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The heterostructure system GaAs/SnO is built by resistive evaporation of Er-doped SnO2 powder on the top of

TSDC GaAs semi-insulating substrate. The SnO; powder comes from the drying of SnO sol-gel solution. The possible
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formation of dipoles in this heterostructure is investigated by the thermally stimulated depolarization current
(TSDC) technique, and the possibilities for dipole formation are explored, such as the EL2 defect in the GaAs side,
oxygen vacancies and Er ions in the SnO, layer. The dipole relaxation activation energies are found in the range
0.2 eV to 0.3 eV, in good agreement with the ionization energies of these defects. The main TSDC bands: 213 meV

with peak of —298 pA, for positive bias, and 218 meV with peak of 128 pA for negative bias, are modified by
stray (room) light, which may correspond to the second ionization level of oxygen vacancies in SnO5, which are
excited by the room lights and do not return to the original orientation.

1. Introduction

Deposition of SnO5 on top of GaAs, forming a heterostructure, has
provided some very interesting phenomena such as the interfacial con-
duction, similar to a two-dimensional electron gas (2DEG) [1,2] or the
rare-earth emission on the photoluminescence (PL) spectra, not avail-
able when the SnO;, layer is deposited on top of glass substrates [3,4].
The emission and/or its absence in SnO, thin films deposited on
different sort of substrates may be investigated using Synchrotron ra-
diation experiments, and the differences on the XANES (X-ray absorp-
tion near edge structure) related to the matrix disorder, are found as
responsible [5] for the differences in the emission spectra from Eu
emission, since films deposited on glass substrate do not present Eu PL
transitions until the annealing temperatureis rather high.The relative
intensity of the Eu or Er transitions when the ion is substitutional to Sn**
or located at the grain boundary is dependent on the annealing tem-
perature, which can be associated to the increase in the concentration of
symmetric sites with temperature, which also affects the crystallite
growth. Concerning Er-doping in SnOg, one of the compounds investi-
gated in the present work, the annealing temperature influences the Er
ion location, that reflects on the PL related to 2H11 /2—>4115/2 and 453/
9152 BT transitions [6].

Moreover, a broad PL band is observed in this sort of samples, which
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can be also originated from de disorder in the structure, but often is
associated with electron transfer from oxygen vacancies and the
acceptor level formed by the rare-earth ions [3,7]. In either way, there
are a lot of possibilities for the existence of charged defects inside the
SnO, sample, which suggests the possible formation of dipoles.
Although emission from SnO, rare-earth doped powder samples is
widely known and published, this emission from the heterostructure
GaAs/SnOs in the form of thin films is highly desirable, since it makes
possible the integration of this assembly in optoelectronic systems.
Dipoles may be investigated by the thermally stimulated depolari-
zation current (TSDC) technique, which has been used for electrical
characterizationof several dielectric materials, such as ionic crystals and
polymers, for many years [8,9]. It has also been successfully applied also
to semiconductor investigation in the 90 s [10,11], and it is still a suc-
cessful technique nowadays [12,13]. TSDC refers to the field induced
depolarization current upon buildup of charged defect centers in highly
resistive semiconductor materials placed between two electrodes.
Although this is a well known technique, it is described in some details
in experimental section, below. This sort of experiment gives birth to
depolarization current bands, which are related to dipole-like defects in
the material, originally randomly oriented throughout the sample,
which are polarized by an electric field applied at room temperature,
and the sample is cooled down. The dipoles relax to thermodynamically
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more stable configuration on temperature rise. The electric dipoles are
assumed to be diluted throughout the sample so that the dipoles in-
teractions can be disregarded, which means that the current generated
by dipoles relaxation is proportional to the number of relaxing dipoles (a
first order relaxation kinetics) [14]. The fitting of TSDC band by a Debye
single curve or an asymmetric relaxation time distribution [15] yields
important relaxation parameters such as activation energy, pre-
exponential factor of the Arrhenius equation and relaxation time asso-
ciated to defects [16-19].

It is interesting to mention that dipoles can be investigated by other
more sophisticated techniques such as used for subatomic particles as
electrons [20] and neutrons [21]. One may investigate the electron
dipole moment by applying a strong electric field to a substance that has
unpaired electron spin, at low temperature. The dipole interaction
would lead to a net sample magnetization that can be detected with a
superconducting quantum interference device (SQUID) magnetometer
[22]. The dipole orientation measurements may also be performed by
variation of photoluminescence (PL) exciton decay rate from time-
resolved PL and optical analysis [23].

TSDC technique has been used on the characterization of La-doped
TlInS, layered semiconductor (ferroelectric), and the short circuit cur-
rent passing through the sample is relative to charged defects localized
mainly close to the sample surface, besides its volume [12]. TSDC
applied to polymer/molecular semiconductor all-organic composites,
reveals that blending the semiconductor into a heat-resistant dielectric
polymer brings extra carrier trap sites to the resultant all-organic com-
posites [24].

In the GaAs/SnO; heterostructure there is many sort of defects,
which may be charged due to the statistical distribution of free charges
in the matrix and their energy level inside the bandgap. Considering the
charged defects existing in the semiconductor layers, there are some
possibilities for dipole formation. In the GaAs layer, the EL2 defect is
responsible for a free electron concentration larger than the intrinsic
concentration [25]. In order to accomplish this effect the EL2 must ac-
quire a positive charge (EL2"). The activation energy determined by
thermally stimulated photocurrent measurements (TSPC) is about 0.26
eV of the midgap level EL2 in GaAs, which corresponds to lattice
relaxation for changing between stable and metastable states [26]. Deep
level transient spectroscopy (DLTS) data suggest that the EL2 level is a
about 0.8 eV below the conduction band bottom and it has positive
charge (EL2M) [27].

In the SnO, side, the n-type behavior of this oxide semiconductor
comes mainly from oxygen vacancies and interstitial tin atoms [28-30].
Oxygen vacancies can exist as neutral, singly or doubly charged va-
cancies, where singly ionized acts as shallowdonors and the doubly
ionized as deep donors [29], even though there are many conflicting
reports on the shallow or deep level nature of their related electronic
states [30]. In the present paper, the existing dipoles were modeled by
considering that oxygen vacancies present a single positive charge (V¢),
because the doubly ionized vacancies does not change the idea pre-
sented here, only the value of the respective activation energies. The
rare-earth ion (Er) presents oxidation state 3+, which means that when
substituting Sn*" it needs to capture an electron to stabilize, assuming
an acceptor behavior [31,32]. Electrons are abundant in SnO; and then,
the Er atom captures one electron and acquires negative charge (Er).

The relevance of studying vacancies is present even in indoor/out-
door environmental monitoring and specific disease diagnosis, related to
the development of ultra-sensitive gas sensors, where Vg is considered to
be crucial on gas sensing characteristic [26,33,34], as well as they play
crucial roles in the temperature dependence of the photoluminescence
[35].

In this paper, the possible formation of dipoles in the heterostructure
system GaAs/SnQO,, where the top layer (tin dioxide) is doped with Er, is
investigated, by the thermally stimulated depolarization current (TSDC)
technique. Specific features related to bias orientation and the presence
of stray (room) lights are observed and associated with the dipole
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formation.
2. Experimental section
2.1. Heterostructure sample deposition

Tin dioxide (SnO3) solution production was carried out by using
ErCl; added to SnOssolution to form SnOy:1at%Er>". This solution was
dried and the obtained powder is used as precursor material in the
resistive evaporation procedure [6]. The deposition was carried out
placing the powder in a molybdenum crucible as the evaporation vessel.
The residual pressure in the chamber was about 10> torr.The deposited
samples were thermally annealed at 500 °C.

The GaAs substrates are from Wafer World and have semi-insulating
property (not intentionally doped) with the face oriented in the plane
(100) and the flat (cross section of the substrate) oriented in the plane
(110). They have a thickness of 500-600 pm with both sides polished.

The sample was completed by deposition of metallic In contacts to
extreme of both materials, by the use of shadow masks, again by using
the resistive evaporation technique. The sample final configuration is
shown in Fig. 1.

2.2. Optical and structural characterization data

Optical transmittance measurements were performed using a Perkin
Elmer spectrophometer, model Lambda 1050 Uv/Vis/Nir, in the range
1800-250 nm (scanning in the direction of increasing energy). With the
transmittance data, the optical bandgap of SnO, and GaAs were evalu-
ated using the Tauc plot [36]. It was considered direct bandgap transi-
tion for GaAs and indirect for SnO,, then squared optical absorption
coefficient (a?) and the square root (a'/?), respectively, were plotted as
function of the energy of the incident light.

X-ray diffraction measurements were carried out on a MiniFlex 600/
RIGAKU using Cu radiation (Ka = 1.5405 /f\) and Ni filter to attenuate
the Kp radiation. The scan was performed at a rate of 2°/min, in the
range 20 to 80° in the powder mode.

2.3. Thermally depolarization current (TSDC) procedure

To carry out TSDC measurements, a Janis cryostat has been used,
where the sample is kept under pressure of 10® torr. The polarizing
voltage is in the range —20 V to +20 V, and the TSDC technique is
accomplished as follows: the electric field is applied for 5 min and the
temperature is decreased to 77 K (liquid nitrogen temperature). When
this temperature is reached, the electric field is removed and the tem-
peratureis raised at fixed rate. During the temperature rise, the depo-
larization current is measured and recorded, using the same electrodes
used for sample polarization. A 6517A Keithley electrometer is used to
apply the voltage as well as to measure the current through the elec-
trodes. The heating rate is 5 K/min and the sample temperature
ismeasured through a sensor placed directly on the sample holder.

Electrical characterization of the heterostrucure was also accom-
plished through current as function of the applied voltage, and current

In contact

In contact

Fig. 1. Sample final configuration for TSDC measurement.
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as function of temperature, for fixed bias. The biasing and collecting of
electrical current was performed with the aid of Keithley electrometers
models 6517 and 6517A.

3. Results and discussion
3.1. Optical and structural characterization

The heterostructure has individually the expected optical absorption
edges for SnO; and GaAs. Fig. 2 shows the optical transmittance of SnO,
and GaAs, and the bandgap evaluated according to the Tauc plot [36].
The inset in Fig. 1 shows the heterojunction expected from the junction
of monolayers of these two semiconductor materials, with the respective
bandgaps and the interface barrier, which may act as rectifying barrier
for applied voltage parallel to the growth direction (through the inter-
face barrier).

Considering the existing charged defects in the semiconductor layers,
as already mentioned, there are some possibilities of charged defects
that may contribute in the dipole formation. In the GaAs layer the EL2
defect, which becomes positively charged (EL2") after releasing elec-
trons, and, in the SnO, side, the n-type behavior of this oxide semi-
conductor comes mainly from oxygen vacancies and interstitial thin
atoms [28-30], which presents positive charge (represented by V{ in the
present work) due to ionization, and Er acceptor, which becomes
negative after trapping one electron (Er).

X-ray diffraction patterns of SnO; powder doped with 1at% Er’t,
used for preparing the heterostructure sample, is presented in Fig. 3. The
analysis of Fig. 3 shows that the diffractogram present the typical planes
of SnO;, crystals with rutile structure (JPCD 2003 file 01-088-0287). The
inset in Fig. 3 shows diffractogram for the GaAs substrate, with the peaks
being associated with the structure zincblend (JCPDS 2003 00-032-
0389). The very definite and narrow peaks related to planes (200)
and (400), confirm the singlecrystalline nature of the GaAs layer. More
X-ray diffraction data may be found at Supplementary Information file
(fig. S1) as well as SEM for the heterostructure GaAs/SnO- (fig. S2).

3.2. TSDC data

In the TSDC procedure, previous to any sample polarization, charged
defects are randomly distributed throughout the respective layers, since
there is, at this moment, no external factor, such as an electric field.
Thus, these defects are as sketched in Fig. 4, with formed dipoles
randomly distributed.

For the TSDC procedure, the temperature lowering rate is 10 K/min.
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Fig. 2. Transmittance as function of incident light energy wavelength for GaAs
and SnOy:Er. Inset: heterojunction of these two semiconductors.
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Fig. 3. XRD data for SnO,:1at%Er powder, used in the resistive evaporation.
Inset: XRD for semi-insulating GaAs substrate.

Before starting the temperature rise ramp, there is a waiting time for
discharge (tdc) of about 20 min for a possible sample capacitive
discharge to occur. In the application of the electric field, one terminal of
the sample is in the GaAs layer and another in the SnO top layer.

The measurements plotted in Fig. 5 were performed with the po-
larization starting at 300 K (room temperature) and remaining with the
electrical voltage (Vp) applied to the sample throughout the cooling
process, from 300 K to 80 K. Fig. 5 represents a comparison of TSDC
current measurements for three values of positive polarization voltages:
+20 V, +15 V and +10 V, and two values of negative polarization
voltage: —20 V and —15 V. These values of tension where chosen based
in results for standard mineral samples [18] and considering the elec-
trical conductivity and the sample thickness, to the electric field does not
damage the sample. The positive bias (also call here as forward) means
that the GaAs layer is positive, where the opposite (reverse bias) is when
the GaAs is negatively polarized. Concerning the positive bias, a band
with an absolute peak at —271 pA is observed for polarization of + 20 V,
and a reduction of approximately 20% in the maximum (peak) value of
the current is observed for Vp = +15 V. In the case of polarization
voltage Vp = +10 V, was performed keeping the other measurement
parameters unchanged and it was verified that, differently from what
occurred in the reduction from +20 V to +15 V, in the reduction from
+15 V to +10 V there was no decrease in the maximum value of elec-
trical current measured at a temperature of 260 K, remaining at -217 pA,
both for Vp = +15 V and for Vp = +10 V. A more noticeable difference
can be observed in the range from 270 K to 330 K, where there are three
clear oscillations (smaller bands) in the current values at 285 K, 305 K
and 310 K for the Vp = +20 V and +15 V which are smaller when the
electric field voltage value was +10 V, that is, for the lower voltage. The
three TSDC bands apparently tend towards the formation of a single
broad band.

In order to verify influence of the direction of the applied electric
field on the shape of the TSDC curve, negative polarization was per-
formed, which are also seen in Fig. 5. The cooling rate was 10 K/min per
minute, with a capacitive discharge time of 20 min at 80 K. The tem-
perature rise ramp was 5 K/min. In the black curve, the sample was
polarized with Vp of 420 V and in the red curve, the polarization was
—20V, keeping the other measurement parameters (cooling and heating
rate, pressure, dark condition) unchanged. It is possible to observe that
there is not a symmetrical behavior with regard to the magnitude of the
electric current as a function of the temperature obtained during the
controlled temperature rise. For the +20 V polarization, as already
mentioned, a peak at —271 pA occurs, at a temperature of 260 K, which
takes place after the current values have become smaller and positive
during heating from 80 K to 245 K, with current values between 0 and 50
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Fig. 4. Initial arrangement of the constituent charged particles of the GaAs/SnO,:Er heterostructure, before applying any electrical bias or temperature variation.
The inset represents an enlarged part, showing the randomly distribution of dipoles in the SnO, side of the sample.
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Fig. 5. TSDC measurements for polarized GaAs/SnO5 heterostructure sample in
the temperature range of 300 K to 80 K, under pressure of 107 torr, in the dark,
with polarization voltage (Vp) of 10 V, 15V, 20 V, -15 V and —20 V, with final
temperature of 350 K.

PA, with a small variation (small peaks) at 170 K and 225 K, of with
current values of —38 pA and —11 pA, respectively. The largest current
variation occurs between temperatures of 240 K and 270 K, with the
maximum at 255 K and 260 K. Between 270 K and 330 K, it is seen again
positive and more stable current values, with a wider band between 270
K and 305 K, with two sharper peaks of -40 pA at 280 K and —121 pA at
305 K. After that, another higher current value is recorded, — 40pA at
320 K, and from there, the current goes into decline with a tendency to
negative values at 335 K up to 350 K. On the other hand, for the po-
larization of —20 V, the TSDC current remains practically constant be-
tween 80 K and 245 K, with slightly negative values, but very close to
zero, with a slight variation at 215 K, but much smaller absolute value
than the black curve (+20 V). In this case, there is also a peak in the
current after 245 K, with its highest value being 118 pA at 260 K. It is
possible to verify that in this measurement, the current return to levels
prior to the temperature of 245 K is slower, that is, the peak is wider, and
it is not possible to see in this measurement the large variation that
occurred at 275 K as in the measurement with positive bias. Oscillations
(smaller bands) that occur between 300 K and 350 K for +20 V, also

occur for —20 V, but with inverted signals and visibly lower intensity.

Taking the positive 20 V bias as a reference (peak of —-271 pA), there
is a difference in the absolute value of 56% lower for negative bias. This
sample behavior for different forms of polarization gives us an indica-
tion of how the possible dipoles, formed preferentially by V¢, EL2" and
Erinteract with each other in the SnO, material structure and at the
GaAs/SnO, interface, when they are subjected to external factors:
actuation of an electric field and controlled temperature variation. The
absence of some peaks with negative polarization implies that some
types of dipoles can be polarized by the positive voltage, but have
negligible polarization in the reverse bias, which can be related to the
relaxation of defects, in some cases, with difficulty in moving the posi-
tion of equilibrium, to form the polarized dipole.

Concerning the negative bias of 15 V, the controlled heating curve is
quite similar to the curve with Vp = -20 V, that is, the same sort of
difference observed for the positive polarization voltages of +15 V and
+20 V was not verified. The curves (red and blue) have practically the
same current values over the entire temperature range, 80 K to 350 K,
with slightly higher values on the Vp = —20 V curve between 250 K and
265 K.. There is also a slight ripple in current at 215 K and 235 K on the
Vp = —15 V curve, which does not happen with Vp = —20 V.

The influence of polarization on the dipoles behavior with different
applied voltages may also be analyzed through the area under the curve
of each measurement and the width at half maximum of each curve. This
is presented in Table 1. These two parameters are directly related to the
amount of charge that moves during the TSDC procedure, as well as the
amount of oriented dipoles/cm?. It is possible to observe that the area
under the curve is greater for Vp = +20 V, reducing slightly when Vp =
+15V, even though the width at half maximum has increased, whereas
there is no significant change between Vp of +15 V and +10 V. On the
other hand, when the polarization is reversed (-20 V and —15 V), the
values of the area under the curve are much smaller compared to the

Table 1
Parameters obtained from TSDC bands with distinct bias (Vp).

Width at half
maximum (K)

Area under TSDC
curve (arb. units)

Vp Imax Temperature

(\%) (pA) X)

20 —271 255 21 392
15 -217 260 24 391
10 —211 260 28 422
-15 104 265 33 229

—-20 118 265 34 301
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measurements with direct polarization. However, the same effect is not
observed for the width at half maximum of these measurements, which
shows, once again, the different ways that the dipoles behave for each
bias direction, as well as their different relaxation times, because
although some curves have smaller areas (—20 V and —15 V), their
width at half maximum is larger, which suggests, a higher “slowness” for
the dipoles to return to their equilibrium positions, which means that
Er, EL2" and Vo' dipoles must interact with the electric field and
temperature differently for each type of bias, in good agreement with the
asymmetry of the relaxing dipoles.

Fig. 6 shows measurements performed on the sample without the
cryostat window shut, to verify the difference related to measurements
carried out with the sample completely in the dark. Measurements for
polarizations 20 and —20 V are reproduced for comparison, plus a
measurement where there was no polarization on temperature cooling.
In the case of the TSDC measurement performed without any type of
electric field application, it is possible to observe that the current values
are practically unchanged during the entire temperature rise process,
that is, basically there is no occurrence of electric current bands. There is
only a slight increase in the values after the temperature of 250 K, from 5
PA to 40 pA at the temperature of 325 K, remaining at values close to this
value until 350 K. On the other hand, in the measurements where po-
larization is accomplished, the application +20 V and —20 V during the
temperature decrease from 300 K to 80 K, under room light, an increase
in the current values during the temperature rise is observed. The initial
behavior was similar to the measurements in the dark, but there was
noformation of a TSDC band, as the values remained almost constant
from 80 K to 235 K, when there was sharp increase in the current value,
for both +20 V and -20 V polarization. When Vp was -20 V, the TSDC
current increased from 235 K until reaching a maximum value of 210 pA
at 320 K, whereas for Vp +20 V, the maximum value is -290 pA at 325 K.
It is worth mentioning that for the case of the measurement of Vp -20 V
there was also a small oscillation of the current observed between 220 K
and 235 K. Clearly, light has a significant influence on the dipoles for-
mation and relaxationin the GaAs/SnO:Er heterostructure, leading to
distinct behavior in the dark or in the presence of room light, even
though this light has low ultraviolet radiation (that would responsible
for bandgap transition in the SnOs layer).

The influence of light is clearly observable in Fig. 6, both for +20 V
and —20 V. The total charge Q released by the depolarization process is
proportional to the volumetric dipole density (dipoles/cm®) [37,38]. It
causes some perturbation in the polarized dipoles, which are, initially,

200 GaAs/SnO,Er
10°torr
= Vp=20V
2 P2
5 No bias
(@]
-2004 Vp=-20V
Vp=-20V (lights on)
Vp=20V (lights on) Cooling rate (bL) =10K/min
Y cie e
-400 4 : : i :

75 150 225 300 375
Temperature (K)

Fig. 6. TSDC measurements for heterostructure GaAs/SnO,:Er biased in the
range 300 K to 80 K, under a pressure Of 10 torr, in the dark and under in-
fluence of stray light, with polarization of —20 V and +20 V. Curves obtained in
the dark are shown for comparison.
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metastably and statistically oriented by the electric field. If ¢ is the
average value of the dipole inclination angle, measured in the direction
of application of the electric field (may be determined through a
Boltzmann distribution [37]), when the dipoles are randomly oriented
throughout the sample, ¢ is about 90°, which means that the dipoles are
in thermal equilibrium. The electric field rotates these dipoles, bringing
them to a higher energy position, which is maintained by polarization.
The temperature decrease freezes these dipoles with ¢¢ = 0 and the
temperature increase provides enough energy to the dipoles to over-
come the activation barrier and return to their original position,
randomly distributed throughout the sample.

For the case of the measurement carried out under room lights, the
irradiation supplies additional energy, concomitant with the increase in
temperature, not allowing the completion of the dipole relaxation pro-
cess, which would promote a decrease in current (movement of charges
to original positions), instead, these superimposed effects, show the
result seen in the two curves with light of Fig. 6, i.e. the current grad-
ually increases until it stabilizes around —300 pA for forward polariza-
tion and around 200 pA for reverse polarization, both around 310 K, a
point at which the combination of light and temperature probably no
longer promote significant changes in the behavior of the dipoles.

The influence of light on the TSDC results in natural materials
[39,40], such as amethyst, is closely related to the existing defects in this
sort of sample, since it presents interstitial or substitutional defects of
iron ions (Fe*t or Fe*") that are responsible for the decrease in TSDC
peak values when the measurement was carried out under the influence
of an Ar™ laser (lines 488 nm or 541 nm) compared to the measurement
without the incidence of laser on the sample. As iron atoms are
responsible for the formation of color centers of amethyst, as this ma-
terial has optical absorption at wavelengths very close to those of Ar™
laser, the decrease or destruction of these TSDC bands is associated with
iron dipoles in the structure [39]. On the other hand, in the GaAs/SnO5
heterostructure, although measurements with light influence were not
performed with monochromatic light, it is very likely that room light
radiation also acts as a factor of modification of TSDC bands, as seen in
Fig. 6, mainly in the GaAs layer since ambient light has energy larger
than the bandgap of this semiconductor. The reduction or destruction of
the TSDC bands associated with the Er, EL2" or V§ dipoles by light
radiation is linked to an additional component, influencing the dipole
relaxation time and having enough optical activation energy to modify
the dipoles, in addition to the already known thermal effect, caused by
the controlled increase in temperature.

3.3. Current —voltage characteristics of the interface

Fig. 7(a) represents a curve of current versus temperature curve for a
fixed applied voltage of 10 V, where the applied voltage and the current
data colleting are taken simultaneously. The detail in Fig. 7(a) is an
Arrhenius plot to obtain the activation energy of the ionized level near
room temperature. Fig 7(b) is a current-voltage curve at several tem-
peratures, in the dark, which shows a diode-like behavior. The superior
inset is a magnification of the measurement at 200 K, in order to exhibit
a better visualization. The inferior inset is the sample diagram and the
setup of the measurement. The effect of ambient light can be seen in
Fig. 7(a) where the current is measured at a fixed voltage of 10 V, and
ambient light is allowed to enter the sample at a certain temperature. It
is important to note that in the case of this figure, it is not a TSDC
measurement, where the voltage source is removed to collecting the
current data, that is, in this case the voltage source and electrometer are
connected to the same terminals, as can be seen in the detail of Fig. 7(b),
which is a schematic diagram of the sample for these measurements,
with the electrometer placed in series with the voltage source and the
GaAs/SnO, sample.The value for the activation energy obtained is 847
meV, which is rather high, but could be associated with EL2 level,
intrabandgap defect in GaAs [27]. However, it is better associated with
the interfacial potential barrier. Wang and Ledge [41] obtained a value
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Fig. 7. (a) Current as function of temperature for fixed applied bias of 10 V. Inset: Arrhenius plot to obtain activation energy close to room temperature (b) current —
voltage at several temperatures. Superior inset: current — voltage at 200 K. Inferior inset: sample diagram and measurement setup.

in the order of 0.4 V for the threshold voltage in an n-n GaAs/SnO; diode
(translated to energy means 400 meV). Importantly, they observed that
incident light radically changes the current-voltage characteristics of
the diode curve. The I-V characteristics of Fig. 7(b) show the asymmetry
of electrical transport through the interface potential barrier and the
temperature dependence. Considering that the rectifying behavior is
associated with the positive I-V, which means the GaAs layer with
positive bias, it is clear that the electrical transport is more difficult in
the direction from GaAs to SnO-, layer, whereas the transport from SnO,
to GaAs layer takes place after some threshold voltage, with is practi-
cally zero at room temperature (294 K) and increases when temperature
decreases. This is quite consistent with the shape of the band structure
diagram of the device as sketched in the inset of Fig. 2, which shows
asymmetry due to band bending at interface. Moreover, it is also
consistent with a picture of interface dipoles leading to TSDC bands,
which display asymmetry depending on the polarization direction as
seen in Figs. 5 and 6.

3.4. Dipole identification

Fig. 8(top) schematizes the dipole behavior in this heterostructure,
whereas Fig. 8(bottom) shows the interface situation in detail. The GaAs
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Fig. 8. (top) Diagram of dipoles orientated by electric field action at room
temperature.(bottom) Distribution of dipole angles related to the applied
electric direction.

layer is positively biased, whereas the SnO layer is negatively biased, at
300 K. This applied voltage orients the dipoles in a predominant direc-
tion, and, as the temperature drops to 80 K, they are “frozen” in this
position. The most probable contributions for this configuration is: 1)
orientation of dipoles formed by V¢ and Er” in SnO,, with the positive
charge upwards, according to the geometry of the sample; 2) tendency to
form dipoles Er- and EL27 at the interface of these materials. However,
in the latter case, the relative position of these ions is a obstacle to a
perfect alignment with this sort of applied electric field, since the EL27 is
located in the GaAs, which is the bottom layer, and the tendency of the
field would be to take it up, while that Er would be displaced down-
wards by the action of the electric field, but it is located in the SnO,
layer. Another hypothesis is the formation of dipoles in the interfacial
region of SnO, with V{ and the excess of electrons in the GaAs layer, but
the electric field would tend to displace these electrons away from the
interface, leaving the formation of this dipole unfeasible. On the other
hand, if the polarization were reversed, that is, with SnOy positively
polarized, this condition is favored, as will be discussed in detail below.
Looking at Fig. 5, it is observed that for inverted polarization, the main
TSDC bands are wider, which may indicate that there is an overlap of
two bands, one connected to the dipoles in SnO, side and the other that
would be the interface contribution. The higher value and thinner cur-
rent band for polarization with +20 V can be related to the greater
contribution of the relaxation of the charged defects with the alignment
of the dipoles in which the defect of positive charge is shifted upwards.

Observing the diagram of Fig. 8, one can verify the proposed dipole
orientation hypothesis, due to the fact that the electric field favors a
certain direction for the dipoles present in the SnO- layer of the heter-
ostructure, according to the dominant orientation direction. For these
components of the dipole orientation, the tendency is that this orienta-
tion is, according to the electric field, so that the negative charges move
as much as possible in the opposite direction of the electrical contact of
the SnO; layer, consequently, the positive ones tend to be directed,
forcing an approach to electrical contact. On the other hand, those di-
poles formed in the interface region tend to have a different orientation,
as shown in the circled detail of the interface in Fig. 8 (top), and shown
in detail in Fig. 8 (bottom). The same electric field causes the highest
concentration of Er” (negative) ions at the interface, which are not in
dipole formation with SnO, oxygen vacancies, but may tend to align
with the positively charged EL2 defects of the GaAs interface. As already
mentioned, the relative position of these ions is an obstacle to a perfect
alignment with this sort of applied electric field, since the EL2" is
located in the GaAs, while Er” is in the SnO; layer. This latter situation
leads to an increase in the average angle value of the formed dipoles.

The formation of a certain number of dipoles/cm? according to these
two possibilities leads to a certain concentration of dipoles in the whole
heterostructure, N, with each dipole of magnitude p, is subjected to an
electric field E, and has potential energy U per dipole:
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where cos ¢ represents the average value of the angle between the
dipole and the applied electric field direction, which in general follows a
Boltzmann distribution [19,40]. As the current density or the total po-
larization charge depends on the total polarization of the system (which
depends on the number of dipoles oriented by the electric field) and on
the activation energy (Ea) for defect reorientation within the host ma-
terial, the more these dipoles are aligned with the direction in which the
electric field acts, the greater the measured current will be in the de-
polarization process, since the total polarization of the system is:

P = Npcosg 2)

Fig. 9 shows the connection of the electrometer, which replaces the
voltage source, using the same terminals. It is used to record the elec-
trical current in the heating process of the sample, back to room tem-
perature at fixed rate (5 K/min). During the temperature rise, the
dipoles, previously polarized by the electrical at cooling down process,
return to their equilibrium positions, randomly distributed throughout
the sample. The dipole charge movement originates the TSDC band
recorded, as also shown schematically in Fig. 9, and corresponding to a
faced down band (negative current), since a polarization where the
voltage source is connected with the GaAs layer positively biased,
originates a negative current.

The area delimited by the TSDC curve is the depolarization current,
which is proportional to the number of dipoles of a given type present in
the sample. The area under the current curve allows us to calculate the
total polarization charge (Q). In this case, the ions move from one
equilibrium position to another, that is, they move between two po-
tential wells, by acquiring enough thermal energy to overcome this
potential barrier [39]. In the present case, as there is large amount of
concentrated dipoles, there will be a great displacement of charges
during the heating process.

The TSDC current is also related to the potential barrier needed to be
overcome by the dipoles during the ion relaxation, allowing the
randomly disorientation in the rise of temperature. The relaxation fre-
quency for the dipole disorientation a(T) follows an Arrhenius behavior
[13]:

Ea
a(T) = exp(—— 3
(T) = exp(— 1) ®
where kg is the Boltzmann constant, and Ea is the activation energy for
dipole disorientation at temperatureT, as defined previously. The cur-
rent density j(T), generated by the decay in polarization for a constant
rate heating process by, in a TSDC experiment is given by:

Electrical]

contact

Electrical
contact

TSDC

detected

@ lon (Er)
© Oxygen vacancy (Vo®)
® EL2 defect (EL2%)

@ Dipole (Vo© <=>Er-)
& Dipole (EL2* <=>Er-)

Fig. 9. Diagram representing the origin of current, recorded as function of
temperature rise, with the electrometer connected and the dipole thermally
induced reorganization to equilibrium states.
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ot
() = Poaoexp(ka—t;)exp[fbi / a(T)di )
B H Jide
Here, ay is the characteristic relaxation frequency (t—o), Py is the
initial equilibrium polarization, tdc is the discharge time, which means
the time to start the temperature rise with current data collecting.
Considering that the temperature is raised linearly with time, the
heating rate by (=dT/dt) is constant. The peak temperature, T, for the
current peak can be obtained by differentiating Eq. (4), and after a few
simplifications, the activation energy can be obtained approximately by
[13]:
TZ
Ea = kT, In(-2) 5)
by

Using the data in Fig. 5, the main TSDC peak may be plotted as
function of the applied voltage, as shown in Fig. 10,which allows visu-
alizing more clearly the difference between the TSDC peaks obtained for
positive and negative polarizations. In the blue curve, the actual values
of the measured peak currents are shown, including the current signal in
the Electrometer reading. The analysis of this curve shows that the TSDC
peaks were distributed within a current range between 118 pA and —271
PA (right y axis). On the other hand, the black curve of Fig. 10 allows us
to compare between the maximum absolute values of each current peak
(left y axis), according to the applied polarization. This analysis shows
that we have a 57% difference in the TSDC peak values for the polari-
zation voltages at which the highest peaks are obtained, ie. +20 V and
—20 V. During the sample heating process, that is, in the same stage of
dipole relaxation provided by the TSDC technique, it is very clear that
the behavior of the dipoles formed by the EL2, Er defects or oxygen
vacancies (Vo) is distinct and dependent on the polarity of the electric
fieldsource, otherwise, the curves would display symmetrical TSDC
peaks in the positive and negative portions of the electric current axis as
a function of the temperature of Fig. 5.

According to equation (5), all the observed TSDC peaks for the
several polarization valuesyieldthe calculated activation energies. Ea
plotted as function of peak temperature yields a linear format, since the
by is constant in this paper and as the TSDC peak temperature increases,
the activation energy obtained by equation (5) increases linearly. On the
other hand, the obtained activation energy may be plotted as function of
the TSDC peak current, which is shown in Fig. 11.

In Fig. 11, the most evident peaks correspond to activation energies
of 213 meV for forward bias, where the influence of the positive po-
larization magnitude is clearly identified. On the other hand, for nega-
tive polarization no influence of the bias magnitude is verified.

300 T v T
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Fig. 10. Main TSDC peak as function of applied bias voltage. The y axis in the
left side is the absolute value (module) whereas in the right side is the
actual value.
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Fig. 11. TSDC peak as function of evaluated activation energy for several po-
larization voltages in the GaAs/SnO2:Er heterostructure. Forward bias means
the GaAs is positively biased and reverse when it is negative.

The activation energy determined by thermally stimulated photo-
current measurements(TSPC)is about 0.26 eV for the energy barrier
from an optically excited metastable EL2* state to the ground state
(EL2°) of the defect in GaAs [26], whereas when deep level transient
spectroscopy (DLTS) is used it is found about 0.8 eV below the con-
duction band [27]. TSPC energy barrier is related to a lattice relaxation
around the defect.The proximity between the activation energy val-
uesdetermined by TSPC and by TSDC in this work is a strong indication
that at least one of the TSDC peaks the GaAs/SnOy:Er heterostructure
may be related to the process of polarization and subsequent relaxation
of dipoles that have the EL2 defect as one of their constituents, since we
have activation energy values of 0.213 eV, 0.228 eV, 0.233 eV and
0.258 eV, as can be seen in Fig. 11. Moreover, the dipole current involves
also a lattice relaxation, which may explain the closeness between en-
ergies measured by TSPC and TSDC. It is also worth mentioning that,
even for other polarization voltages (-20 V, +15 V and —15 V), the most
significant TSDC peaks are those obtained at temperatures where the
activation energy is in the range 0.2 eV and 0.3 eV, also clearly observed
in the Fig. 11.

In addition to the EL2 defect, oxygen vacancies (Vo™) and Erbium
ions (Er") are very relevant in this structure. Studies have shown acti-
vation energy values of oxygen vacancies, between 0.15 eV and 0.30 eV
below the conduction band minimum [30,35], The acceptor level of Er
in SnO; is about 0.1 eV above the valence band top [42], The activation
energy forEr ions in SnO» nanocrystals is 25 meV, comparable tothe
binding exciton energy for SnOy [43],while for Erbium films the acti-
vation energy varies between 0.128 eV and 0.817 eV, depending on the
grain size [44]. Some of the activation energies observed in the Fig. 11
are in the range of 0.1 eV, but no such low temperature band was
verified to lead to 25 meV of activation energy, which suggest that in the
TSDC bands recorded in Fig. 5, the activation energies are related to
oxygen vacancies and Er acceptor level in the SnO, side, but the crys-
tallite size may have influenced the obtained energies. Moreover, the
largest peaks for positive bias, with 213 meV of Eat, with a current peak
of —298 pA, and 218 meV with 128 pA for negative bias, has its bands
destroyed by the stray light, whose rise to a permanently higher current
starts just before the peak in the dark observed for measurements in the
dark. It may correspond to the second ionization level of oxygen va-
cancies in SnO, [45], and maybe excited by the room lights and do not
return to the original orientation.

All the calculated values of Ea, plotted in Fig. 11 are much smaller
than the value calculated from the Arrhenius plot of Fig. 7 from current
x temperature data (847 meV), which shows the distinct process of
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dipole reorientation and sample polarization through the hetero-
structure interface.

Fig. 12 represents the situation when the layers polarization is
reverted, with GaAs layer negatively biased whereas the SnO layer gets
positive potential. It corresponds to the results of —15 V and —20 V in
Fig. 4, where the TSDC current bands are positive.The action of the
electric field in this case creates a tendency for the positive charges (in
this case V§) in the SnO; layer to move away from the contact region,
and the negative ions (Er’) to align upwards. Furthermore, it creates
conditions for the V{ ions from the SnO, interface region to attract free
electrons from the GaAs layer, where they present greater mobility, to
the same interfacial region. Then, the dipoles in this case are a little
different from the forward polarization case. The higher value of current
for polarization with +20 V is probably related to the higher concen-
tration of different types of dipoles, or to the activation barrier between
the polarized and random states. For the voltage of —20 V, it is possible
to verify a lower value of the main TSDC peak, approximately 57%
smaller than the current peak for the —20 V polarization, as shown in
Fig. 10. As can be seen in Fig. 12, by inverting the positive and negative
poles of the voltage source, consequently the direction of the electric
field within the GaAa/SnOy:Er heterostructure, the relative positions of
the positive and negative charges within each layer of the hetero-
structure is changed, and distinct possibilities for dipole formation are
observed in each case. The TSDC curves of Fig. 5 are certainly related to
the amount of dipoles/cm?, formed by positive and negative charges
oriented by the electric field during the TSDC process. With the negative
pole of the voltage source connected to the SnO,:Er layer, there is a
higher concentration of oriented dipoles formed by localized ions in the
structure, which results in a higher current value for the polarization
voltage of +20 V. In addition, the total charge density reorganizes
during a classic process of dipole relaxation by thermal activation.

The picture representing the TSDC band recorded during tempera-
ture rise, for the reversed polarization voltage is similar to Fig. 9, with
the difference that it represents a positive TSDC band, and corresponds
to a smaller amount of dipoles reorienting, mainly at the interface,
which justifies the lower value of main TSDC band in this case.

4. Conclusion

The application of the TSDC technique to the heterostructure system
GaAs/SnOs has yield interesting bands whose magnitude depends on the
polarization direction, being more prominent when the GaAs side is the
positive electrode. The possible formation of dipoles suggests the
participation of well known defects in these semiconductor layers, such
as the EL2 defect in the GaAs side, whereas oxygen vacancies and Er ions
seems to play fundamental role in the SnO; layer. The dipole relaxation
activation energies are found in the range 0.2 eV to 0.3 eV, in good
agreement with typical ionization energies reported for these defects.
The main TSDC bands are modified by stray (room) light, since the
obtained dipole relaxation energies may correspond to the ionization
second ionization level of oxygen vacancies in SnO;, which may be
excited by the room lights, eliminating the extra electron, and avoiding
the dipole return to the original orientation.

Temperature dependent current-voltage (I-V) characteristics of this
heterostructure show the asymmetry of electrical transport through the
interface potential barrier. A rectifying behavior is observed when the
GaAs layer is positively biased, which suggests a more difficult electrical
transport from GaAs to SnOs layer, whereas the transport from SnO» to
GaAs layer takes place after some threshold voltage, which increases
when temperature decreases. This is quite consistent with the shape of
the band structure diagram of the device, which shows asymmetry due
to band bending at interface.

The present investigation aims to contribute to the understanding of
electrical properties of these semiconductor compounds, and the
possible relationship with luminescence properties coming from the
detected defects. We believe that such a comprehension may be crucial
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face region.

in the design and operation of optoelectronic devices, based on the
heterostructure GaAs/SnOs.
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