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Rare-earth doped (Eu** or Ce*) thin layers of tin dioxide (SnO,) are deposited by the sol-gel-dip-
coating technique, along with gallium arsenide (GaAs) films, deposited by the resistive evaporation
technique. The as-built heterojunction has potential application in optoelectronic devices, because
it may combine the emission from the rare-earth-doped transparent oxide, with a high mobility
semiconductor. Trivalent rare-earth-doped SnO, presents very efficient emission in a wide wavelength
range, including red (in the case of Eu**) or blue (Ce?**). The advantage of this structure is the possibility
of separation of the rare-earth emission centers, from the electron scattering, leading to an indicated
combination for electroluminescence. Electrical characterization of the heterojunction SnO,:Eu/GaAs
shows a significant conductivity increase when compared to the conductivity of the individual films.
Monochromatic light excitation shows up the role of the most external layer, which may act as a shield
(top GaAs), or an ultraviolet light absorber sink (top RE-doped SnO,). The observed improvement on
the electrical transport properties is probably related to the formation of short conduction channels in
the semiconductors junction with two-dimensional electron gas (2DEG) behavior, which are evaluated
by excitation with distinct monochromatic light sources, where the samples are deposited by varying
the order of layer deposition.
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1. Introduction

Seeking for innovative technologies combining
semiconductor materials, the conjunction of the rare-earth
(RE) doped transparent oxide semiconductor SnO, with a
high mobility semiconductor, GaAs, leads to a combination
with physically desirable properties. Then, the deposition
of GaAs layer and SnO, layer in the form of thin films
was accomplished, generating simple heterostructures
SnO,:RE/GaAs or vice-versa. The advantage of this structure
is the possibility of separation of the rare-earth emission
centers, incorporated in the tin dioxide layer, from the
electron scattering in the GaAs layer, leading to an indicated
combination for electroluminescence. Tin dioxide (SnO,)
is a wide bandgap semiconductor (3.6-4.0 eV!!), with
useful electrical and optical properties for several types of
devices, such as transparent electrodes and gas sensors’.
Trivalent rare-earth ions used as doping in this paper are
Eu’* with efficient emission in the red range, and Ce*, with
radiative transition leading to blue emission. On the other
hand, gallium arsenide (GaAs) is one of the most essential
semiconductors for microelectronics, used in applications
where the interaction of light and electricity is required?,
mainly due to the direct bandgap transition, leading the
excited electrons to occupy preferentially the I" valley of
the conduction band, of higher mobility*.

*e-mail: scalvi@fc.unesp.br

The trivalent rare-earth incorporation in semiconductor
has grown significantly in the last years, leading to
widely investigated processes, because RE present optical
transitions in and wide range, from ultraviolet to infrared,
giving birth to technologically interesting emissions,
including electroluminescent devices®. The Eu-doped
matrix SnO, presents two types of Eu** incorporation: at
symmetry sites, substitutional to Sn*, or at asymmetric
sites, at particles surface, due to doping segregation®. In both
cases the luminescent properties characteristics are in the
range 570-720 nm'”\. In the case of the ion Ce™, it presents
4f" electronic configuration at the ground state and 5d' at
excited state. Optical transitions between these states are
allowed electric dipole transitions. Level 5d presents strong
lattice interaction and the first dipole transition suffers a
spectroscopic redshift when incorporated into a crystal,
being shifted towards lower energy compared to the free
ion®. Broad blue emission has been recorded around 489 nm
in a host matrix of zinc borosilicate glass’.

Low quantum efficiency in the luminescence process
may happen for rare-earth ions incorporated in SnO,, which
is generally attributed to the difference between radius and
charge of doping ions and Sn**!"%. In order to avoid this
problem, the materials production using nanoparticles as
building blocks is recommended!’, and the sol-gel process
is appropriate'""'? for this purpose. Low solubility limit of
about 0.05 at% has been observed for Eu** doping, and the
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excess of doping segregates at grain boundary layer'. This
low solubility is probably due to the difference between
ionic radius, since for Sn** it is 0.69 A whereas for Eu* it
is 0.95 A. For Ce?* the solubility must be even lower, since
the ion is larger, 1.01 Al

Heterojunctions using transparent oxides deposited
on top of semiconductors have been presented recently.
High-quality self-textured ZnO films has been grown on
top of a GaAs substrate, forming a heterojunction with
characteristic of rectifying diode, with blue-violet and
infrared electroluminescence'®, suitable for optical fiber
telecommunications applications. Promising devices for
the development of solid-state lighting were achieved by
n-ZnO/n-GaAs heterostructured light-emitting diodes'®.
Other combinations of semiconductor heterojunctions with
SnO, have been successfully used such as with gallium
selenide (GaSe)"”. The combination of SnO, with AlO,
layer deposited by similar processes of the films deposition
used in this paper, has led to a simple device with a potential
combination for application as transparent transistors's.

The deposition of heterojunctions with smooth and
atomic quality surfaces has become a possibility since
the late 60s, when the growth of epitaxy layers became
available. This sort of deposition may lead to the formation
of a quantum well at the interface, due to the interrupting
atomic band diagrams of distinct materials. This quantum
well may present energy levels below the conduction band
bottom of one or both materials and, may give birth to a
two-dimensional electron gas (2DEG). The interface of
semiconductor heterojunctions carries intrinsic states, and
the Fermi level at the surface is different from the bulk,
giving origin to a band bending'®. This band bending may
lead to a charge accumulation layer at the interface and to
the dynamics of excited electrons as a two-dimensional
electron gas. The quantization of charge near surface and
interface layers was first demonstrated by Tsui®, using
subband energies measurements. A triangular quantum
well forms at the semiconductors interface, usually referred
to as the heterointerface. Normally, only the quantum
mechanical ground state in the triangular well is populated,
but the excited levels can be filled with the application of
an electric field. It is also possible to grow a semiconductor
layers structure, resulting in a square well, where a lower
bandgap semiconductor is sandwiched between two layers
of a higher bandgap semiconductor. The dopants are
removed from the lower conduction band semiconductor,
which is referred to as modulation doping, a technique first
demonstrated by Dingle and coworkers in 1978 for the
system GaAs/AlGaAs. This structure spatially separates
conduction electrons and their parent donor impurity
atoms, thereby reducing the influence of ionized and neutral
impurity scattering on the electron motion.

A 2DEG has recently been found also at the interface
between two insulating oxides LaAlO, and SrTiO,*,
attracting significant interest due to possible applications
in all-oxide electronic devices, and has stimulated intense
research activity in this field. A tunable conductivity of
the LaAlO,/SrTiO, interfaces leads to significant attention
to the proposal of oxide electronic structures where
electronic confinement can be reduced to the nanometer
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range. The mechanisms for the conductivity modulation
is a result of electrical modification of the LaAlO3 surface,
leading to a change in the 2DEG density at the LaAlO,/
SrTiO, interface. Wang et al.” employed first-principles
calculations to investigate the system KNbO,/ATiO,(001)
(A=Sr, Pb, and Ba) heterostructures where perovskites
ferroelectrics, KNbO,, PbTiO,, and BaTiO,, are used as
oxide constituents to create a 2DEG at the interface . The
two-dimensional electron gas has unique properties that are
promising for applications in all-oxide electronic devices,
since it is possible to control the 2DEG properties by external
stimulus. Their results suggest that the polar (NbO,)*/(AO)°
interface in these heterostructures favors the formation of
2DEG similar to that at the (LaO)*/(TiO,)° interface in a
LaAlO,/StTiO, heterostructure. The formation of 2DEGs at
complex oxide interfaces is directly influenced by the oxide
electronic properties. The local electron correlations may
control the 2DEG by inserting a single atomic layer of a
rare-earth oxide (RO) [(R is lanthanum (La), praseodymium
(Pr), neodymium (Nd), samarium (Sm), or yttrium (Y)] into
an epitaxial strontium titanate oxide (SrTiO,) matrix**. These
structures result in conducting 2DEGs at the inserted layer,
and the interfacial conductivity is dependent on electronic
correlations that decay spatially into the SrTiO3 matrix.

Considering that the formation of a 2DEG is a
possibility at the interface SnO,/GaAs*, the proposal
of this work is to combine the doping of some trivalent
rare-earths ions in SnO, with a GaAs layer, giving birth to
a simple heterojunction SnO,:RE*/GaAs. The electrical
characteristic of the interface between both semiconductors
indicates a very promising performance related to the
electrical transport. The evaluation of conductivity as
function of temperature data points to a conductivity increase
when compared to individual films. In order to understand
the rule on the electrical transport, samples are grown in
opposite order and the temperature-dependent conductivity
under monochromatic light excitation with distinct light
sources is measured.

2. Experimental

The SnO, colloidal suspension was prepared by the
sol-gel process from an aqueous solution, using appropriate
precursor reagents, as described elsewhere®*. SnO,:Eu**
and SnO,:Ce’** thin films were deposited via dip-coating on
borosilicate glass or on top of a GaAs layer, at a dipping
rate of 10 cm/min. Between each layer (total = 10), the
film was fired for 10 minutes at 400 °C, and a final thermal
annealing at 550 °C by 1 hour, was also carried out. GaAs
was deposited by the resistive evaporation technique on
soda-lime glass or on top of a SnO, layer, using W crucible,
in a Edwards AUTO 500 evaporation system, with pressure
of about 10° mbar. Indium (In) metallic electrodes were
deposited by the same technique, using Mo crucible, trough a
shadow mask. The electrodes annealing was done at 150 °C
for 30 minutes.

X-ray diffraction data of films were obtained with a
RIGAKU diffractometer, model D/MAX-2100/PC, with
CuKo (A = 1.5406 A) radiation and scanning rate of 1°/min
in the range of 20-80° (20), at room temperature. A current
of 20 mA and a potential of 40 kV were used.
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The electrical characterization was done in a He closed
cycle cryostat from Cryogenics, coupled to a Lake Shore
Cryotronics temperature controller, in the range 25-300 K.
The electrical signal data collecting was done through a
Keithley electrometer, model 617. Distinct light source were
used to verify the possibility of charge carrier excitation in
the samples geometries: 1) the fourth harmonic of Nd: YAG
pulsed laser (266 nm-10 Hz), with 0.5 MW peak power and
30 mW average power, 2) a He-Ne laser (628 nm), with
5 mW of power, 3) a blue InGaN light emitting diode (LED)
with average wavelength of 450 nm and average power
of 15 mW. The procedure was the same in all the cases,
with the excitation carried out for 5 or 6 minutes at fixed
temperature, before the data collecting and/or warming up
of sample temperature.

3. Results and Discussion

SEM of cross section and surface of Sn0,:2.0
at%Eu/GaAs sample has been published elsewhere?’. The
interface film/substrate as well as the interface SnO,/GaAs
present good adherence. However these interfaces probably
contain a high density of atomic and structural defects due
to the deposition methods. The metallic junction of these
two materials gives rise to a discontinuity in the conduction
and valence band profiles. The carriers migrate from a
material to the other until the thermodynamic equilibrium
is reached (Fermi level equality of both sides), resulting in
the band bending close to the interface. Consequently, a two
dimensional electron gas (2DEG) is allowed to be formed
at the interface SnO,/GaAs, where electrons are confined in
quantized states leading the low resistivity transport parallel
to the sample conductive channel?. The estimated thickness
for Sn0,:2.0 at%Eu/GaAs evaluated from SEM image is
about 350 nm for SnO,:2%Eu film and 400 nm for the GaAs
thin film. The top GaAs layer has a rather inhomogeneous
surface as expected from the resistive evaporation technique.
However, the distribution of particles throughout the surface
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is rather uniform with an average size of about 90 nm. The
formation of the two-dimensional electron gas is expected
in single crystals samples, grown by MBE for instance,
but in our case, the deposition methods themselves should
lead to an uneven surface, with a high density of interfacial
defects. However, the quality of the interface in SnO,:2.0
at%Eu/GaAs is evident”. The same sort of images for
Sn0,:0.5 at%Eu/GaAs sample leads to similar results, with
an estimated thickness of about 350 nm and 250 nm, for the
film of Sn0O,:0.5 at%Eu and GaAs, respectively, followed
by a disorganized layer, due to the used GaAs mass for
evaporation, which was three times higher in this case. The
disorganized particles layer at sample surface of SnO,:0.5
at%Eu/GaAs heterojunction, suggests a limiting thickness
for the top film, above that the particles grow disordered,
with weaker adherence to the film. That is probably related to
the excess of Arsenium (As), since X-ray dispersive energy
results reveal a higher percentage of As compared to Ga, in
GaAs deposited by resistive evaporation®.

Figure 1a shows electrical conductivity data as function
of temperature, measured in the dark, for samples of
Sn0,:2.0 at%Eu (about 350 nm thick), GaAs (about 325 nm
thick) and of the heterojunction SnO,:2%Eu/GaAs with
individual layers with quite similar thicknesses, as already
discussed. Figure 1b shows the X-ray difractograms for
heterojunctions Sn0O,:2%Eu/GaAs and SnO,:0.5%Eu/
GaAs. It is seen in Figure la that electrical conductivity
of the heterojunction SnO,:2%Eu/GaAs is higher than the
conductivity of the films deposited individually. Although
the formation of a two dimensional electron gas (2DEG)
is expected in heterojunctions built from single crystals, in
the case of the heterojunction SnO,:2%Eu/GaAs obtained
in this work, the higher conductivity allows thinking of
the possible formation of small 2DEG channels, giving
better mobility to the conducting electrons, explaining the
higher conductivity of the heterojunction compared to the
individuals films. Published SEM of the cross section?,
shows that the interface substrate/SnO, as well as the
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Figure 1. a) Electrical conductivity of GaAs, SnO, thin films and heterojunction SnO,:2%Eu/GaAs, as function of temperature. b) X-ray
diffractogram of heterojunctions SnO,:2%Eu/GaAs and Sn0O,:0.5%Eu/GaAs.
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interface SnO,/GaAs present good adherence, with no
indication of interdiffusion from one material to the other.
Diffractograms shown in Figure 1b present the noisy and
diffuse profile typical of nano-crystallized domain, where
the building blocks are nanocrystallites. The labeled peaks
correspond to the planes of rutile structure of tin dioxide
(JCPDS- 41-1445) and planes of GaAs (JCPDS-80-0016)%.
Characteristic peaks of SnO, are seen at 33.7° and 51.5°
corresponding to crystallographic planes (101) and (211),
and characteristic peaks of GaAs at 45.4° and 53.7°, related
to planes (220) and (311). At 27.1° there is probably a
overlapping of two peaks: one related to plane (100),
characteristic of SnO,, and another peak corresponding to
plane (111) of GaAs. The GaAs peaks are more evident
(intense) at the Sn0O,:0.5 at%Er/GaAs diffractogram, due to
the higher amount of evaporated material and the disordered
surface layer, masking the SnO, film characterization,
since the transparent oxide is the deeper layer. The average
crystallite sizes are estimated by the Scherrer equation for
GaAs films deposited by resistive evaporation are 11 nm,
7.5 nm and 10 nm for the crystallographic planes (111),
(220) and (311), respectively. Comparing these values with
the particles size estimated from the SEM images?, we
may state that the larger particles are grains constituted by
smaller crystallite units.

Figure 2 shows optical absorption data of GaAs, SnO,
and SnO,:2%Eu/GaAs thin films, and the inset in Figure 2
brings optical absorption of small crystals deposited by
water evaporation from the solution of SnO,:4 at%Eu. The
transition ’F — °D, is more clearly evidenced in short range.
The results of Figure 2 show clearly that for the thicker GaAs
layer the absorption becomes stronger and, besides, the
optical absorption of the SnO,:2%Eu/GaAs heterojunction
is an evident contribution from both layers, even though the
GaAs contribution must be stronger because it has lower
bandgap energy, and shall absorb the incident light before.
The observed Eu®* electronic transition evidenced in the
inset of Figure 2 shows that the rare-earth doping is clearly
incorporated into the SnO, matrix. Besides, it provides an
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Figure 2. Optical absorption of GaAs, SnO, and SnO,:2%Eu/GaAs
thin films. Inset: optical absorption of crystals deposited by water
evaporation from the solution of SnO,:4 at%Eu, where the transition
’'F,— °D, is more clearly evidenced in short range.
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interesting wavelength to optically excite these samples.
Eu* centers have been excited in the SnO, matrix directly
or indirectly®. In the first case, excitation with Ar* laser
line 488 nm (2.53 eV) provides a resonant source with
the transition 'F, — °D, of Eu**. Excitation with above
SnO, bandgap, for instance with the fourth harmonic of a
Nd:YAG laser (266 nm)®*° supplies photons with energy
(4.65 eV) to provide band-to-band excitation, followed
by energy transfer to Eu** excited level. After excitation
to level °D,, electrons decay non-radiatively to °D, level
and then emit photons according to transition D, — 7F,
and °D, — "F,. The first one is a magnetic dipole transition
and its intensity is not affected by structural changes of the
nearest neighborhood, whereas the transition °D; — 7F, is
ruled by electric dipoles, being hypersensitive to the local
crystalline field. More doped samples exhibits particularly
the second transition in the luminescence spectra, since the
doping ions are located preferentially at grain boundary,
far from the symmetry centers. In the case of the samples
investigated in this work, the optical characterization yields
the preferential location of doping ions at grain boundary
layer, due to the high doping concentration (2 to 4 at%).
The reported transition of the inset of Figure 2 has not been
exploited yet for optical excitation.

Figure 3 represents the monochromatic light excitation
with the three light sources as described in the Experimental
section. In order to evaluate the role of these light excitation
on the sample conductivity, and to characterize the electrical
transport through the sample, conductivity as a function of
temperature was plotted after monochromatic light excitation
of the Sn0O,:2 at%Eu/GaAs sample with three different
light sources. This experiment concerns the verification of
parallel participation of the individual layers or the 2DEGs
in the electrical transport in the sample, perpendicular to
sample deposition direction. The sample was irradiated for
5 min at low temperature (35 K), followed by an increase
of temperature in the dark at a rate of 3 K/min, where the
sample conductivity is evaluated. The inset in Figure 3
shows the relative variation of resistitivity compared with
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Figure 3. Conductivity as function of temperature for the
heterojunction SnO,:2%Eu/GaAs in the dark and under illumination
with distinct light sources. Inset: resistivity variation (~AR/R)
evaluated form the photoinduced resistiviy data.
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the resistivity in the dark. As can be seen in Figure 3 and
confirmed in the inset, the variation in resistivity (and then,
the conductivity) is rather low and takes place mainly at
low temperature range, below 100 K. All the light sources
have similar effects on the sample conductivity. The highest
variation is exactly at the lowest temperature, just after the
illumination is removed, as expected, but no permanent
variation is recorded, since in all cases the conductivity
returns to its dark value, when the temperature is increased.

Although the energies of the light sources are rather
different, the relative current excitation is comparable,
independent of excitation energies. It is important to mention
that 628 nm is a higher wavelength (lower energy) compared
with the SnO, bandgap (about 350 nm), as is 450 nm, which
is far below the GaAs bandgap (about 870 nm) but still above
the SnO, bandgap. The wavelength of 266 nm is below the
SnO, bandgap (higher energy) and then, the corresponding
energy (4.65 eV) was previously efficiently used for SnO,
matrix excitation, concerning electron-hole generation in
the evaluation of photo-induced electrical properties®, as
well as in the energy transfer process for Eu** excitation,
leading to a highly efficient luminescence, in the evaluation
of Eu-doped SnO, emission properties®.

The excitation processes can be outlined by considering
that the GaAs film is grown on top of the SnO, film. The
radiation emitted by the source reaches the GaAs layer
directly, which acts as a shield for the SnO, layer. The GaAs
film is thick enough to avoid light reaching the SnO, layer.
The results presented in Figure 3, the similar excitation of
the three light sources, ensures that they are not exciting
SnO, intrabandgap trapped electrons or electron-hole pairs
in SnO,. Otherwise, a rather higher conductivity increase
would be provided by the population of excited states in
the 2DEG. At this point one must recall that excitation
with the fourth harmonic of the Nd:YAG laser (266 nm)
is related to the matrix band-to-band excitation, followed
by energy transfer to Eu** ions®, leading to emissions: °D,
—F, (2.02 eV) and °D; — 7F, (2.10 eV) for ions located
close to the particles’ surfaces, or at Sn** substitutional sites,
respectively. Concerning the electrical properties, Eu-doped
thin films were appropriately excited with the same 266 nm
laser line, and the decay of excited conductivity was
analyzed®. This excitation leads to strong excitation of the
matrix; moreover, it should depend on the Eu** concentration
in the matrix, similar to the photoluminescence data, because
the Eu doping concentration in these heterojunctions
reported herein is quite similar to the luminescent xerogels®,
with distinct PL spectra when excited with the same light
source. In the results shown in Figure 3, the observed
excitation is only related to the GaAs band-to-band, because
all the light sources used have energy above the GaAs
bandgap (1.42 eV) and the use of a source with energy higher
than the SnO, bandgap (266 nm, 4.65 eV) does not cause any
meaningful modification in the photo-induced current. Thus,
there are two possible explanations for the conductivity
increase observed in Figure 3: 1) electrons are being excited
from the GaAs to the 2DEG. With increasing temperature,
these electrons occupy higher levels in the potential well,
until they have enough energy to become delocalized at the
GaAs conduction band, and recombine with the holes in

Photo-Induced Conductivity of Heterojunction GaAs/Rare-Earth Doped SnO, 835

the GaAs side”’. Another possibility is that the capture of
photoexcited electrons could evolve into some sort of lattice
relaxation, with electron trapping becoming a thermally
activated process, where the electrons will overcome the
capture barrier®'. This could explain why the electron—hole
recombination does not happen instantaneously, as shown
in Figure 3.

In order to confirm the behavior of the GaAs layer, as a
shield in the photo-induced electrical transport mechanisms
of this sort of heterojunction, we have inverted the
deposition order, and a heterojunction GaAs/Sn0O,:2 at%Eu**
have been grown in the same way as the previous one.
Figure 4 shows conductivity as function of temperature for
the heterojunction GaAs/SnO,:2%Eu in the dark and under
illumination with the same light sources used for excitation
of the sample of Figure 3. The overall conductivity is
rather low, which is expected, since the external layer is
the rare-earth doped SnO,, which presents strong charge
compensation and crystallites of nanoscopic dimensions,
resulting a very high resistivity. Unlike the heterojunction
Sn0O,:2%Eu/GaAs, in this case the illumination with the forth
harmonic of the Nd:YAG laser has strong influence in the
sample conductivity, since induces electron-hole generation
in the SnO, layer. It is interesting to notice that the He-Ne
laser has also a permanent effect on the sample, remaining
with a higher conductivity on temperature increase when
compared to the dark curve, unlike the excitation with the
InGaN LED, whose photo-induced conductivity is quite
similar to the conductivity variation in the dark.

Current-voltage curves are measured at different
temperatures (70 K and 190 K) for this sample, in the dark,
and after illumination with the same sort of light sources
during 6 minutes, prior to data collecting. The results are
shown in Figure 5. We have plotted in log scale in order
to substantiate the effect of irradiation with the fourth
harmonic of the Nd: YAG laser on the conductivity, since this
light source increases drastically the sample conductivity,
unlike the two other light sources. Besides, independent
on the measurement temperature (70 K or 190 K) it seems
a permanent effect. At 70 K the He-Ne laser also yields a
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Figure 4. Conductivity as function of temperature for the
heterojunction GaAs/Sn0O,:2%Eu in the dark and under illumination
with distinct light sources.
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permanent increase in the conductivity, unlike the InGaN
LED, which seems does not affect the carrier generation.
At 190 K, both light sources with energy below the SnO,
bandgap, yields negligible effects on the conductivity.
This result is in good agreement with the results shown
in Figure 3, where the light effects on the GaAs shield
are evident only below 100 K. Concerning the effect of
the Nd: YAG laser on the sample, it is due to the persistent
photoconductivity phenomena®. In this case, the capture
of photoexcited electrons certainly evolves into a lattice
relaxation process, where the electron trapping over a
capture barrier is a thermally activated process.

Figure 6 is a simple model of the sample and the light
irradiation process, where all the light sources energies are
represented. Considering its high transmittance, as seen in
Figure 2, the SnO, layer allows the 450 nm as well as the
628 nm monochromatic light reaches the GaAs layer. At 70
K there is a small conductivity increase due to the He-Ne
laser irradiation, but not at 190 K. The InGaN LED (450 nm)
does not cause any effect on the current, independent on the
temperature. These results can be understood by considering
that 628 nm may cause electron-hole generation as well as
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Figure 5. Current — voltage (I-V) curve for the heterojunction GaAs/
SnOZ:Z%Eu, in the dark and under illumination with distinct light
sources, at 70 K. Inset: I-V curve for the same sample under the
same conditions at 190 K. Data are plotted in log scale for better
visualization of effects.
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intrabandgap states excitation in the GaAs layer. At 70 K,
the recombination rate is low and the sample remains in
the metastable conductive state for a longer time, unlike at
190 K, where the recombination process is faster and there
is no measurable photoinduced conductivity variation. An
important feature from these data is that the conduction
channel is formed by both layers, besides the 2DEG, because
the He-Ne source (energy about 1.97 eV) would not cause
any observable effect on the most superficial SnO, layer.
Concerning the illumination with the 450 nm excitation
source, the energy (2.75 eV) is way above the GaAs bandgap
(1.41 eV) and may not lead to any allowed transition. On the
other hand, the illumination with 266 nm has energy enough
to excite electron-hole generation in the SnO, layer, being
completely absorbed by this oxide semiconductor and then,
the conductivity increase is evident.

To obtain some insights on the rare-earth role to the
photoinduced transport properties, we have changed
the doping to Ce*. The heterojunction SnO,:1 at%Ce*/
GaAs was deposited also in a similar way to the previous
heterojunctions. The current-voltage curve in the dark and
after illumination, measured for this sample is as plotted
in Figure 7, for 70 K and 190 K (inferior inset). The
superior inset of Figure 7 is the X-ray diffractogram of
this heterojunction, which shows characteristic planes of
both heterojunction semiconductors. One shall notice that
the current magnitude in this case in much higher than the
current magnitude reported in Figure 5, when the SnO, is
the top layer, due to the GaAs layer position. RE-doped
SnO, has strong charge compensation due to the presence
of acceptors-like trivalent RE** ions, which trap conducting
electrons from the naturally n-type SnO, semiconductor.
Concerning the light irradiation, the behavior is rather
similar to what is observed for the heterojunction SnO,:2
at%Eu/GaAs, where the GaAs layer acts as a shield for the
light irradiation. It is interesting to mention that the effect
in this case is slightly different from the results reported in
Figure 3, becuse the above SnO, bandgap light does not
cause any effect in the sample conductivity but the above
GaAs bandgap light leads to a striking decrease in the sample
conductivity. It expected that the Ce** doping leads to more
ions located at grain boundary because Ce** ions are larger

SnO,

Figure 6. Schematic diagram of the sample structure, and the effects of monochromatic light irradiation on energy band diagram of

GaAs/Sn0O,:2%Eu sample.
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Figure 7. Current — voltage (I-V) curve for the heterojunction
SnOZ: 1%Ce/GaAs, in the dark and under illumination with distinct
light sources, at 70 K. Inferior inset: I-V curve for the same
sample under the same conditions, at 190 K. Superior inset: X-ray
diffractogram for this heterojunction.

than Eu®*, and the segregation process is more extreme.
Then, it may be suggested that they become localized at
layers closer to the 2DEG interface. As the trivalent Ce**
doping acts as acceptors, they may be trapping the electrons
generated by the electron-hole generation in GaAs, which
would be excited from the GaAs to the 2DEG, and occupy
the higher levels in the potential well. The general effect
is decreasing the overall conductivity, since the unpaired
holes recombine with the electrons generated by the non-
stoichiometry of the compound. More information on the
rare-earth doping on the GaAs/SnO, heterojunction must
come from photoluminescence investigation, which is a
matter for a future work.
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