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Abstract Er-doped SnO2 thin films, obtained by sol-

gel-dip-coating technique, were submitted to excitation

with the 4th harmonic of a Nd:YAG laser (266 nm), at

low temperature, and a conductivity decay is observed

when the illumination is removed. This decay is

modeled by considering a thermally activated cross

section of an Er-related trapping center. Besides, grain

boundary scattering is considered as dominant for

electronic mobility. X-ray diffraction data show a

characteristic profile of nanoscopic crystallite material

(grain average size �5 nm) in agreement with this

model. Temperature dependent and concentration

dependent decays are measured and the capture barrier

is evaluated from the model, yielding 100 meV for

SnO2:0.1% Er and 148 meV for SnO2:4% Er.

Introduction

Doping semiconductors with rare-earth ions may

contribute for technological innovation, giving rise to

new optoelectronic devices. Er3+ is one of the most

attractive rare-earth ions for applications, since has one

of its luminescent core transitions at 1.54 lm, coinci-

dent with the minimum absorption of silica-based

optical fibers [1]. A significant loss of photolumines-

cence (PL) intensity is observed when temperature is

raised, bringing down the efficiency for technological

application, however the PL quenching decreases with

the bandgap energy [2], making rare-earth doping of

wide bandgap semiconductors a very attractive process

[3]. Besides, these semiconductors present higher

excitonic ionization energy, being more efficient matrix

to promoting electrically activated emission [4]. Auger

processes are also reduced in wide bandgap semicon-

ductors, and Er emission may become a very efficient

process close to room temperature [5]. SnO2 (tin

dioxide) is a wide bandgap semiconductor (3.5–4.0 eV)

[6, 7], characterized by high n-type electrical conduc-

tivity, transparency about 90% in the visible and high

reflectivity in the infrared [8], being a very promising

matrix for potential rare-earth devices. The combina-

tion of electro-optical properties of SnO2 and Er3+

luminescent properties may give birth to optical

communication devices, such as waveguides [9], optical

amplifiers and electroluminescent emitters, operating

from visible to infrared.

In order to use Er-doped SnO2 as active layers in

electroluminescent devices, the knowledge of photo-

induced electrical properties becomes essential. In the

undoped form, SnO2 is an n-type semiconductor,

where the negative charge carriers come from oxygen

vacancies and interstitial tin atoms, which act as donors

in this material. Since Er3+ exhibits an acceptor like

behavior in tin dioxide [10], Er-doped SnO2 presents a

high degree of electrical charge compensation, leading

to high resistivity films. Recent investigations [11] of

carrier transport phenomena, above room tempera-

ture, in these films, lead to two linear regions of the
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plot of current density as function of applied bias. Each

of these regions was identified as dominated by a

distinct conduction mechanism: Schottky emission for

lower applied electric fields and Poole–Frenkel emis-

sion for higher fields [12, 13].

The recombination of electron-hole pairs with de-

sorbed oxygen species leads to persistent photoconduc-

tivity (PPC) effect in undoped SnO2 sol-gel thin films

[10]. This result may be summarized as the increase of

conductivity by illumination with the 4th harmonic of a

Nd:YAG laser (266 nm), at low temperature, until

saturation, followed by maintenance of the highly

conductive metastable state after removing the laser

irradiation. The same experiment carried out on

Er-doped SnO2 thin films gives rise to exponential like

decay when illumination is removed, instead of the

observed PPC for undoped tin dioxide.

The decay of photo-excited conductivity, measure-

ment explored in this paper, was used before in order

to understand the electron trapping phenomena and

the ground state charge of the dominant defect in other

semiconductor materials [14, 15]. From its analysis it is

possible to evaluate the time-temperature dependence

of charge carrier trapping by the defect and to obtain

its thermally activated capture cross section. In this

paper we present results of photo-induced thermally

dependent conductivity decay for Er-doped SnO2 thin

films doped with distinct Er concentration, deposited

by sol-gel-dip-coating (SGDC) process. An analysis of

the trapping mechanism by Er-like centers is also

presented, allowing the evaluation of the capture cross

section of these defects.

Experimental

Starting solutions were prepared by sol-gel process

according to procedure described in a recent publica-

tion [11]. The desired amount of ErCl3�6H2O was

added to an aqueous solution of SnCl4�5H2O

(0.2 mol l–1), under magnetic stirring, followed by

addition of NH4OH until pH reaches 11. The obtained

suspension was submitted to dialysis against distilled

water by approximately 10 days in order to eliminate

Cl– and NH4
+ ions. Previously to the preparation of the

thin film, starting solution was concentrated through

evaporation of 70% (in volume) of solvent. Films were

deposited on silicate glass substrates by dip-coating

with 10 cm/min dip rate. Multi-dipped films were

continuously deposited at room temperature with a

little interruption after each dip, in order to fire the

film at 400 �C for 10 min. When the number of layers

reached 10, resulting film was annealed at 550 �C for

1 h. The resulting thickness evaluated from scanning

electron microscopy was about 210 nm.

Electrical transport measurements become possible

by the deposition of Sn electrodes on the samples

through a shadow mask in an Edwards evaporator

system. Electrodes are annealed to 200 �C by 20 min at

room atmosphere. Low temperature electrical mea-

surements were done in a He-closed cycle Janis

Cryostat that controls temperature in the range 10–

300 K within 0.05 K of precision. For the decay of

photo-induced conductivity measurements, samples

were irradiated with the 4th harmonic (266 nm) of a

Nd:YAG pulsed laser, with 4.8 mJ of energy and 10 Hz

of pulse frequency. The illumination lasts 10 min,

keeping constant temperature.

For X-ray diffraction measurements it was used a

Rigaku diffractometer coupled with a Cu source of

40 kV and 20 mA of current. Detector rate is 0.5� per

minute with a 0.02� step.

Analyses of the decay of photoinduced conductivity

When the film is illuminated with the laser source, at

low temperature, a sharp increase in the electrical

conductivity is observed. Removing the illumination,

a decay of conductivity as function of time is

observed, which means a sample resistance increase

with time. This time-dependent resistance can be

given by:

RðtÞ ¼ ðKs � nðtÞ � l:qÞ�1 ð1Þ

where Ks is the proportionality constant between

conductivity and conductance (form factor), n(t) is

the time-dependent electron concentration, l is the

film mobility and q is the electron charge. The decay of

photo-induced electrons from the conduction band to

the trapping defect is given by [14]:

dn

dt
¼ �Vth � cn � n �NþDef ð2Þ

where Vth is the thermal velocity of free electrons

[(3 kT/m*)1/2], cn is the thermally activated capture

cross section and NDef
+ is the number of ionized defects.

Supposing that the Er center is singly ionized, then

NDef
o fi e– + NDef

+ and then NDef
+ = n, where it is

considered that decay time is long enough to neglect

electron-hole recombination. cn is given by [14]:

cn ¼ c1 � exp �Ecap

kT

� �
ð3Þ
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where c¥ is the constant capture cross section (infinite

temperature) and Ecap is the potential barrier for

electron trapping by Er3+ centers. The solution of Eq.

(2) is given by:

nðtÞ ¼ nð0Þ
1þ nð0Þ � C1 � t½ � ð4Þ

where C1 = Vth.cn
. Considering that mobility is

dominated by the grain boundary scattering, we may

neglect bulk scattering mechanisms (phonon and

ionized impurity). The mobility due to grain

boundary scattering is given by [16]:

l ¼ A � T�1
2 � exp � /

kT

� �
ð5Þ

where A is a constant and / is the grain boundary

potential barrier for scattering. Zhang and Ma [17], in a

review paper, give a value of 30 meV for /, and then,

this value will be adopted hereafter in our calculation.

Substituting Eqs. (4) and (5) into Eq. (1), one obtains:

RðtÞ ¼
T

1
2 � exp /

kT

� �
� 1þ nð0Þ � C1 � t½ �

Ks �A � q � nð0Þ
ð6Þ

which means that R(t) must be a linear function of time

for a preset temperature. Evaluating the first derivative

and calling it as slope, we get:

dR

dt
¼ slope ¼ Kf � T � exp �Ecap � /

kT

� �
ð7Þ

where Kf is [c¥ � (3 k/m*)1/2 � (Ks�A�q)–1] Therefore a

plot of ln (slope/T) as function of 1/T yields the

quantity (Ecap–/) directly from the curve inclination.

Results and discussion

Normalized conductivity as function of time is shown

in Fig. 1 for Er-doped SnO2 with 4% Er (1a) and 0.1%

Er (1b). As it can be observed, as the temperature

increases the decay becomes faster, for the same Er-

doping concentration. Comparing both data set, it can

be observed that the decay rate becomes slower for the

lower Er concentration.

A plot of resistance as function of time is shown in

Fig. 2, where the linear nature of the curve for shorter

times is clearly observed. Considering that the decay is

faster for the more doped film as shown in Fig. 1, we

plot the resistance variation in the range 0–20 s for

SnO2:0.1% Er and 0–10 s for SnO2:4% Er, in Fig. 2.

For longer times, other trapping centers may also begin

the competition for electron capture, and a rather

distinct free carrier decay rate is expected. Then we

have decided to use the initial linear portion of the

curve. As clearly seen in Fig. 2, this option is adequate,

since very low deviation from the linear behavior is

observed. The most clearly observed deviation from

linear shape is for SnO2:0.1% Er at 300 K where a

possible electron-hole recombination at the very

beginning of conductivity decay may be taking place.

Figure 3 shows resistivity as function of temperature

for SnO2:0.1% Er thin film. The inferior inset is the

Arrhenius plot of these data, yielding activation energy

of 73 meV for the deepest level, which becomes

ionized for higher temperatures. Following the general

theory presented in Section ‘‘Analyses of the decay of

photoinduced conductivity’’, a plot of the slope of R ·
time curves as function of temperature in accordance

with Eq. (7) is shown in the superior inset of Fig. 3.

As already mentioned, the inclination of this plot

yields the quantity (Ecap–/). For the SnO2:0.1% Er,

shown in the figure, (Ecap–/) = 70 meV, which means

Ecap = 100 meV, since / = 30 meV [17]. A similar

procedure for the sample SnO2:4% Er (not shown)

yields (Ecap–/) = 118 meV and Ecap = 148 meV.
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Fig. 1 Decay of photo-excited conductivity at several tempera-
tures for (a) SnO2:4% Er thin film, (b) SnO2:0.1% Er thin film
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Unfortunately a plot of resistivity as function of

temperature for the same range of Fig. 3 is not possible

for SnO2:4% Er, since the order of magnitude of

resistivity may be as high as 106 ohm cm at room

temperature [11], which makes very difficult to

measure it below room temperature. This high resis-

tivity behavior may be related mainly to charge

compensation, since undoped SnO2 presents n-type

conduction and the increase in the Er-doping concen-

tration induces more electron trapping by Er-related

centers. These defects are located either at Sn4+

substitutional sites of SnO2 lattice as well as at grain

boundary layer [18], since the solubility limit has been

widely overcome for 4% Er-doping. Then, it is not

possible to obtain the activation energy for SnO2:4%

Er by an Arrhenius plot. However it is very interesting

to notice the agreement between (Ecap–/) = 70 meV

and the activation energy (Ea) obtained from the

Arrhenius plot (Ea = 73 meV) for SnO2:0.1% Er. This

result means that the activation energy obtained from

the conventional procedure through Arrhenius plot

may be incorrect for materials with nanoscopic grains,

because the potential barrier at grain boundary (/)

becomes comparable to the thermally activated cap-

ture barrier (Ecap). Another worthy noting feature of

these results is the higher (Ecap–/) quantity for the

more doped sample. Considering that 4% Er-doping

means a highly compensated sample (in agreement

with the much higher value of resistance—Fig. 2), the

increase in conductivity due to laser irradiation is not

as large as observed for lower compensated sample.

Then, the film of SnO2:0.1% Er may be considered as a

completely degenerated semiconductor in the photo-

induced metastable state. In this case, the Fermi level

is located above the conduction band edge after laser

irradiation, what decreases the effective electron cap-

ture barrier. Besides, the value of 30 meV, given by

Zhang and Ma [17], for the potential barrier at grain

boundary may not be valid for any doping concentra-

tion. Moreover, since 0.1% Er is a very close value to

solubility-limit, the excess of Er is mainly located at

grain boundary surface as we have concluded previ-

ously [18]. Then, the time–temperature conductivity

decay observed in Fig. 1 corresponds to capture by two

different dominant trapping centers: substitutional

Er3+ at Sn4+ sites for SnO2:0.1% Er and Er3+ at grain

boundary for SnO2:4% Er, where very complex centers

may be forming since the amount of Er has largely

exceeded the solubility limit and then the Er concen-

tration at grain boundary is very large. Anyhow these

possibilities are related, since the higher Er concentra-

tion at grain boundary must also increase the potential

barrier at grain interface, decreasing the mobility.

Figure 4 shows X-ray diffraction data for undoped

[19] and Er-doped SnO2 thin films. It is clearly

observed that the most evident peaks are from (110),

(101) and (211) which are in good agreement with the

cassiterite type structure [20] and exhibits a diffuse
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shape profile, typical of small crystallite domain.

Evaluating the average crystallite size from line

broadening XRD pattern at (101) direction (Scherrer

equation [21]), which is the most clearly defined peak

in Fig. 4, one obtains values listed on Table 1.

It is quite clear from Table 1 that our hypothesis of

electrical transport dominated by grain boundary

scattering, used in the model proposed in Section

‘‘Analyses of the decay of photoinduced conductivity’’,

is adequate since the average grain size is very small.

Besides it can also be seen from Table 1 that the

introduction of Er inhibits the grain growth, leading to

lower mobility samples as the Er3+ concentration

increases, in agreement with the previous discussion.

Conclusion

Erbium (Er3+) presents acceptor like nature in SnO2

thin films, which leads to high charge compensation,

since undoped tin dioxide is originally an n-type

material. It makes these films very resistive. From a

theoretical data-fitting procedure, we conclude that

Er3+ related centers present a thermally activated

capture cross section and the decay of photoexcited

conductivity is temperature and concentration depen-

dent. Our model assumes the grain boundary scattering

as dominant mechanism, which allows to obtain the

quantity (Ecap–/), which is 118 meV for SnO2:4% Er

and 70 meV for SnO2:0.1% Er. We believe that the

dominant scattering centers in these samples come

from distinct centers. For SnO2:0.1% Er the trapping

are related to Er3+ centers located at lattice sites and

for SnO2:4% Er the capture centers are at grain

boundary layer, since 4% of Er is well above the

solubility limit.

The activation energy obtained from Arrhenius plot

agrees with the quantity (Ecap–/). Then the Arrhenius

plot must be carefully used in samples with anoscopic

grains, because the potential barrier at grain boundary

(/) becomes comparable to the thermally activated

capture barrier (Ecap). The hypothesis of grain bound-

ary scattering is in good agreement with X-ray diffrac-

tion data, since the evaluation of grain size from line

broadening of XRD pattern yields nanoscopic grain

dimensions.

The understanding of photo-induced electrical prop-

erties of Er-doped SnO2 is essential towards a com-

plete description of electroluminescent centers present

in this material. We believe that this report will help to

clarify the physics of Er-related centers envisaging its

modulation and control to electroluminescent devices

operation.
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