seen is the decrease of sample 
conduction after a certain time exposed to the air or specific gas atmo-
sphere [32]. Concerning Fig. 5 it is clear that the rougher the surface, as 
is the case of sample S10 [25], more charged oxygen species are 
adsorbed, since the surface area becomes larger. However, looking 
Table 2, the variation on conductivity is higher for sample S3, which 
means that the Er doping is playing an important role. As we have 
published recently, the Er3þ species are mainly located close to surface 
sites for lower annealing temperatures [25]. The sole exception for this 
trapping behavior is the excitation with the InGaN LED (Table 2), which 
is consistent with the relative presence of Er3þ species on substitutional 
sites [25]. The implications concerning roughness and Er3þ distribution 
will be treated again below. 

Fig. 6 shows normalized current values as function of time, with the 
real current value being plotted in the inset, performed under vacuum, 
or under CO2 and O2 rich atmosphere for sample S3 being performed in 
the dark or under irradiation of He–Ne laser and InGaN LED light 
sources respectively, a similar procedure done to sample S10 (Fig. 3). 
The sample S3 has a decay rate of 9.9% for CO2 and 9.8% for O2 for dark 
measurements; 2% for CO2 and 7.9% for O2 after He–Ne laser irradiation 
and decay rate of 22.1% for CO2 and 16.4% for O2 after 5-min excitation 
by the InGaN LED. It is also important to mention that the excitation by 
the InGaN LED is much lower in this case compared to S10 sample, being 
about 7 times higher in the case of the sample with higher annealing 
temperature. 

When excited with the LED, the excitation energy (average 2.75V) is 
close to the excitation energy of transitions from level 4I15/2 to levels 
4F5/2 (2.74eV) and4F3/2 (2.79eV) of Er3þ ions [33] that suggests that this 
light source may excite ions in the S10 sample more efficiently. In the 
S10 sample Er3þ ions populate preferentially substitutional sites 
whereas asymmetric boundary layer sites are determinant for sample S3 
[25], and harder to be efficiently excited, justifying the higher 
photo-induced conductivity of the S10 sample, after InGaN LED 
excitation. 

Small oscillations in the current value shown in Fig. 6(b) for CO2 
atmosphere are due to the mechanical instabilities of the system (it was 
necessary to open the gas valve causing disturbance (vibrations) in the 
cryostat during the measurement, and as consequence, there was a brief 
fluctuation in the current value. 

As mentioned, sample S10 has higher photo-induced conduction 
when compared to S3, but except for the He–Ne excitation under CO2 
atmosphere, the S3 sample has a better trapping response to CO2 and O2 
gas atmosphere when compared to the S10 sample (Table 2). It may be 
related to the Er3þ ions distribution close to the sample surface, as 
represented in Fig. 5 which is substantially different in these two sorts of 
samples. It has been observed in a recent publication [25] that as the 
annealing temperature increases, the concentration of Er surface ions 
decreases, as consequence of diffusion into the sample bulk. For the ions 
located more inside the sample in symmetric substitutional sites, as the 
case of the sample thermally annealed at 1000 �C (S10), the InGaN LED 
has more efficiency in the excitation, as already shown in this paper, and 
in excellent agreement with the mentioned publication [25]. However, 
although more difficult to be excited, the more surface located Er3þ ions 
in the S3 sample represents easier charge location for interaction with 
the oxygen gaseous species in the surface, explaining the more efficient 
trapping and the larger reduction on conduction with time for the S3 
sample, even though the S10 has rougher surface (Fig. 4), which makes 
easier the gas path on the surface. Larger surface area and well-dispersed 
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nanoparticles contribute to the adsorption of gas molecules and improve 
gas detection properties [3]. However, the presence of Er3þ in a location 
highly dependent on the thermal annealing temperature seems to be 
reversing this rule. 

It is well known that the electrical conductivity of SnO2 will increase 
when exposed to reduced gases such as methane, ammonia and 
hydrogen sulfide, however, it will decrease in the oxidizing gas atmo-
sphere, such as oxygen [5]. This phenomenon has been observed in the 
present work for both SnO2 samples: S3 and S10. As already discussed, 
the rutile structure of SnO2 has oxygen vacancies and interstitial tin 
atoms, causing some defects in the lattice [2,18]. Since these sorts of 
defects contribute to the conductivity they shall participate directly to 
the gas detection property. In other words, SnO2 with more oxygen 
vacancies generally has higher sensitivity for gas detection [5]. Then, 
the presence of both: oxygen vancancies and surface Er3þ are significant 
to the transport properties and may help the design of a gas sensor based 
on SnO2 conductivity. 

3.2. Influence of gas and light on heterostrucuture GaAs/SnO2 

As seen in Fig. 1, the layout is quite different for this sample, which 
presents conduction measured in the growth direction. Consequently the 
current is much higher, which is related to the area of conduction. Fig. 7 
shows scanning electron microscopy (SEM) image of HET1 sample sur-
face, along with a sample sketched diagram. The left side of the image is 
composed of GaAs and the right side is the SnO2 film. Apparently, for 
this magnitude of amplification, both layers are homogeneous and 
smooth, without agglomerations. The separation between these layers is 

clearly seen. Fig. 8 brings 10 times more amplification than Fig. 7, 
containing in (a) is the SEM of the GaAs surface and in (b) the SnO2 
surface. The GaAs layer remains regular and it can be seen that it is 
actually smoother than SnO2, which has some irregularities. The HET1 
sample has an evaporated SnO2 film above an amorphous GaAs film, 
what may be causing an increase in the tension between SnO2 and GaAs. 
Since these materials have different crystalline structures as a result it 
may be causing the observed surface irregularities in SnO2. 

Fig. 9 shows X-ray dispersive energy (EDX) scanning on the surface 
of sample HET1, corresponding to the SEM image shown in Fig. 7. In the 
top left figure, it can be seen the surface distribution of elements Sn and 
O placed together. In the other images (right and bottom), it is shown the 
individual distribution of each element, for the analyzed area (O in 
green and Sn in red). A uniform distribution of Sn (in red) and O (in 
green) elements are identified, with higher concentration located at the 
right side of each figure. The small amount of green and red dots 
respectively, on the left side of these figures is related to the noise 
background of the measurement. Considering that the SnO2 film was 
deposited only at the right part of the figure, as seen in Fig. 7, no dot 
should be found in the opposite side. For this reason the amount of Er, 
which is much smaller, is masked, avoiding a precise identification in 
this case, unlike previously published for similar samples [25]. 

Current-voltage measurements were performed for the GaAs/SnO2 
heterostructure sample (HET1), either in the dark or under the effect of 
different light sources (He–Ne laser and InGaN LED), and also under gas 
incidence. These measurements indicated ohmic behavior in the dark as 
well as under the influence of light sources, independent on light source 
used or gaseous atmosphere. However, no significant differences were 

Fig. 4. Surface SEM of evaporated Er3þ-doped SnO2: (left) annealed at 300 �C (S3) (right) annealed at 1000 �C (S10).  

Fig. 5. Schematic diagram of evaporated SnO2 thin films surface, with Er3þions and negatively charged oxygen adsorbed species distribution.  
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noticed when comparing measurements performed in the dark with 
those performed with incidence of light or gaseous atmosphere. The 
effect of these different forms of excitation, although quite significant, is 

rather fast as shown in Fig. 10, below. Then, this I–V data were not 
reproduced here. 

Fig. 10 shows normalized current-time data measured in the dark 
under vacuum conditions, or 1 atm CO2 or O2 atmosphere for sample 
HET1. In the inset of this figure, it is shown the measurement in actual 
values of current. Applied voltage is 30V leading to values of current, in 
the order of microAmps. 

It is important to mention that the responses of SnO2 films (S3 and 
S10) and the heterostructure (HET1), although different, occur at room 
temperature, which is difficult to observe in SnO2-based gas sensors, 
generally operating at elevated temperatures [5,34]. As easily observ-
able in Fig. 8, the evaporated SnO2 has rougher surface compared with 
GaAs sputtered film. This is opposite when the tin oxide is evaporated on 
GaAs substrate [25] and, then, the irregular surface observed for the 
sample HET1, where SnO2 is deposited on top of a sputtered GaAs film, 
may contribute to gas detection. Besides, the absence of thermal 
annealing leads to a high concentration of Er3þ ions on the surface, as 
already discussed for evaporated SnO2 samples, and shown schemati-
cally in Fig. 5. This also improves the efficiency on gas detection. 

As already mentioned, both light sources used here have energy 
above the GaAs bandgap energy (1.97eV for He–Ne laser and 2.75 eV for 
InGaN LED), but cause small stimulation in the GaAs/SnO2 hetero-
structure sample, which suggests that the radiation do not reach the 
GaAs layer, since the top is made up of SnO2. The HET1 sample showed a 
decay rate of 1.1% in O2 atmosphere and 1.7% for CO2 (both in the dark) 
and 1.05% for O2 and 0.9% for CO2 when excited with the HeNe laser. As 
shown in Figs. 3 and 6, SnO2: 1% Er3þ samples also showed small decay 
rate, except for InGaN LED excitation, which leads to much more effi-
cient trapping rates. In this case, the rates were 21.6% and 22.1% for 
samples S10 and S3, respectively, when exposed to CO2, in opposition to 
what happens in the HET1 samples where the decay rate are 3.7% in O2 
and 3.1% in CO2. Although it could lead to erroneously think of poor 
efficiency, it has actually to do with conductivity direction, since in this 

Fig. 6. Excitation and normalized decay of current as a function of time under different conditions for sample S3: (a) in the dark and vacuum, and under influence of 
CO2 and O2 atmospheres. Inset: actual current values, applied voltage: 30 V; (b) same atmosphere conditions, but excited with He–Ne laser and (c) same atmosphere 
conditions, but excited by InGaN LED. Inset: actual current values. 

Fig. 7. (top) schematic diagram of the HET1 sample. (bottom) Surface SEM of 
HET1 sample. 
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case the barrier between both layers shall play as main parameter for 
improving conduction. Probably, the high n-type conductivity in SnO2 
makes the photo induced carrier excitation not enough to increase 
significantly the conduction, and no significant increase is produced in a 
sample that is already ohmic in the dark, not exhibiting the expected 
rectifying behavior. Besides, the current magnitude is higher because 
the conducting area is much larger when compared to the conduction 
along with the SnO2 thin layer in samples S3 and S10. 

However, the GaAs/SnO2:1%Er3þ heterostructure stabilizes in a 
shorter time compared to the evaporated SnO2:1% Er3þ thin films. For 
SnO2 samples and the HET1 heterostructure sample, the He–Ne laser did 
not cause any excitation, probably because this laser does not have the 
energy required to excite the Er3þ ions. As noted before for evaporated 

SnO2 samples [25], the InGaN LED was able to excite these ions more 
efficiently as the excitation energy of the InGaN LED light source, as 
already mentioned, is close to the excitation energy of the Er3þ transi-
tions from level 4I15/2 to levels 4F5/2 and 4F3/2 [25,33]. 

Fig. 11(a) shows current voltage behavior at two different temper-
atures for sample HET2, and Fig. 11(b) is the SEM for the interface in the 
sample surface. The doped SnO2 film is deposited directly on top of VGF 
grown GaAs (single crystalline). The symmetric rectifying behavior is as 
expected and the current clearly increases with temperature. The inset in 
Fig. 11(a) shows the excitation with the InGaN LED in this sample for 
three different temperatures, under applied voltage of 20V. The lines are 
drawn just as guide to the eyes. As can be seen the light source leads to 
an increase of four orders of magnitude in the current, assuring the very 

Fig. 8. Surface SEM of HET1 sample where a) GaAs thin film and b) SnO2:1%atEr3þ evaporated thin film (on GaAs film).  

Fig. 9. Scanning EDX for HET1 sample.  
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high efficiency of the blue light source to this sort of heterostructure, and 
the transparency of the SnO2 layer for it, making sure that electron-hole 
pairs are excited very efficiently in the GaAs single crystalline layer. It is 
important to mention that in this case the current magnitude returns to 
the dark value immediately after removing the light source incidence. 

In order to compare the excitation of samples HET1 and HET2, the 
diagram of Fig. 12 is sketched. Values of bandgap, represented in this 
figure, were evaluated by the Tauc Plot [35] from optical transmittance 
data. Considering the quite high electron concentration in the SnO2 side 
[36], there is an electron distribution, with top energy above the 
interface barrier energy. Although the InGaN LED source is enough to 
excite the Er3þ ion in both sort of samples, the excitation of the single 
crystalline GaAs layer is much more efficient, as observed for the HET2 
sample (Er-doped SnO2 on top of VGF grown GaAs), assuring much 
higher magnitude when compared to HET 1 sample (SnO2 layer on top of 
sputtered GaAs). The rather fast decay after light removal in the case of 
HET2 may lead to a possible improvement in gas detection, since the 
instrumentation is developed to follow the decay. However, the current 
magnitude is so high in this case that electron capture by gaseous species 
may not lead to measurable exchanges in the electrical transport 
through the barrier. 

4. Conclusion 

Measurements of excitation and decay of photoinduced current in 
different atmospheres showed that the electrical conductivity of Er- 
doped evaporated SnO2 films changed significantly when exposed to 
oxygen and carbon monoxide, in agreement with the behavior of 
metallic oxides, suggesting that surface defects act as adsorption sites. 
The electron trapping may be increased by exciting with below SnO2 
bandgap light source energy (2.75 eV). Gaseous species that are adsor-
bed on the surface of the SnO2, capture conduction band electrons and 

the conductivity decreases over time. Er3þ ions are located close to the 
surface in the case of low thermal annealing temperature or in the bulk 
substitutional sites, in the case of high annealing temperature. These 
ions have strong contribution in the gaseous adsorption process, and 
then, in the time-dependent conductivity. 

The excitation is rather lower for a GaAs/SnO2 heterostructure 
sample where the GaAs layer is deposited by sputtering, because the 
direction of polarization (through the interface barrier), does not lead to 
significant increase in the sample current under gas influence. When the 
bottom layer is a VGF grown GaAs layer the current magnitude increases 
drastically under InGaN LED excitation (above GaAs bandgap light). The 
effect caused by the gas adsorption is less than the observable for SnO2 
layer, where the polarization is perpendicular to the growth direction 
(parallel to sample surface). 

This work is a contribution to understanding of the combination of 
photoexcitation and distinct gas atmospheres to the electrical transport 
in evaporated Er-doped SnO2 deposited on several configurations with 
distinct substrates. The knowledge developed so far on the distinct 
GaAs/SnO2 sample design contributes to room temperature gas sensing 
applications in the near future. 
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