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Abstract

In order to investigate optically excited electronic transport in Er-doped SnO,, thin films are excited with the fourth harmonic of an Nd: YAG laser
(266 nm) at low temperature, yielding conductivity decay when the illumination is removed. Inspection of these electrical characteristics aims
knowledge for electroluminescent devices operation. Based on a proposed model where trapping defects present thermally activated cross section,
the capture barrier is evaluated as 140, 108, 100 and 148 meV for doped SnO, thin films with 0.0, 0.05, 0.10 and 4.0 at% of Er, respectively. The
undoped film has vacancy levels as dominating, whereas for doped films, there are two distinct trapping centers: Er’* substitutional at Sn** lattice

sites and Er** located at grain boundary.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Incorporation of erbium ion (Er**) in semiconductors may
contribute for technological innovation and offers the possibility
of very significant applications in optical communication, since
it has one emission at 1.54 pm, coincident with the minimum
absorption of silica-based optical fibers.! This luminescence
leads to a potential use in waveguides and electroluminescent
emitters. The emission at room temperature is related with
phonon-assisted transitions, which decrease the photolumines-
cence (PL) intensity about room temperature. This PL quenching
decreases with bandgap energy, making rare-earth doping of
wide bandgap semiconductors a very attractive process.” It
includes the n-type wide bandgap semiconductor SnO;.

The knowledge of optically excited electrical characteristics
in Er-doped SnO; is fundamental for design and operation of
electroluminescent devices. The optical ionization of Er-related
defects and the analysis of charge trapping back help this inves-
tigation, since it combines optical and electrical properties of
Er-doped SnO; thin films. In tin dioxide, oxygen vacancies act
as donors centers. Two donor levels associated with this center
have been reported, a shallow level at 30 meV below the conduc-
tion band and a deep level about 150 meV.? Er?* is incorporated
into SnO, lattice substitutional in Sn** sites and exhibits an
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acceptor like behavior in tin dioxide,* leading to a high degree
of electrical charge compensation, and high resistivity films. Ion
incoporation at grain boundary, caused by low solubility limit
of rare earths in SnO» (less than 0.1 mol%), may also contribute
for high resistivity.> Recombination of electron-hole pairs with
desorbed oxygen species leads to persistent photoconductiv-
ity (PPC) effect® in undoped SnO, sol-gel thin films at low
temperature.* Our deeper investigation in the range 200-300 K,
reported here, shows a small, but measurable decay of the photo-
induced conductive metastable state in undoped SnO» thin films.

In this paper, the decay of photo-excited conductivity is
applied in order to understand the electron trapping phenom-
ena. The experiment may be summarized as follows: laser light
(266 nm) has above bandgap energy and may create electron-
hole pairs and ionize intra-bandgap defects: substitutional Er’*,
grain boundary located Er3* and oxygen vacancy. After remov-
ing the illumination, the time-temperature dependence of charge
carrier trapping by defects is measured and the thermally
activated capture cross section of the dominating level is eval-
uated. Results include undoped and Er-doped SnO; thin films,
deposited by sol—gel-dip-coating (SGDC) process.

2. Experimental

The desired amount of ErCl3-6H,O was added to an aque-
ous solution of SnCls-5H,0 (0.5 mol1~ 1), under stirring with
a magnetic bar, followed by addition of NH4OH until pH
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reaches 11. Tons C1~ and NH4" were eliminated by dialysis.
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 firing at 400 °C for 10 min
after each dip. Resulting film (10 layers) was annealed at 550 °C
for 1h.

Sn electrodes were deposited on the samples by resistive
evaporation technique, through a shadow mask in an Edwards
evaporator system, model Auto 306, under a pressure of about
107 Torr. In this procedure the crucible is heated by a high
electrical current. Electrodes are annealed to 200 °C by 20 min.
Low temperature electrical measurements were done in a He-
closed cycle Janis Cryostat that controls sample temperature in
the range 10-300 K within 0.05 K of precision. For the decay of
photo-induced conductivity measurements, samples were irra-
diated with the fourth harmonic (266 nm) of an Nd: YAG pulsed
laser, with 4.8 mJ of energy and 10 Hz of pulse frequency, by
10 min, keeping constant temperature.

3. Results—discussion

Normalized conductivity as function of time is shown in
Fig. 1 for an undoped SnO; film, after the film is excited by the
Nd:YAG laser (266 nm line). The decay becomes slower as the
temperature decreases, leading to the PPC phenomena observed
at low temperature (mainly at 70 K).* The inset of Fig. 1 shows
the normalized conductivity plotted as function of time for dis-
tinct pressures. The faster decay for higher pressures assures that
this mechanism is helped by electron capture at oxygen species
adsorbed at grain boundaries and surface. As the atmosphere
becomes cleaner of oxygen, due to the vacuum pump, the decay
becomes slower because there is less oxygen to get adsorbed
and contribute to capture. Then the electron capture becomes
completely dominated by vacancies for low pressures.

Fig. 2 shows the decay of photo-excited conductivity at
several temperatures for SnO; doped with distinct Er doping.
Fig. 2(a) shows these data for SnO, doped with 0.05 at% of Er.
The decay of photo-excited conductivity for SnO, doped with
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Fig. 1. Decay of photo-excited conductivity at several temperatures for undoped
SnO;, thin film. Inset—decay of photo-excited conductivity at several pressures
for the same film.
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Fig. 2. (a) Decay of photo-excited conductivity at several temperatures for
Sn0,:0.05% Er. (b) Decay of photo-excited conductivity at several temperatures
for Sn0,:0.10% Er. Inset—data for SnO,:4% Er.

0.10 at% of Er is shown in Fig. 2(b) and the inset of Fig. 2(b)
shows this decay for SnO; doped with 4 at% of Er. As it can be
observed, as the temperature increases the decay becomes faster,
for the same Er doping concentration. Comparing this data set,
it can be observed that the decay rate becomes slower for the
lower Er concentration.

The observed decay of conductivity as function of time means
that the resistance of the film increases with time. The decay of
photo-induced electrons (n) from the conduction band to the
trapping defect is given by®:

dn "

@ ="V (M)
where C,, = Vinyan, Vi is the thermal velocity of free electrons,
¥n =Yoo €Xp(—Ecap/kT) is the capture cross section, Ecyp is the
potential barrier for electron trapping and y is the constant
capture cross section (infinite temperature). Ngef is the num-
ber of ionized defects. In this paper we analyze two kinds of
defects: oxygen vacancies (V(J)r ) and acceptor like erbium lev-
els (Er**). Supposing that both centers are singly ionized, then:
Ngef — e + N&:f and then Ngef = n, where it is considered
that decay time is long enough to neglect electron-hole recombi-
nation. Besides, during the trapping process, VS’ and Er’* levels
present different capture times. Comparing Figs. 1 and 2, it is
easily verified that the decay is faster for doped films (Er** lev-
els dominating). Eq. (1) is a simple differential equation, with
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trivial solution, given by:
n(0)
n——
(1 +nO)Vnyat)

where n(0) is the initial free electron concentration. Considering
that mobility () is dominated by the grain boundary scatter-
ing, we may neglect bulk scattering mechanisms (phonon and
ionized impurity). X-ray diffraction data for these films (not
shown) exhibits a diffuse shape profile, typical of small crys-
tallite domain. The average crystallite size evaluate from line
broadening XRD patternis about 5 nm. Then, electrical transport
dominated by grain boundary scattering is an adequate hypoth-
esis since the grain size is very small. The mobility due to grain
boundary scattering is proportional to T2 exp(—pk~'T~1),”
where ¢ is the grain boundary potential barrier for scattering.
Substituting these definitions into time-dependent resistance,
one obtains:

KRr

gnp
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where KR is the proportionality constant between resistivity and
resistance and A is the grain boundary scattering constant.’
Cy=T"2Kg exp(¢k~ ' T~1)/[Agn(0)] is temperature dependent
but not time dependent. Eq. (3) means that R(f) must be a lin-
ear function of time for fixed temperature. Evaluating the first
derivative and calling it as slope, we get:

C:TI: = slope = KT exp [—Eca]];Td)] “)
where K is yoo(3k/m*)2Kr/(Ag). Therefore a plot of
In(slope/T) as function of 1/T yields the quantity (Ecap — ¢)
directly from the curve inclination. In our results ¢ is considered
as a constant value (30 meV).” However, above the saturation
limit, doping ions are mostly located at grain boundary, which
must change the grain boundary potential barrier.

A plot of resistance as function of time is shown in Fig. 3 for
Sn0,:0.05% Er as an example of resistance behavior for short
times. For the other compositions (0.0, 0.1 and 4%) the curves
are quite similar and they are not shown. The linear nature of
the curve for short times is clearly observed in Fig. 3. Very low
deviation from the linear behavior is observed.

A plot of In(slope/T) x T~! curves, in accordance with Eq.
(4), is shown in Fig. 4 for all the measured samples. The inset
of Fig. 4 is the room temperature resistivity of the samples as
function of Er doping. Evaluated values for (E¢ap — ¢) are shown
in Table 1. Taking into account ¢ =30 meV,” the capture barrier
is also evaluated. The capture barrier decreases with Er doping
and increases for the highly saturated value of 4 at% Er. For
the undoped sample, the evaluated value of Ec,, = 140meV, is
in good accordance with the value obtained for the ionization
level of vacancies.? The introduction of Er decreases the main
observed capture barrier for the dominant deep level until the
solubility limit has reached (between 0.05 and 0.10at.% Er).
As we have concluded previously,® the excess of Er is mainly
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Fig. 3. Resistance as function of time and linear data fit at short times for
Sn0,:0.05% Er.
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Fig. 4. Plot of In(slope/T) as function of reciprocal temperature, according to
theory developed in this paper for SnO; doped with several Er compositions.
Inset—film resistivity as function of Er composition at 300 K.

located at grain boundary surface. Then, the time-temperature
conductivity decay observed in Fig. 2 corresponds to capture
by two different dominant trapping centers: substitutional Er>*
at Sn** lattice sites for SnO, doped with Er below the satura-
tion limit and Er3* at grain boundary for SnO,:4% Er. Anyhow
these possibilities are related, since the higher Er concentra-
tion at grain boundary must also increase the potential barrier
at grain interface, and then, the value of 30 meV for ¢. It is

Table 1

Potential barriers obtained from the decay and Arrhenius plot

Er composition (at%) Ecop — ¢ (meV) Ecop (meV) E, (meV)
0.00 110 140 1442
0.05 78 108 82

0.10 70 100 73

4.00 118 148 -

2 From Ref. §.
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very interesting to notice the agreement between (E¢,p — ¢) and
the activation energy (Ej,) obtained from the Arrhenius plot for
Er-doped SnO; as shown in Table 1. The value for E, of the
undoped film is taken from a previous report® for comparison.
For electron trapping by vacancies the E¢,p becomes comparable
with E,. These results mean 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 capture barrier (Ecap). The high resistiv-
ity is related to the compensation between vacancies, which act
as donors in the naturally n-type sample and the acceptor like
nature of Er centers. The SnO,:4 at.% Er is a highly compen-
sated film. Films with lower Er doping (0.10 and 0.05 at%) may
be considered as completely degenerated semiconductors in the
photo-induced metastable state. The procedure used here takes
into account that trapping defects present some sort of lattice
relaxation.® For Er-doped SnO, films this relaxation is not clear
up to this point because the trapping may induce a charge dis-
placement when the acceptor Er becomes negatively charged.
This issue is under investigation.

4. Conclusion

The understanding of photo-induced electrical properties of
Er-doped SnO; is essential towards a complete description of
electroluminescent centers present in this material. Er-doped
SnO; thin films are very resistive due to charge compensation.
From a theoretical data-fitting procedure, we conclude that Er3*
related centers present thermally activated capture cross sec-
tion. The capture barrier (E¢ap) shows different values whether
the defect is substitutional to Sn** site or located at grain bound-
ary. The decay of photo-excited conductivity is temperature and
concentration dependent. Undoped samples also present a con-
ductivity decay behavior, which is faster for higher temperature
and higher pressure. Evaluation of Ec,, for undoped thin film

leads to a value very close to a deep ionization energy of vacan-
cies.

The activation energy (E,) obtained from Arrhenius plot
agrees with the quantity (Ecap — ¢) for Er-doped films. Then
the Arrhenius plot must be carefully used in samples with
nanoscopic grains, because the potential barrier at grain bound-
ary (¢) becomes comparable to the thermally activated capture
barrier (Ecap).
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